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Reduction of tree mortality caused by bark beetle attacks is not only important for forestry, but also essential for the preservation

of biodiversity and forest carbon sinks in the face of climate change. While bark beetle mass trapping (a “pull” approach) is

implemented in practice, few studies exist to estimate its effect. The more complex “push-pull” tactic has, in contrast, been

repeatedly tested during the last decade. I analysed published data from 32 experiments in 9 papers published during 2000-2011

on Ips typographus and Dendroctonus ponderosae, to test if there was an overall effect of antiattractant semiochemicals, that

is, if treatments reduced the number of attacks on standing trees at the habitat or stand scale. This meta-analysis showed a

substantial overall effect size (treatment-control means divided by their SD) of -0.96, with some heterogeneity but little evidence of

publication bias. There was no effect of beetle species or publication year. Heterogeneity resulted from different designs and beetle

population levels (as year of study). The conventional “% Reduction” measure correlated well with effect size (r^ = 0.7). Recom-

mendations include more precise reporting of responses (avoiding dichotomous data), more unified experimental designs, and

further meta-analyses that include “grey literature” and more beetle species.

1. Introduction

Strategies to reduce tree mortality caused by bark beetle

attacks [1-5] are becoming urgent, not only for forest indus-

try, but also for preservation of forest cover and forest carbon

sinks in the face of climate change [6-9]. There is a need

for quantitative reviews of management alternatives such as

mass-trapping and push-pull [10]. While bark beetle mass

trapping (a “pull” tactic) is partly implemented in practise,

few replicated studies exist to estimate the efficacy of this

approach
[
1-4] , The more complex “push-pull” (as defined

by Cook et al. [11]) and “push” (as defined by Gillette and

Munson [12]) tactics have, in contrast, been experimentally

tested and reported in >10 papers in the last decade, so a

review effort on the subject seems to be timely.

I chose the quantitative method of meta-analysis that

uses the descriptive data obtained (means, standard devi-

ations, sample sizes), rather than relying on the P values

and other analytical statistics which are heavily dependent

on sample size when declaring an experiment “significant”

or not. Meta-analysis is the method of choice for estimating

interventions in complex systems such a clinical medicine,

social work, and education [13-16], but also in resolving

complex ecological issues [17-20], though less often in

applied ecology [10, 21]. In principle, a meta-analysis des-

cribes the effect of a treatment among controlled experi-

mental studies by analysing the distribution of effect sizes of

the relevant studies [10, 22, 23]. The effect size measure in

simple terms is the difference between control and treatment,

gauged by the size of their standard deviations, which pro-

vides a common scale for the magnitude of effects for the

experiments performed [24, 25] . A common “currency” such

as the effect size is mandatory for any comparisons between

experiments of different designs, sample sizes, and so forth,

as measures dependent on sample size like P values cannot
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be used. Effect sizes can be calculated in several ways; I use

the simplest possible often referred to as Cohens d [24]:

j _ Meancontrol ~ Meanxreatment / , x

“
SDpooled

’ ^ ^

where d above is (1) in [24] and SDpooied is (2) in [24]

which takes in account different sample sizes for control and

treatment samples.

This meta-analytical review is limited to studies of

standing trees at the plot or stand scale, with just two of

the recently best studied bark beetle species, Ips typographus

and Dendroctonus ponderosae, and published from 2000

and onwards in readily available international journals

(thus excluding government reports, trade journals, and

other so called “grey literature”). I keep to (1) only newer

studies in order to concentrate on the latest development

of semiochemicals representing “state of the art” and (2)

stand or plot level tests, because they are the only type

likely to give information for future practical applications.

Tree scale experiments are nowadays essentially a thing of

the past and do not provide essential information for forest

management. The intended coverage of the literature is not

the most comprehensive possible, but is clearly stated and

thus open to future challenges.

In this first meta-analysis I hope to address the key

question of whether there is any overall effect in reducing

or stopping bark beetle attacks on standing trees by antiat-

tractants. Distribution of effect sizes will be scrutinised for

evidence of publication bias and heterogeneity. The latter

will be studied for meaningful variation among results that

may shed light on factors giving low or high effects of

semiochemical interventions against beetle attacks.

The intended audience for this paper is not primarily

those familiar with the workings of meta-analysis and its

application to yet another field, but the colleagues involved

in designing and performing field experiments with antiat-

tractants against bark beetle attack on the stand or habitat

scale and the forest managers interested in application of

such tactics in forestry.

2. Materials and Methods

I have tried to adhere to the standards suggested by

PRISMA and Cochrane collaborations [13, 15, 25-28], while

acknowledging that these standards are primarily oriented to

well-controlled clinical or laboratory studies. The somewhat

less rigorous standards of ecological meta-analysis [10, 18,

19] must be used here, in particular to arrive at a sufficient

number of experiments to allowing meaningful number for

plots and tests for publication bias and sensitivity analysis

[29, 30].

Studies were searched using references in published

papers, including a review-like paper in the “grey literature”

by Gillette and Munson 2009 [12], and “back-tracking” from

these by consulting papers citing these first known papers in

Google Scholar. This “centrifugal” multidimensional strategy

was iterated by expanding to citing papers, and so forth, until

no new relevant papers were discovered.

In some cases reports in noninternational sources were

difficult to locate and in addition were sometimes partly

overlapping with papers later published in international

journals. Therefore, I choose to eliminate any studies that

were not published in international journals.

A vast majority of recent papers located concerned either

the mountain pine beetle of North America, Dendroctonus

ponderosae, mostly on ponderosa and lodgepole pine {Pinus

ponderosae, P. contorta) or the European spruce engraver, Ips

typographus, on Norway spruce {Picea ahies). Thus, I decided

to concentrate only on these two species, while ignoring

the earlier published works on the Southern pine beetle (D.

frontalis) and the Western pine beetle (D. frontalis) and a few

other spp with one paper each, in order to limit the overall

size and heterogeneity of the material.

Numerical data sets were extracted from papers of vari-

ous designs, by means and SD or frequencies when provided

but sometimes from raw or nearly raw data depending

on the presentation and were further summarised in MS
Excel to avoid pseudoreplication [31-33]. Gare was taken

to ascertain the true number of replicates but to allow the

different data sets to represent cases depending on variation

in design, treatment, or time periods (season, year). In bark

beetle population dynamics the variation over time and space

is overwhelming and I could conclude after reading the

experimental papers that multiple experimental outcomes

(data points) are in most studies not autocorrelated. I did

my best to avoid autocorrelated data, like from time series

within a year as in lakus et al. [34] by using it as only one data

point, or avoided pseudoreplications within experiments by

pooling of data [35, 36].

Eurther analysis and plotting were done by SPSS 19 soft-

ware package using command syntax (command files avail-

able on request) following suggested algorithms [23, 37,

38]. Eor a meta-analysis, an effect size for each study or

experiment must be extracted from the central and sec-

ondary moments (means and a measure of variance, respec-

tively) of the distributions of the treatment and control

data (details on the data available are given in Table 1).

Depending on the reporting and study design, data were

often continuous (trees killed or attacked per plot or area,

attack density etc.) allowing simple extraction of means and

SDs [24, 25], but are sometime dichotomous (data from

outcomes that can be divided into two categories), given as

total trees killed/attacked versus alive/unattacked per treat-

ment and experiment [39, 40]. In the latter case, a simple

transformation of the In (odds ratio) to Gohen’s d is possible

by d = ln(OR)/(7r/V3) [41] which then allows a comparison

of studies with both types of data. This transformation made
it possible to use the Gohen’s d also for the dichotomous data.

A random effect model was used, as there was no reason

to assume that all studies were functionally identical, as in a

fixed model where only a single effect plus error is estimated

[38]. Instead the random model includes also variation due

to heterogeneity, like different species and phases of the

population dynamics were likely to influence results [37,

38] which lowers the magnitude of the estimated overall

effect size (0) and widens its associated confidence interval.

Bootstrap re-sampling was not used.



Psyche 3

c/3

_<u

3

03

'TS

'tS
!=1

•^
!-(

,o

-a
&0

•^

%
n3
!=1

a>

c5

e
0/5

cu

O

dj

n

0/5

nil

(l>

N

U

dJ

.y
*0/5

0/5

*0/5

d
I

oJ

e
;-H

o3M
o3

'TS

M
Hi

Dh
!=1

PJ
hj

CQ

!=1

_o
'M^ o O'-

'-5
O'-

'-5
O'-

'-5
O'-

'-5 '-5
O'-

'-5
O'-

'-5©p I©'
'-5©- '-5©- '-5©- '-5©- '-5©- '-5©- '-5 '-5©p '-5©p '-5©p '-5©p ©pm m on ON 1—

H

m rO CnI oo oo ON Ft m m ON NO i—

H

m ON m m CnI Ft rO rO oo o C50

t3
<u

di

2 w

oo oo m oo oo ON t-^ NO NO OO oo m NO m m m m Ft NO m m m CNI CnI m Ft Ft 1—

H

m
I

00 m o ON m00 fn 00 Ft On o On On Ft NO (S l> m m m NO NO (S Ft (S o m
rO

t> in (N (S Ft m tv (S O NO (S NO oq rs oq cn tv i> rs pH ON 00 ON ON oq oq in Ft in
1-C
op

^' ^' (N rn (S
Ft
f-H (S in (S pH Ft pH pH pH pH pH pH pH pH pH Ft cn o o o o o o o O

o i—

H

>->
1 1 1 1 1

1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

^ e

;§ O fv O 'hO f-H o m m NO Ft Ft 00 m
NO Ft NO NOoq o\ Ft o m oq in rn in rTN in o CnI OO in OO m o OO m m rO rO m

• i—

H

o i—

H

1—

H

rq rq cq rq in o iq 1—

H

rq rq o 1—

H

iq inm
1

(S
1

o f-H in
1

o o o o o o • • • • •

^ § 1 1 1 1 1 1 1 1 1 1

o o o o o O o O (N (N o 1—

H

i—

H

i—

H

i—

H

i—

H

i—

H

I—

1

rO

§ s
CO ^

o o ON NO m (S NO m m (S m ON (S
t-^ ON CON ON00 m On On oq i> NO in Ft Ft rn pH o m OO CnI i—

H

CnI m CO CnI Ft rpi oo rO Ft

N o <+H ri
1

(S
1

O O o o o o o o o o o o o o 1—

H

i—

H

1—

H

(N (N Ft Ft Ft NO tq q oq oq rq q
5:^

o
1 1 1 1 1 1 1 1 1 1 1

o o o o o o o o o o o O o O o o d (—

1

(-pi

a>
0/5 oo oo ON oo rO 1—

H

m oo m rO NO 1—

H

(N 1—

H

o CnI m 1—

H

1—

H

(N Ft m ON C3N O NO NO i—

H

rp|

a> m
> CO

HH

rO i—

H

Ft m in (N oq in (N NO NO o rq o in o o in in in C3N iq o O 1—

H

iq in i—

H

q q
I—

1

1—

H

i—

H

1—

H

1—

H

ON i—

H

i—

H

rO i—

H

i—

H

rn 1—

H

(N 1—

H

C'j i—

H

C'j C'j i—

H

i—

H

K in i—

H

(N (N (N i—

H

i—

H

(N I—

1

i—

H

>

C|_(

^ o +
rO oo m NO oo 1—

H

NO i—

H

NO Ft NO oo o o NO o ON ON NO NO m m oo OO oo Ft Ft oo Ft

C 2
^

03 t:,

'O oo m NO i—

H

NO oo CnI NO CnI NO m m NO Ft Ft NO NO i—

H

i—

H

NO Ft Ft Ft NO NO Ft m NO >O o o o O o O O o O o o O o o o O o o O O o o O o o o O O o o O hG
fM
?

y—

V

, C/5

u ^
• F^ 0/5 o o ON 00 On Ft m in m l> NO (S Ft Ft m 00 l> in (S NO NO m m Ft o On (S

rp|
f—

H

1.26

^ c/5

m ON oq NO in in Ft rn rn (S pH o ON ON On 00 00 00 00 NO NO NO Ft Ft m m (S <N 3 S
tj w

, a> ^ on (S f-H pH O O O o o o o o o o o O O O o o O o CU c/)

^ ,9
1 1 1 1 p^ ^w U 30 • •

u CO
© o

Th
N ©
CJ 2

u o
1—

H

o
1—

H

LD o
1—

H

38 LD o
1—

H

LD o
1—

H

ON o
1—

H

o
1—

H

(3N C3N CO o^ o
1—

H

o
1—

H

o
1—

H

o^ o^ o
1—

H

7. CO

N a
K ao'CO

1
< in

6 =i

2
.2 6

Yes Yes Yes Yes Yes Yes
^ ©

Q o '3 a
i; 3
,0 xy;)

. .
»—

1

.

fM
o ct3

»—

1

—

1

1—

1

fM
o

fM
o fG fM

o ^ t

dj
Ph

3
O)
o3
3P

03

0/5

0/5

c3
ri

H-*M
o3

c/3

c/3

03

:2
<u
<u
PhM

fM
fM

0/5

04)

03
ri

•^
3

0/5

a>
a>
Uh
fM

g

_H-i

'3
0/5

<U
<U
Uh
fM

s

0/5

a>
a>

fM
»^
3

•^

0/5

O

•4—

>

0/5

O
O
fM

p

0/5

O
O
Uh
fM

g

0/5

<V
a>
Uh

0/5

O
a>
Uh
•4—

>

0/
<u
PhM

:2
0/
dJ
PhM

(U
<u

fM

a>
o
•M

lU
dJ
dJ
Ph
H-H

lU
dJ
dJ
Ph
•M

0/5

a>
(1>

Uh
fM

g

c/5

a>
a>
Uh
fM

g

<U

fM

c/5

a>
a>
Uh

c/5

a>
a>

C/5

C/5

a

3
dJ
dJ
PhM

•^
GsJ

<U

fM

c/5

a>
a>

H-i

'3

•^

H-i

'3

•^
c pp

U Oh
B 3

dj
Ph

PP

B Ch

CO --5 CO

-4-^

fM
--5
O'-

fM
CO

>-H

CO

fM

fM
fM dj

Ph
PP

QP
O
Ph

pp

cr
a>

er
o
Uh

CP
O
Ph

pp

PP
O
Ph

pp

>-H

G
CO

G
CO

Dh
o
Gh

fM

fG

fM

fG
cr
a>
Ph

PP

CP
O
Ph

pp

Dh
o
Gh

fM

fG
34

©p

34

©p
< gCO o

V-
o3 r3 03 03 rj C CO

>
X
X
+
3
>

>
X

© 30

(N
•4—

>

o3 O > 6
o i—

H

r, 'Hh m (N 'Bh

*3

O
Ft

X
'g

O 00

(N

X
Ft

X i—

H

1—

H

X
*3

Ft

rNi

X
i—

H

X
« 3

n
o

O X Uh

(U
<U
Uh
fM

o Pp
03
o O 3

>
4Q
00

Pp
cc3
O
Ft > o

1—

H

i—

H

> > o
c3 > 3

>
O

T—

1

1—

1

> > X
e OO

l—

(

>
K
X
+

Q_po
)—

H

>
X
X

Vn Vn

s

•^
X Vn

Uh

C
>

a a
•

Uh

G
>

>
K

>
K
>
K

Vn

a

X
X >

X
X
X
X
X

+
3
>
o
H-l

Vn Vn
H ^

0^
!=1

>
:z

+
3

3
>

+
!=1

>
3

>co
3

>co
3

>co
X

+
3

+
3
> +

3
+
3

+
3
>

+
3
>

3
>co

+
3
>

PQ
©D

X

H-l X
+
3

+
3
>

+
3
>

>—V TO

O G> > > > >
0/5 '/3 t/3 C3 C3 </3 CO cu cu cu CO cu cu CO CO cu CO CO cu CU cu CO CU cu cu
a> 3 s s 3 3 s s 3 3 3 3 3 3 3 3 3 3 3 3 3 3 ;s 3 3 3 3 . . ^

•^ </3 </3 rS V) </3 </3 CO CO CO ^s; CO CO r3; rS; CO r3; r3; V) rs; CO CO CO r\ Oo
a>

O o Cp s S S S o S o O O O O O pp Cp O s s s Cp O O O ^ G
Ph C3 C3 C3 C3 C3 C3 C3 3 cu cu cu cu cu 3 cu cu cu cu 3 cu cu cu re Q
0/5

a> K K o’ 3
'TS

K K
'TS

K 3 K K o’
TS
3 3

33
3

3S
3

F3
3 S’ S’

3S
3

FS
3

F3
3

FS
3 o’

FS
3

FS
3

FS
3

u .G

lo

o
Q->

O
Cp

O
Cp &

o
CXh

O
Cp

o
Cp

o
Cp &

o
Cp

O
Cp

o
Cp & &

O
Cp

O
Cp

O
Cp t

O
Cp

O
pp & Sc

O
Cp & |C

O
cp

O
Cp

O
Cp & |C

O
cp

C©

Cp
C©

Cp
'Q .3
Cp 30
CU c
qX G^ oPQ

Q' Q'
l-~H

Q' Q' Q' Q'
P~H

Q’ Q Q’
P-H P~H

Q’ Q’ Q’
P~H

Q’ Q P~H H-H
Q’

P-H P-H
Q' Q' Q'

P~H P-H
Q’ Q' Q'

G2 8
'—

1

C^ '—

^

a H ?> c/5

_o
’M U U U Q U Q H-l Q < N N U Q U U U U N U U U U Q Q

O 0/

uo ‘G
o3
O
o
H-l

pq PQ CO PQ 1—

I

PQ 1—

I

Pp
Q
1—

(

1—

1

U U U PQ 1—

I

PQ CO PQ PQ CO CO PQ u CO PQ PQ PQ CO CO PQ 1—

1

1—

1

. . C3

12 'o
CO >
dS -K

S-l

9^ m m oo rO (N m o O
COo (—p m i—

H

o i—

H

m m NO m m m o NO i—

H

i—

H

m NO i—

H

Ft rO

FP o

1 «
.<L» XI
>-' w o o o O o o o O

i—

H

o
o o o o o o o O o o o O o o O o o o o o o o O

4 §

s-i PO PO 1—

H

NO m m rO m m ON CO rn rn ON NO 1—

H

NO NO 1—

H

1—

H

t-^ rn 1—

H

m rn NO 1—

H

i—

H

m m m •n

_S hH
03 o o i—

H

o o o o O o o o o o o o O !—H O O !—H !—H o o »—H o o O »—H .-H o o o c ^
>-' Ph

o o o o o o o o o o o o o o o O o O O o o o o o o o O o O o o o s 2:
(N (N rs (N CnI (N CnI (N <N (N rsi <N (N (N (N (N <N (N (N rd (M (N (N (M (N (N (N (FI rsi rsi (N (N B -

Ph 3 3
>0/5

3 Ph 3 Ph
cn N Ph a;

0/5 cn 3 <u 3 dJ 3 3 dj dJ 3
>c/3

dJ 3 3 3 dJ dj 3 Ph Ph
B y
U §o <L> <L> cu 03 <u r3 <t3

H-*
<u

H-*
<u -3 <u cu -3 -3 cu -3 cu cu cu -3 -3 dj r3 r3

-a TP TO OO 'TO 00 3
0:4
<t3

00 3 f3
-2h

f3 dJ fO f3 dJ CU fO 3 dJ fO fO fO dJ OJ fO oo oo 30 3M
«?
M

Ph

o
PQ

Ph

O
PQ

Ph

O
PQ

O
Ph

PP

Ph

O
PQ

O
Ph

PP

0-)

CQ
O
Ph

pp
•^
o

03 r3
Ph

O
PQ

•^
o

Ph

O
PQ

P)
CO

Ph

O
PQ

Ph

O
PQ

cu
CO

'rB
CU
CO

Ph

O
PQ

34
cc3

cu
CO

Ph

O
PQ

Ph

O
PQ

Ph

O
PQ

cu
CO

cu
CO

Ph

O
PQ

O
Ph

PP

O
Ph

PP

C/5 QJ3
•rH Ui

pp >
Dh
X PH O *—H <N m Ft m NO oo ON o 1—H (~c| m Ft in NO t-^ oo ON O 1—

H

rsi
pp >

-H (N
W !=1 1—

H

CN| m m NO r-^ OO o^ 1—

H

i—

H

I—

p

1—

H

i—

H

1—

H

1—

H

1—

H

(N (N (N CNI (N (N CNI rNi rNi rNi rO rO m



4 Psyche

o
c

cl
u

u
p^
Xiw

32 -

31 -

30 -

29 -

28 -

27 -

26 -

25 -

24 -

23 -

22 -

21 -

20 -

19 -

18 -

17 -

16 -

15 -

14 -

13 -

12 -

11 -

10 -

9 -

8 -

7 -

6 -

5 -

4 -

3 -

2 -

1 -

Random model estimate

T"
-5

T T"
-4 -3 -2-10 1

Effect size (Cohen’s d) ±95% C.I.

T
2

T
3

Figure 1: Ordered plot of individual study effect sizes and their ±95% confidence intervals; known as a “forest plot”. Vertical lines: —
estimated overall effect size (0), effect size = 0 or no effect. The “diamond” on last row shows the midpoint and width of the 95% Cl of

grand mean effect size by its location and width, based on a random model estimate [37, 38] . Numbers on the dependent axis correspond to

the “Expt nr” in Table 1.

Heterogeneity in recorded effect size distributions may
stem from several sources, including true biological variation

as well as variation in study designs. Overall for the meta-

analysis I followed the results and recommendations of Bax

et al. [29] for use of more readily understandable plots for

the applied ecologist in the assessment of reporting bias and

heterogeneity, rather than the more arcane statistics of Qr,

T^, and so forth, [13, 22, 30, 42, 43]. Sensitivity plots

and subgroup analysis as well as attempts of metaregression,

based on data of different quality, origin, and treatment

levels, respectively, were included to explore heterogeneity

and deviations from normality [13].

An important consideration for any review is the “file

drawer problem” where a publication bias usually exists

against the publication of negative outcomes with low effects.

A notable exception is the combination of failures and

successes by Jakus et al. [40]. The subject of this paper, in

particular may suffer from this problem, as applied experi-

ments with unclear or negative results may often either not

be submitted for publication (stays in the file drawer) or get

hidden in the “grey literature” of various internal reports.

trade journals, and so forth. Fortunately, there exists graph-

ical tools such as “funnel plots” to aid in detection of such

publication biases [29].

3. Results

3.1. Effect Sizes. The analysis included 32 data points from 9

papers [35, 36, 39, 40, 44-48], where several papers reported

experiments from different years or seasons and/or different

semiochemical blends [36, 40, 47, 48] which were considered

independent studies (Table 1). Overall, the effect sizes fell

below zero, meaning that there was a lower density or

number of attacks on trees in the treated plots, with only one

exception (Figure 1). The effect size confidence intervals for

individual studies, however, included zero for all but 12 cases

(Figure 1). The overall estimate of effect was 6 = -0.96±0.25

(the midpoint and ± the 95% Cl of grand mean effect size

based on a random model, SE{0} = 0.126). There was a

narrow confidence interval for the grand mean compared

to those of the individual studies (Figure 1, lowest point,

“diamond”). The effect sizes followed in general a smooth
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Figure 2; Funnel plot for dissemination or publication bias detec-

tion. — estimated overall mean effect size. Points distributed sym-

metrically around the mean effect size indicate little evidence of

dissemination bias [29].

progression when ordered after size from low to high, while

one study stood out with a reversed {d > 0) effect and two

with large values {\d\ > 2) (Figure 1).

3.2.

Sensitivity Analysis

3.2.1. Publication Bias. This kind of field research, with

highly variable forest conditions and bark beetle populations,

and many factors outside the control of authors, might result

in “failed studies” (negative or unclear results) that tend to

remain unreported. An example to the contrary is the study

of Jakus et al. [40], reporting a string of “failures” before

successes. Unfortunately, several of these “failures” could

not be included here because they incorporated felled trees

or logs, or did not provide sufficient details for estimation

of d values. Still, the “funnel plot” (Figure 2) is reasonably

symmetrical. If a strong bias existed against publication of

unsuccessful studies, this plot would give very few points to

the right of the mean d estimate of - 1 and no points at

or above d = 0. Interestingly, “good” studies with high n

values or high inverse SEd values do not have a clear bias to

the left ofd ^ - 1, but have a rather symmetrical distribution

(Figure 2).

There was no effect whatsoever of publication year on

effect size = 0.002).

3.2.2.

Heterogeneity. The plots in Figure 3 indicate an overall

moderate heterogeneity [29]. In Figure 3(a), the box plot

of d values weighted by their inverse SE, there is one

extreme value (from [39]) and one outlier (from [47]). The

median d (middle line of box) falls lower than the mean d.

The histogram of standardized residuals. Figure 3(b), shows

no clear deviations from the normal distribution overlay

(indicating a normal sample distribution) or any clumping

ofvalues indicating possible subpopulations (indicating little

heterogeneity in the sample). Similarly, the normal quantile

plots indicate a normal distribution (points close to a straight

line) and little heterogeneity (no clustering of points).

Similarly, there was no variation between the effect sizes

based on studies providing continuous data {n = 26) or

dichotomous data {n = 6) in effect of antiattractants (con-

tinuous data d, mean ± SE [median] = -0.98 ± 0.18 [-0.88],

dichotomous ditto = -1.09 ± 0.16 [-1.09]; Fi, 3 i
= 0.08,

P » 10%).

3.3. Subgroup Analysis. There was little variation between the

two species in overall effect of antiattractants ( Ips mean ±
SE [median] = -0.89 ± 0.14 (-0.82), Dendroctonus ditto =

-1.06 ± 0.21 [-0.94]; Fi,3i = 0.3, P » 10%).

Erom a practical point it would be of considerable

interest to know ifverbenone alone is as efficient as a blend of

verbenone combined with sometimes more expensive non-

host volatiles (NHV); however, the studies are not balanced

in this respect. All Ips studies included an NHV blend plus

verbenone, as the combination is known to be clearly needed

[5, 40], but for Dendroctonus only one study included an

NHV blend [36].

3.4. Meta-Regression

3.4.1. Year of Study. There was a relatively strong effect of

year since the start of study (ANOVA, full corrected model:

Fe,9 = 11.0, P = 3.8%, = 0.96) which most likely cor-

responds to an effect of beetle population variation between

years (factor year-of-experiment: F4^9 = 16.0, P = 2.3%,

= 0.96). However, there was also some variation due

to factor species (Fi^g = 5.4, P = 10.2%, = 0.64) but

there was no interaction due to year-of- experiment X species

(Fi,9 = 0.1,P » 10%, = 0.24).

3.4.2.

Comparison to the Conventional “% Reduction” Mea-

sure. The conventional measure of inhibitory effect, “%

Reduction”:

% Reduction
Attacks (kills) in control group - Attacks (kills) in treatment group

Attacks (kills) in control group 100
(2)
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Figure 3: Plots to check normality and heterogeneity of effect size in the whole data set (n = 32) [29]. (a) Weighted box plot (data points

used weighted by division of SE, vertical line is median, box enclose 50% of observations, whiskers 2 SD or 95% of observations, “o” are

outliers not enclosed by whiskers, and extremes), where asymmetry indicates heterogeneity and deviations from normality. Numbers

near points correspond to the “Expt nr” in Table 1. (b) Histogram of residuals (data-grand mean)/SD allowing check of normality, (c)

Normal Quantile Plot ofZ-scores (normalised data by subtraction ofmean and division by SD), allowing check of normality and of outliers

contributing to heterogeneity.

is used in papers on reduction of trap catches, attack

densities, or tree kills and is common in applied entomology.

However, the stated “% reduction” probably has a wide SE (as

it includes the subtraction of two variables both estimated

with uncertainty, and then divided by one of them), but I

have seen no attempts to quantify this uncertainty. Thus,

there is a strong incentive to get a relation to the effect

size and its well-defined uncertainty. “% Reduction” was

regressed upon effect size and corresponded, as expected.

overall rather well {R^ = 0.68) with effect size (Figure 4(a)),

but only when omitting the three points that were >2 SDs

away from the mean (the three deviates from line in

Figure 3(c)). There was little variation between the slopes or

the strength of correlation (R^) based on studies providing

continuous data or dichotomous data (Figure 4(a)). The Ips

data points, which had a smaller spread along the indepen-

dent axis (x-axis), had a weaker correspondence {R^ = 0.58)

than those for Dendroctonus {R^ = 0.79) (Figure 4(b)).



Psyche 7

-2 -1.5 -1 -0.5 0 0.5

Effect size (d)

Data type

o Continous

A Dichotomous

(a)

-2 -1.5 -1 -0.5 0 0.5

Effect size (d)

Beetle species

D. ponderosae

O I. typographus

(b)

Figure 4: Correspondence between effect size and a standard measure of effect magnitude in applied entomology “% Reduction” ([attacked

in control - attacked in treatment/attacked in control] * 100) for (a) different data types and (b) the two different species (Ips/Dendroctonus).

4. Discussion

In applied ecological applications such as forest entomology,

critical reviews in the form of meta-analysis are not wide-

spread [10] but see [7, 20, 21]. Sometimes titles of reviews

may imply similarity in scope but, due to criteria set

for included studies, have little overlap, as in [42], which

covers semiochemical manipulation of pest insects but not

insect pest management per se. Interestingly, the paper by

Szendrei and Rodriguez-Saona [42] does not show a single

experimental paper in common with the present review.

In principle, a meta-analysis describes the effect of

a treatment among controlled experimental studies by

analysing the distribution of effect sizes of the relevant stud-

ies [10, 22, 23] . By using results ofmany studies, it may allow

detection of effects not easy to confirm by single studies [49]

.

The literature was screened by a “centrifugal” multidi-

mensional strategy using citations to some core papers and

then iterated by expanding to citing papers, and so forth,

until no new papers turned up. This manual approach,

based on my knowledge of the field, and the omission of a

traditional one-dimensional database search step was justi-

fied by the finding that a single data base search may locate

only 1/3 of relevant studies [50]. Back-tracking might have

created an “inbreeding effect” of focus on papers by a pos-

sible citing bias, but I found no clear such indication and

would leave this problem for a future discussion based on

more studies.

Heterogeneity in effect size may come from several

sources, including both true biological variation such as

beetle population size and tree vigour in the field, as well as

variation in study design and treatment levels. Some papers

present details of “different” experiments that are more of

replications of the same design rather than different exper-

iments, while others join or would allow joining of data of

similar experiments conducted in different years under dif-

ferent conditions [47, 48]. A clear example is that of Progar

[47] who clearly showed a reasonable variation in effect over

the years of an outbreak, where in the beginning treated

plots were protected from attacks by an escalating beetle

population, but later became the victims of being the only

remnants of mature trees left in the landscape, suitable to be

attacked by the beetles at the peak of the outbreak [51].

An important consideration for any metastudy is the

“file drawer problem” where a publication bias usually exists

against the publication of negative outcomes with low effects.

A notable exception is Jakus et al. [40]. For the current

analysis in particular, this aspect is an important consider-

ation as the “grey literature” is not covered, which may cover

some less successful experiments. The analysis of effect size

distribution in this meta-analysis did, however, not detect

any clear pattern of publication or dissemination bias.

The development of complete anti-attractant (ver-

benone) technology for the Southern Pine Beetle Dendrocto-

nus frontalis was successfully finished in 1990s. The evalua-

tion of treatments was based on growth rates of infestations.

Clarke et al. [52] has shown that verbenone-only tactic com-

pletely suppressed 69% of infestation rate and verbenone-

plus-felling tactic suppressed 86%, corresponding to an effect

size of\d\ > 1 and >1.5, respectively, based on the regression

in this paper (Figure 4). If one may rely on the regression

of % Reduction on effect size in this paper and on these
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higher numbers for D. frontalis as representative, it is likely

that the development of “push and pull” technology for

1. typographus and D. ponderosae has some promise for

future development. There is in my view a need for more

complex anti-attractant mixture for both 1. typographus and

D. ponderosae (push) and for combinations with pheromone

traps (pull) [34, 36, 40, 53-55] . It could be interesting to note

that an effect size grand mean estimate in this paper 0 a; -

1

corresponds to a reduction of attacks of about 60%, a value

found already in 2003 by Jakus et al. [40] on data from 2000

and 200 1 for Ips.

Patterns and mechanisms of the response by the tree to

beetle attack are well researched in Dendroctonus [51, 56]

and information is now becoming available for Ips [57, 58].

Contrarily, beetle response to signals from tree or beetle is in

recent years better covered in Ips, especially at the antennal

and single sensillum level of peripheral detection [59-62]

.

A deeper understanding of the olfactory interface with

the environment for D. ponderosae will hopefully emerge

from on-going study of the recently published transcrip-

tomes [63, 64] and genome (Keeling et al., unpublished) and

the transcriptome ofantenna compared for the two species in

progress (Andersson et al., unpublished). The present stage

of analysis indicates a number of closely related pairs of

antennal olfactory receptor genes (OR) that are not found

in the other genomic coleopteran Triholium [60]. Such

understanding will in the future help in the study and

manipulation of beetle olfaction and resulting behaviours.

This meta-analysis sets the basis that will further the

development of antiattractants by quantitatively establishing

a substantial overall effect of such interventions in the two

species recently most studied. Such confirmed efficacy of

antiattractants against attacks by these two “aggressive” bark

beetles might encourage better designed and larger-scale

applied studies on these and other economically important

conifer bark beetle species in the future. The semiochemical-

based “push-pull” tactic has played and will continue to

play an important role in the pest management practices in

agricultural, forestry, medical and urban settings [11]. Future

meta-analysis and experimental studies on the subject would

include more new study data points (more species) and “grey

literature”, but also better reporting (clear provision ofmeans

and SDs [65], avoiding dichotomous data) of experimental

responses and more of novel designs. Would it, for instance,

be possible to use lower densities of dispensers, but with

higher release rates as indicated by the distance effects noted

in one study [48]?

When anti-attractant technology and treatment designs

once comes of age, we will still have to keep in mind that

we are not “protecting trees” in reality, but rather helping

them to protect themselves. Ifwe design forest landscapes for

biodiversity and semiochemical diversity
[
1 1, 20, 66] , we will

in the long run help trees even better.
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The seasonal differences in the environmental components considerably affect the genotypic expression in the form of phenotypic

output of silkworm crop such as cocoon weight, shell weight, and cocoon shell ratio. The variations in the environmental

conditions day to day and season to season emphasize the need of management of temperature and relative humidity for

sustainable cocoon production. The present review paper discuss in details about the role of temperature and humidity on growth

and development of silkworm including recent studies on heat shock protein. Study also discusses the influence of air and light on

silkworm development. In addition to this study emphasis on the role ofvarious environmental factors on embryonic development

of silkworm egg, nutritional indices of silkworm larva and reproductive potential of silkworm moth. The study also highlights

about the care to be required during silkworm spinning and influence of temperature and humidity on post cocoon parameters of

silkworm. The study included future strategies to be taken for the management climatic condition for successful cocoon crop. The

paper covers 140 references connected with the topic.

1. Introduction

Sericulture is the science that deals with the production of

silk by rearing of silkworm. Silk is called the queen of textiles

due to its glittering luster, softness, elegance, durability, and

tensile properties and is discovered in China between 2600

and 2700 BC. Silk originating in the spittle of an insect is a

natural fibrous substance and is obtained from pupal nests or

cocoons spun by larvae known as silkworm. The silk is pre-

ferred over all other types of fibres due to its remarkable pro-

perties like water absorbency, heat resistance, dyeing effi-

ciency, and luster. Factors mainly influence the physiology of

insects are temperature and humidity. Despite wide fluc-

tuations in their surroundings, insects show a remarkable

range of adaptations to fluctuating environmental conditions

and maintain their internal temperature and water content

within tolerable limits. Adaptation is a complex and dynamic

state that widely differs from species to species. Surviving

under changing environment in insects depends on dispersal,

habitat selection, habitat modification, relationship with

water, resistance to cold, diapause and developmental rate.

sensitivity to environmental signals, and syntheses of variety

of cryoprotectant molecules. The mulberry silkworm {Bom-

byx mori L.) is very delicate, highly sensitive to environmental

fluctuations, and unable to survive extreme natural fluctua-

tion in temperature and humidity because of their long years

of domestication since 5000 years. Thus, the adaptability to

environmental conditions in the silkworm is quite different

from those ofwild silkworm and other insects. Temperature,

humidity, air circulation, gases, light, and so forth, show a

significant interaction in their effect on the physiology of

silkworm depending upon the combination of factors and

developmental stages affecting growth, development, pro-

ductivity, and quality of silk.

Silkworm is one of the most important domesticated

insects, which produces luxuriant silk thread in the form of

cocoon by consuming mulberry leaves during larval period.

The growth and development of silkworm is greatly influ-

enced by environmental conditions. The biological as well

as cocoon-related characters are influenced by ambient tem-

perature, rearing seasons, quality mulberry leaf, and genetic

constitution of silkworm strains. Different seasons affect
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the performance of Bombyx mori L. The seasonal differences

in the environmental components considerably affect the

genotypic expression in the form of phenotypic output such

as cocoon weight, shell weight, and cocoon shell ratio. The

variations in the environmental conditions during the last

decade emphasize the need of management of the temper-

ature and relative humidity for sustainable cocoon produc-

tion. India enjoys the comfortable second position for the

production of silk in the world next only to China. Tradition-

ally sericulture in India is practiced in tropical environmental

regions such as Karnataka, Tamil Nadu, Andhra Pradesh,

and West Bengal and to a limited extent in temperate region

of Jammu and Kashmir. The existing tropical condition

provides scope for exploiting the multivoltine X bivoltine

hybrid at commercial venture as they are very hardy and

have tremendous capacity to survive and reproduce under

fluctuating environmental climatic conditions. Bulk share of

the silk production (95%) is accounting from multivoltine

hybrids. The researchers [1] evaluated the genetic potential

of the multivoltine silkworm and identified suitable parents

for breeding programmes. However, the silk quality pro-

duced from multivoltine strain is at low level when compared

to the existing international standards. China account for

over 80% of the world silk production while India, which

is the second largest producer, accounts for about 15-16%

of the total production. China silk is of superior quality as

they are of the bivoltine strain. Considering these drawbacks,

adoption of bivoltine sericulture became imperative and

imminent considering its potentiality even under Indian

tropical conditions. In this line, many productive and

qualitatively superior bivoltine hybrids have been developed

by utilizing Japanese commercial hybrids as a breeding

resource material. However, the hot climatic conditions

prevailing particularly in summer are not conducive to rear

these high yielding bivoltine hybrids throughout the year.

It is a well-established fact that under tropical condition,

unlike polyvoltines, bivoltines are more vulnerable to various

stresses like hot climatic conditions of tropics, poor leaf

quality, and improper management of silkworm crop during

summer that is not conducive for bivoltine rearing for tech-

nologically and economically poor farmers of India [2-4].

This paper discusses the role of different environmental

factors affecting the growth, survivability, productivity, and

disease incidence in silkworm. The paper also discusses the

optimum conditions of environmental factors required for

higher productivity in sericulture and, further, the paper

also reviews the results and findings of various researchers

who studied the effect of environmental factors on growth,

development, feed conversion, reproductive potential, and

postcocoon parameters of silkworm.

2. Role ofTemperature on Growth of Silkworm

Temperature plays a vital role on the growth of the silk-

worms. As silkworms are cold-blooded animals, temperature

will have a direct effect on various physiological activities.

In general, the early instar larvae are resistant to high tem-

perature which also helps in improving survival rate and

cocoon characters. The temperature has a direct correlation

with the growth of silkworms; wide fluctuation of temper-

ature is harmful to the development of silkworm. Rise in

temperature increases various physiological functions and

with a fall in temperature, the physiological activities are

decreases. Increased temperature during silkworm rearing

particularly in late instars accelerates larval growth and

shortens the larval period. On the other hand, at low tem-

perature, the growth is slow and larval period is prolonged.

The optimum temperature for normal growth of silkworms

is between 20°C and 28°C and the desirable temperature

for maximum productivity ranges from 23°C to 28° C.

Temperature above 30°C directly affects the health of the

worm. If the temperature is below 20°C all the physiological

activities are retarded, especially in early instars; as a result,

worms become too weak and susceptible to various diseases.

The temperature requirements during the early instars (I,

II, III) are high and the worms feed actively, grow very vig-

orously, and lead to high growth rate. Such vigorous worms
can withstand better even at adverse conditions in later

instars. The optimum temperature required for rearing silk-

worms of different early instars are as described in Table 1.

Generally, the room temperature is low during winter

and rainy season, which should be regulated by heating the

room with electric heaters or charcoal fires. Thermoregulat-

or-fitted electrical heaters are best since they do not emit

any injurious gases. When electricity becomes costly and not

available in many rural areas of sericulture belt, properly

dried charcoal can be used. However, the carbon dioxide and

other gases emitted in this burning process are injurious to

silkworms and they can be regulated by providing more

ventilation particularly in daytime. Besides this, the doors

and windows should be kept closed particularly during night.

Late in the day, as the outside temperature goes up, doors and

windows should be opened to allow warm air to the room.

During summer season when day temperature is high, all

the windows should be kept open. Simultaneously, windows

and doors are covered with wet gunny cloth during hot

days to reduce the temperature and increase humidity [5, 6].

Otherwise, suitable air coolers can be used for this purpose.

The success of the sericulture industry depends upon

several variables, but environmental conditions such as biotic

and abiotic factors are of particular importance. Among the

abiotic factors, temperature plays a major role on growth and

productivity of silkworms [7, 8]. There is ample literature

stating that good quality cocoons are produced within a tem-

perature range of 22-27°C and that cocoon quality is poorer

above these levels [9, 10]. However, polyvoltine breeds

reared in tropical countries are known to tolerate slightly

higher temperature and adjust with tropical climatic condi-

tions
[
1 1 ] . In order to use bivoltine races in a tropical country

like India, it is necessary to have a stable cocoon crop in a

high temperature environment. High temperature adversely

affects nearly all biological processes including the rates

of biochemical and physiological reactions [12], and can

eventually affect the quality or quantity of cocoon crops in

the silkworm and subsequently silk produced. Several studies

[13-15] demonstrated that silkworms were more sensitive to

high temperature during the fourth and fifth stages. It is well
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Table 1: Optimum temperature and humidity requirements of silkworm during various stages.

Environmental factors Incubation I instar II instar III instar IV instar V instar Spinning Cocoon preservation

Temperature 25°C 28°C 27°C 26°C 25°C 24°C 25°C 25°C

Relative humidity 75-80% 85-90% 85% 80% 70-75% 65-70% 70% 80%

understood that the majority of the economically important

genetic traits of silkworms are qualitative in nature and that

phenotypic expression is greatly influenced by environmen-

tal factors such as temperature, relative humidity, light, and

nutrition [16-23]. The Figures 1(a), 1(b), 1(c), 1(d), and 1(e)

describe the contribution of various factors such as environ-

mental, racial, and other factors on important cocoon traits.

The figures illustrate that cocoon yield and reelability are

the most affected traits due to the adverse environmental

factors. The length of 1st instar period of silkworm larvae

was increased by decreasing the temperature for 10 days [24]

.

Similarly, researchers [25] found that temperature and RH
exert synergistic impact regarding silkworm larval period.

These results are in conformity with those of earlier workers

[26] and reported that change in temperature along with

RH has pronounced effect on moulting period. Similarly,

the reports of different researchers [27, 28] recorded that

decrease in temperature enhances the moulting duration in

silkworm. Table 2 shows the effect of different temperature

during late instars on various cocoon traits of silkworm.

In a serious of experiments, researchers [29] observed that

resistance to high temperature is a heritable character and it

may be possible to breed silkworm races tolerant to high tem-

perature. Several studies of different workers [30-32] report-

ed that the quantitative characters of silkworms in a known
environment are of utmost importance in sericulture. The

effect of low temperature during rearing on some characters

of breeding line races were studied [33]. Similarly, studies

of silkworm breeders [34, 35] found that low temperature

is always better than higher temperature with reference to

productivity of silkworm and larval duration for different

instars. Another studies reported that the FI bivoltine

hybrids is more adjustable for high temperature and high

humidity when compared with their parents [36]. In an

important review, work scientists [37] also reported that

temperature and relative humidity were among the various

factors that influence growth, behavior, and instar larval

periods in silkworm and discussed the adaptation of insects

to varying environmental conditions. The acclimatization of

silkworm races with environmental condition especially tem-

perature was studied in detail [38]. Seasonal effect on silk-

worm under Kashmir and subtropical conditions were stud-

ied [39]. Different workers demonstrated the influence of

humidity during rearing time and its role on disease inci-

dence [40]. Suitable hardy bivoltine races evolved and were

tested in the field for summer and, rainy seasons of Uttar-

pradesh, India [41 ] . Recently the influence ofvarious seasons

such as summer, rainy, and winter on cocoon and grainage

traits of popular bivoltine races of India were studied and

concluded that temperature and humidity affect all charac-

ters of these races [42]. High temperature affects nearly all

biological processes including the rates of biochemical and

Table 2: Effect of temperature during late-age rearing on cocoon

traits of silkworm.

Traits
36-22

Temperature °C

36-22 32-22 32-26
Control (24° C)

Pupation (%) 86.00 66.10 92.50 91.40 95.0

Cocoon weight [g] 1.58 1.62 1.96 1.84 2.10

Shell weight [g] 0.316 0.337 0.470 0.441 0.480

Source, Suresh Kumar et al. [45]

physiological reactions [43] ultimately affecting the quality

and quantity of cocoon crops.

The silk cocoon production is determined by various

factors including environment and genotype of the silk-

worm. Figure 2 describes the contribution of genetic and

environmental factors on growth and development of silk-

worm and its important economic traits.

3. Studies on Heat Shock Protein

The tropical Indian multivoltine races ofBomhyx mori (Pure

Mysore, C. Nichi, and Nistari) are more tolerant to high tem-

perature, as against the exotic bivoltine races of temperate

origin. Unlike multivoltine, bivoltine races have better yield

potential and produce superior quality of silk but do not sur-

vive under extreme climatic conditions prevailing in India.

It is known that when subjected to high temperature, the

cells display a heat shock response by synthesizing a novel set

of protein, called heat shock protein (HSP) and it is inter-

esting to note that thermotolerant always accompanied by

the presence ofHSPs [46] . An eminent scientist [47] attempt-

ed to understand the difference of thermotolerance in a

multivoltine (C.Nichi) and bivoltine race (NB18). The heat

shock response in mulberry silkworm races with different

thermotolerances were also studied [48-50]. Many quanti-

tative characters decline sharply at higher temperatures and,

therefore, one of the key considerations in developing bivol-

tine hybrids for tropics could be the need for thermotolerant

bivoltine strains. The recent advances in silkworm breeding

and those in stress-induced protein synthesis have opened

up a new avenues to evolve robust productive silkworm

hybrids [45, 51-57]. On thermal treatment, all genetic traits

of silkworms showed a decline with the increase of temper-

ature above standard level. Workers [58] reported similar

results and they found that biological molecules like DNA,
RNA, lipids, and so forth were vulnerable to heat stress.

Temperature stress causes a number of abnormalities at the

cellular level as the normal pattern of protein synthesis

halts. However, a brief exposure of cells to sublethal high

temperature was found to render protection to the organism

of subsequent and more severe temperature changes [59, 60]

.
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Figure 1: Influence of various factors on cocoon yield, weight, shell weight, reelahility, and neatness source: [44].
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Figure 2: Environmental and genetic contribution to various

economic traits of silkworm, Bomby mori L. (percentage).

Therefore, it is very much essential to gauge the degree

of phenotypic difference of the economical traits to under-

stand the genetic steadiness under the varied environmental

conditions and the productivity of different breed under

various environmental conditions. Intensive and careful

domestication over centuries has apparently deprived the

insect of opportunities to acquire thermotolerance. Among
many factors responsible for poor performance of the

bivoltine strains under tropical conditions, the main culprit

is temperature. Indeed, many quantitative characters decline

sharply when temperature is higher than 28° C. Researchers,

especially silkworm breeders in the sericulture field, always

agree that it is a difficult task to breed such a bivoltine breeds

that are suitable to the high temperature and fluctuating

climatic conditions of India.

4. Role of Humidity on Growth of Silkworm

Humidity plays a vital role in silkworm rearing and its role

is both direct and indirect. The combined effect of both

temperature and humidity largely determines the satisfactory

growth of the silkworms and production of good-quality

cocoons. It directly influences the physiological functions of

the silkworm. The young-age silkworms can withstand to

high humidity conditions than later-age worms and under

such condition, the growth of worm is vigorous. The

optimum humidity conditions required for different early-

age worms and late-age worms are as described in Table 1.

Humidity also indirectly influences the rate of withering

of the leaves in the silkworms rearing beds. Under dry

conditions especially winter and summer the leaves wither

very fast and consumption by larvae will be less. This

affects growth of the larvae and results in wastage of leaf in
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the rearing bed. Retarded growth of young larvae makes

them weak and susceptible to diseases. At a humidity of 90

percent or higher, if temperature is maintained at 26°C-
28° C, they can grow without being greatly affected. Like

temperature, humidity also fluctuates widely not only from

season to season but also within the day itself. Therefore, it

is necessary for the silkworm rearers to regulate it for their

successful crop. For this purpose, wax coated (paraffin) paper

is used to cover the rearing beds during young-age rearing

to raise humidity and to avoid leaf dryness. Otherwise, wet

foam rubber pads or paper pads soaked in water can also be

used to increase humidity in the rearing beds. Rich famers

can use humidifier with humidistat to regulate humidity

in the rearing room. However, it is important to lower

humidity to 70 percent or below during the moulting time

in each instar to facilitates uniform and good moulting.

Water forms a large proportion of insect tissues and survival

depends on the ability to maintain and to balance water

in the body. There is no limiting range of humidity and

most insects can develop at any humidity provided they are

able to control their water balance [61]. The effect of high

humidity on weight of larva of silkworm was studied [62].

The water content in insects ranges from less than 50% to

more than 90% of the total body weight and there may be

much variation within the same species even when reared at

identical conditions [63-65]. The environmental factors, in

particular temperature and humidity at the time of rearing

and moisture content of mulberry leaf, affect growth of

the silkworm [66, 67]. The role of water and humidity in

sericulture were well studied by workers [68]. The seasonal

effect and role of humidity on growth and nutritional

efficiency of silkworm were also studied [69]. Researchers

evolved a suitable race particularly to spring and autumn
rearing [70]. The role of humidity on seed production

parameters were well-studied by different workers [71].

Researchers [72] also listed out the phenotypic and genotypic

characters during different season. The performances of

polyvoltine races under dry climatic condition of Rayala

seema areas ofAndhra Pradesh, India [73], were also studied.

Abiotic factor that has significant impact on the performance

of insects in terrestrial environments is humidity. Humidity

interacts with the availability of free water and with the

water content of the food and it mostly shows indirect effect

on growth and development. Demands in humidity vary

depending on the biological circle. The effect of adverse

climatic conditions for successful bivoltine cocoon crop was

studied [74, 75]. In Italy, researchers studied the effect of

various environmental factors on growth of silkworm larva

[76]. The seasonal changes, atmospheric humidity, and soil

moisture percentage have profound effect on the growth

and quality of mulberry leaves, which in turn influence the

silkworm health and cocoon crop production and, therefore,

suggest the importance of leaf moisture both in palatability

and assimilation of nutritive components of the leaf.

5. Role ofAir and Light on Growth of Silkworm

Like other animals, silkworms also require fresh air. By

respiration of silkworms, carbon dioxide gas is released in

the rearing bed. The freshness of air can be determined by its

CO2 contents. Although atmospheric CO2 content is gen-

erally 0.03-0.04% in the rearing room, carbon monoxide,

ammonia, sulphur dioxide, and so forth are also released in

the rearing room when farmers burn charcoal to raise tem-

perature. These gases are injurious to silkworms; therefore,

care should be taken to allow fresh air through proper venti-

lation to keep the toxic gases at a low level. If CO2 exceeds

above 2 percent concentration, the growth of silkworm is

retarded. Insecticides and disinfectants are also avoided in

the rearing room. Young silkworm larvae are more sus-

ceptible to the poisonous gases and hence artificial circula-

tion of air is extremely useful in bringing down the con-

taminated air. The air current of 1.0 m/sec during 5th-age

rearing reduces the larval mortality and improves ingestion,

digestibility, larval weight, cocoon weight, and pupation rate

compared to those recorded under zero ventilation condition

[77].

Silkworms are photosensitive and they have a tendency to

crawl towards dim light. They do not like either strong light

or complete darkness. Rearing of silkworms in continuous

light delays the growth. Further, it causes pentamoulters and

reduces both larval and cocoon weights. Silkworms are fond

of dim light of 15 to 20 lux and avoid strong light and dark-

ness. Late-age worms survive better in 16-hour light and 8-

hour dark periods. However, young-age worm prefers 16 hr

darkness and 8 hr light period. Larvae of silkworm do not

prefer either strong light or complete darkness but usually

light phase, in contrast to the dark phase, activates the larvae.

Silkworm is an insect of small lifespan with positive photo

-

tactism [78]; the silkworm larvae are fed in complete dark-

ness during the life cycle, their larval duration is longer, and

cocoon quality becomes poor [79]. Rearing in either com-

plete darkness or in bright light leads to irregularity in

growth and moulting. Light phase usually makes larval dura-

tion longer than the dark phase. The influence of light and

temperature on growth of silkworm was studied in detail

[80].

6. Role of Environmental Factors on
Embryonic Development

The effect of temperature on the growth and development of

silkworm has been studied extensively; however, much atten-

tion has not been paid on the effect of temperature on

embryonic development. It has been reported that in exo-

thermic organisms, when rate of development is plotted

against temperature, a sigmoidal curve is obtained with an

almost linear correlation in central temperature range. Tem-

perature is a parameter in developmental cycle, which can be

manipulated experimentally, but its effect is very complex for

interpretation. The physiological explanation for embryonic

death after exposure to lethal temperature is likely to be

highly complex and probably species specific. Improper egg

incubation results in various problems during the hatching

and rearing period. Ifsilkworm egg is subjected to incubation

at high temperature and low humidity the hatching of larvae

severely affected. It is well known that the environmental
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conditions during embryonic development not only affect

the diapauses nature of eggs but also larval/pupal duration,

cocoon weight, and egg production [81]. Among the devel-

opment stage ofsilkworm, Bombyx mori, the egg stage has the

lowest tolerance to high temperature. Temperature during

incubation also affects voltinism character, as the embryonic

stage is the most sensitive to temperature [82]. Bivoltine eggs

incubated at a temperature above 25°C produce moths that

lay hibernating eggs, while those incubated at lower temper-

ature (below 25° C) produce moths that lay mixed and fully

nonhibernating eggs. Development rate is directly influenced

by temperature and is modified by humidity. At high tem-

perature the embryo grows faster up to the setae formation

stage and succumbs to death as the yolk cannot be utilized

in pace with the high rate of development and comes in way
of normal development [83]. Kittlans [84] stated that tem-

perature above 33°C and abnormal cold treatment of

embryos might also cause embryonic death or abnormal

development. Cold treatment of silkworm (Bombyx mori)

eggs leads to formation of tetraploid individuals, which lay

large eggs [85].

During silkworm egg incubation, it is important that

humidity should be maintained at 80% on an average for

normal growth of embryo. If humidity falls below 70%
during incubation, the hatching invariably is low. A number
of factors complicate the effect of humidity on respiration;

most important of which is the water content of the insect.

The effects of humidity are very closely associated with tem-

perature, that is, water loss by desiccation, spiracular

diffusion, retention of ingested water, and production of

metabolic water [63]. Humidity less than 60% results in loss

of water from silkworm eggs and high humidity of 90% and

above leads to retention of physiological waste water inside

the egg resulting in poisoning of embryos. The effect of light

on incubation and growth of embryo, requirement of black

boxing at pinhead stage, and exposure to light on 10 or 1 1 day

was studied in detail for bivoltine silkworm [78]. Humidity

in combination with temperature has a very strong effect on

physiology of the egg [86]. However, the ideal temperature

is 25°C and coupled with 75-80% relative humidity for both

bivoltine and multivoltine eggs (Table 1). The occurrence of

unfertilized eggs in silkworm and its reason were studied in

detail [87]. Workers also studied the effect of refrigeration of

multivoltine eggs at blue stage and its effects on hatching and

rearing parameters [88].

7. Influence of Environmental Factors on
Nutritional Indices

Variation in the fluctuations of temperature prevents insects

from attaining their physiological potential performance and

they achieve it only if placed in an ideal and favorable

environment. Because of natural selection imposed by less

ideal environmental conditions, insects have evolved certain

abilities to evaluate their environment and to make decisions

involving physiological, behavioral, and genetic responses.

These responses frequently involve changes in the con-

sumption and utilization of food, rate, and time of feeding

Table 3: Combined effect of humidity and air current during spin-

ning time on cocoon reelabilty of silkworm.

Temperature

(“C)

20°C

25°C

30°C

Humidity

(%)

Air current

(cm/sec)

Reelability

(%)

0 75
65

50 90

0 78
90

50 92

0 92
65

50 96

0 55
90

50 90

0 85
65

50 93

0 30
90

50 80

behavior, metabolism, enzyme synthesis, nutrient storages,

flight behavior, and other physiological and behavioral pro-

cesses. Natural environments exhibit large amount of vari-

ation in abiotic components (temperature, humidity, etc.)

which play an important role on the consumption and

utilization of food. Variation in environmental factors away

from the conditions that allow insects to achieve their ideal

performance may reduce their performance unless compen-

sated for changes in their physiology and behavior. Variable

temperature regimes may influence performance differently

compared to constant temperature; growth performance is

often stimulated in fluctuating temperature regime [89].

Insects have also evolved various enzymatic and metabolic

adaptations that allow them to survive and develop in a

broad range of temperatures. Temperature acclimation and

physiological and behavioral thermoregulation allow indi-

vidual insects to compensate to various degrees of changes in

ambient temperature [90]. The silkworm growth is mani-

fested by the accumulation of organic matter resulting from

the balance between anabolic and catabolic reactions fuelled

by the nutritive substances absorbed after digestion of food.

The silkworms from the same genetic stock responded var-

iedly when fed on the leaves of different nutritional quality,

which is an indicator of efficient utilization and conversion of

food into silk substance. When a temperature exceeds 30° C,

metabolic functions become erratic and result in poor health.

At the same time when temperatures fall below 20° C,

metabolic functions becomes inactive again leading to

irregular growth and health becomes poor [91].

Variation of the ingesta and digesta values among the

different breeds and same breed in different seasons has

been reported [92, 93]. The rate of food consumption and

leaf quality significant influences on larval growth, weight,

and survival were studied [94]. Analysis of the nutritional

indices like the rates of ingestion, digestion, assimilation,

and conversion in the growing larvae would be useful in

understanding the racial differences in the digestive and

assimilation abilities of the silkworm. The evaluation of the

strains must be made based on food utilization efficiency
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at different feeding amounts under favorable conditions for

each sex [95]. Researchers [44] reported that with the

increase in temperature (20-30° C) leaf-silk conversion rate

decreases. The physiological activities, food intake, and eco-

nomic parameters are influenced by body temperature of the

silkworm. An increase in intake of mulberry leaves during

late age with decrease in rearing temperature was reported

[96]. Effects of various environmental factors on nutritional

and water requirements of insects were studied [97-105].

The effect of temperature on leaf-silk conversion in silk-

worm reported that low temperature (26° C) throughout the

rearing period favoured higher silk conversion with better

survival in bivoltine silkworm [106]. A high efficiency of

conversion in larvae reared at low temperature was reported

[107]. Workers analyzed the nutritional indices and nutri-

tional efficiency parameters of 5th instar larvae of popular

India bivoltine races under different environmental condi-

tions [108]. They demonstrated that the nutritional indices

parameters like ingesta, digesta, approximate digestibility,

and reference ratio were superior under optimum tem-

perature (23-25° C) and humidity conditions (65-70%).

Different authors [109-111] studied the effect of leaf mois-

ture on nutritional parameters and development of silk

gland of silkworm. However, the efficiency parameters like

ECI cocoon were higher for higher-temperature-maintained

silkworm batches and this might be because of less choice of

feed that leads to some physiological adoptions to overcome

nutritional stress (Table 4).

8.

Influence of Temperature on Reproductive

Potential of Silkworm Moth

The reproductive performance of silkworm varies with

impertinent climatic factors in addition to physiological

status of the parent. The commercial viability of silkworm is

dependent on correlation between cocoons, moths, and

reproductive potential of the strains. The cocoon weight and

reproductive characters were greatly influenced by different

temperature regimes [112]. The rate of egg production varies

with temperature, accelerated up to a point ofoptimum tem-

perature and humidity conditions. In the silkworm, Bomhyx
moriy maximum ovulation and fecundity with minimum
retention were observed at temperature 25.36 ± 0.17°C

and any fluctuation from this level decreased ovulation,

oviposition fecundity and increased retention of eggs [113].

Reports are available on temperature-induced sterility in

silkworm. Male silkworm moths almost became sterile when
kept at 32°C for 4 days after spinning even though pupae

were preserved at moderate temperature of 23°C throughout

the remaining period [114]. Workers [115] reported that

male silkworm become sterile at high temperature (above

33°C) during spinning and demonstrated that 19 hr con-

tinuous exposure to high temperature induces sterility in

male silkworm [116]. The Induction of sterility at high

temperature in different Indian races was studied [117, 118].

The quality of seed cocoon and that of egg yield are directly

related and the number of dead pupae varies from race to

race in different seasons [119]. The effect of temperature on

reproductive potential of Bulgarian races was studied [120].

The effect of different temperature and humidity on preser-

vation of seed cocoon and pupae ofthe new bivoltine hybrids

(CSR races) was also studied [121]. The role of humidity

on preservation of seed cocoon and potentiality of egg pro-

duction was studied [122] and researchers studied [123] the

refrigeration of cocoon and its effects on grainage parameters

and egg production.

9. Environmental Care during

Silkworm Spinning

If the temperature rises beyond 22°-25°C during spinning,

the shell becomes very loose and folded with wrinkles and

knots. It also changes the properties of sericin. This induces

cohesion of silk filaments and causes difficulties in reeling.

Eow temperature slows down the secretion of silk thread and

resulting in large-sized cocoons. Eurther, it takes very long-

time for spinning. Relative humidity (60-70%) induces good

health, good reelability, and good-quality cocoon. When it

rises above optimum level the larvae and pupae cease to

death. Low humidity causes double-layered cocoons and

loose cocoons. Excessive moisture and harmful gases are

released from the faeces and urine of silkworms during

spinning. Air current speed should be less than one meter

per second and fast or strong air current causes crowding

of mature silkworms resulting in more number of double

cocoons. Mounting room requires moderate, even illumi-

nation and strong light causes crowding of silkworms at

one side and finally results in double cocoons or uneven-

thickness cocoons. Complete darkness will slow down the

spinning process resulting in low-quality cocoons. The effect

of temperature and humidity on spinning behavior of silk-

worm was studied
[
124, 125] . Table 3 describes the combined

effect of humidity and air current during spinning time of

silkworm and the results show that low humidity (65%) and

air current of 50 cm/sec are adequate for obtaining a good

reelability of above 95%.

10. Influence ofTemperature on
Postcocoon Parameters

Cocoon quality parameters play an important role on the

quality of the raw silk reeled. A large number of parameters,

some of which are important for the parent cocoon race

maintenance, define the cocoon properties and some are

important for cocoon reeling. Eor a reeler, the technological

parameters of the cocoon are significantly important, since

they determine the quality, quantity, and efficiency of the

reeling process. Significant variation in cocoon shape and

cocoon size in hybrids results in variation in filament size

as well as the quality of the reeled thread [126]. It was also

mentioned that when reeling is carried out with irregular and

nonuniform cocoons it results in thread breakage, hindrance

due to slugs, poor reelability, poor cooking, decreased raw

silk recovery, variation in raw silk denier, and poor neatness

[ 127] . To obtain uniform filament size in auto and semiauto-

matic reeling units, cocoon size uniformity is very important
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Table 4: Effect of different temperature and humidity conditions on nutritional indices of silkworm.

Environmental condition Ingesta (g) Digesta (g) Approximate digestibility (%) ECI cocoon (%) ECI shell (%)

Temp 36°C and humidity 40% 3.04 0.850 27.99 18.27 8.94

Temp 20°C and humidity 90% 4.45 1.340 30.11 16.91 8.60

Temp 25°C and humidity 70% 4.41 1.430 32.44 16.86 9.17

Source [108].

[128]. Extensive studies have been carried out on cocoon

shape variation in parental silkworm breeds and their

hybrids [129-135]. Limited information is available on the

combined effect of different temperature and humidity on

various cocoon characters and reeling parameters at different

stages during rearing and spinning of silkworm larvae

which in turn will provide valuable information to the tech-

nology developers who are engaged in the improvement of

quality and quantity of silk acceptable to the level of inter-

national standard [136]. The different temperature during

spinning period and its effects on cocoon and reeling para-

meters of new bivoltine hybrids were studied [137]. The

researchers evaluated the influence of various nutritional

and environmental stress factors on silk fibre characters of

bivoltine silkworm [138]. Researchers also [139] have shown

that a relation exists between water content of cocoon layers

during the spinning stage and reelability of cocoons and

recommended that water content of the cocoon layer should

be below 20% in order to obtain good-quality cocoons with

better reelability. It is to be noted that when the humidity

of ambient conditions is high during cocoon spinning, water

present in the spinning solution, silkworm urine, and faeces

is evaporated slowly influencing the structure of sericin.

Various workers also described care to be taken after cocoon-

ing and before harvesting the cocoon
[ 140]

.

11. Future Strategies

India enjoys the patronage of second position for the pro-

duction of silk in the world next only to China. Sericulture in

India is practiced predominantly in tropical environmental

regions. Though, the introduction of robust and thermotol-

erant races in the field during summer months had consid-

erable impact on the productivity level and returns in some

selected areas, later planners realized this does not match

to that of other productive bivoltine hybrids. Therefore, the

acceptance level of this hybrid with the farmers was not up

to the expected level because of the low productivity traits.

This has necessitated the development of a more suitable

temperature tolerant hybrid with better productivity traits

than existing races. Mulberry and silkworm improvement

programmes are continuous processes for evolving newer

and high-yielding genotypes, which can sustain productivity

under biotic and abiotic stresses. Genetic transformation

techniques need to be further fine-tuned for developing

transgenic silkworm with stable expression of cloned genes

of commercial importance.

Some of the earlier studies addressed the selection of

silkworm breeds in respect ofthermotolerance by identifying

thermotolerant silkworm breeds. However, a clear under-

standing of the genetic basis and variability in the expression

of quantitative and qualitative genetic traits during exposure

to high temperatures is an important step for the selection

of potential thermotolerance parental resources for breeding

programmes. To achieve greater success, there is a necessity

of understanding the molecular mechanism of temperature

tolerance in silkworm, identification of various groups of

heat shocking proteins (HSPs), understanding of different

expression pattern of various HSPs, in polyvoltine and

bivoltine races to locate the genes responsible for the heat

inducible HSPs, and subsequent steps to introduce the same

into the silkworm genome.
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This research aims to control Seedling damping off disease in plants by using antagonistic actinomycetes against the causative fungi.

Phytophthora infestans was isolated from the infected tomato plant seedling obtained from an economic plant nursery in Amphoe
Pak Chong, Nakhon Ratchasima Province, Thailand. The chitinolytic Streptomyces rubrolavendulae S4, isolated from termite

mounds at the grove ofAmphoe Si-Sawat, Kanchanaburi Province, Thailand, was proven to be the most effective growth inhibition

of fungal pathogens tested on potato dextrose agar. Tomato and chili seedlings that colonized with antagonistic S. rubrolavendulae

S4 were grown in P infestans artificial inoculated peat moss. Percents of noninfested seedling in fungal contaminated peat moss

were compared to the controls with uninoculated peat moss. In P infestans contaminated peat moss, the percents of survival of

tomato and chili seedling were significantly increased (P < 0.05) from 51.42 to 88.57 and 34.10 to 76.71 for the S. rubrolavendulae

S4 treatment, respectively. The S. rubrolavendulae S4 also showed high efficiency equivalent to fungicide, metalaxyl with no

significant difference (P > 0.05). It was clearly demonstrated that S. rubrolavendulae S4 can prevent the tomato and chili seedling

damping off disease in economic plant nurseries.

1. Introduction

The value of vegetable crops in Thailand was estimated to

be around 14,561 million baht in 2009, including tomato

and chili. The plantation of these economic crops is done

by using reliable seedling producers. Therefore, the economic

plant nursery business has been increasing. Disease manage-

ment has become a major concern during the production

of vegetable plug transplants. The seedling damping off

disease causes serious problems in economic plant nurseries.

Causative pathogenic fungi of seedling damping off disease

in plants were reported to be Pythium spp., Phytophthora

sp. [1, 2], Rhizoctonia solani [3], Sclerotium rolfsii [4],

and Fusarium oxysporum [5]. Phytophthora infestans is the

most infamous species of genus which caused pre- and

postemergence damping-off and late blight of potato and

tomato. Also, peppers, melons, pumpkins, citruses, strawber-

ries, chestnuts, and forest trees are affected by Phytophthora

species such as P cambivora, P hibernalis, P citrophthora,

P kernoviae, P capsici, P cactorum, P drechsleri, and

P. infestans [6-9]. Chemical fungicides are extensively used in

current agriculture and also cause environmental pollution.

Nowadays, a method of controlling or preventing the disease

is by decreasing hazardous chemical fungicides. Biocontrol

is used as an alternative method. The microorganism

simultaneously grows together with pathogenic fungi and

produced enzyme or organic compounds for suppression

fungal growth. Biocontrol with microbial fungicides is being

investigated in several academic labs. Seedling damping off

disease occurred in economic plant nurseries in Amphoe
Pak Chong, Nakhon Ratchasima Province. In this study, the

major causative fungal pathogens of the seedling damping

disease were investigated. The antagonistic chitinolytic Strep-

tomyces against the fungal pathogen was experimented to be

used to control the disease in plant nurseries.

2. Materials and Methods

2.1. Isolation and Identification of Plant Pathogenic Fungi.

The plant samples were obtained from economic plant
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Figure 1: Phytophthora infestans isolated from infected tomato plant seedling (a) and produced white, profusely branching mycelium (b).

nurseries. Roots and stems oftomato seedlings with damping

off disease symptoms were washed to remove any excess peat

moss. Then, the infested plant parts were surface-sterilized

using 5% v/v hypochlorite for 30 seconds, washed with sterile

water, and blot-dried on sterile filter paper. Plant pieces

were cut into 0.5 cm lengths before being placed onto potato

dextrose agar (PDA). The fungal mycelium and spores that

grew out of the plant tissues were subcultured and purified

on another PDA plate. The pathogenic fungi were identified

based on colony morphology and by the characteristics of

sporangium and oospores.

2.2. Antagonistic Actinomycetes. The chitinolytic actino-

mycete was isolated from the termite mounds at the grove

of Amphoe Si-Sawat, Kanchanaburi Province, Thailand, by

using the soil dilution method. The chitinolytic actino-

mycete was preliminary classified to be Streptomyces sp.

based on morphological and physiological characteristics

[10]. The chitinolytic actinomycete was found similar to

Streptomyces ruhrolavendulae based on 16S rRNA analysis.

The S. ruhrolavendulae S4 was maintained on nutrient agar

slants at 30°C for 3-5 days to make the fresh colony before

being used in the next experiment.

2.3. Antagonistic Test by Dual Culture Technique. The anti-

fungal activity of the S. ruhrolavendulae S4 against seedling

damping off fungi was tested on V8 agar [11] at 30°C using a

dual culture technique. The conidia of the S. ruhrolavendulae

S4 were placed on a V8 agar plate in lines. Then, the plates

were incubated at 30°C for 5 days to allow growth and

sporulation of the S. ruhrolavendulae S4 prior to inoculation

of an agar plug of the pathogenic fungi at the center of the

plate. After incubation for 3-5 days at 30° C, the growth

inhibition of pathogenic fungi by S. ruhrolavendulae S4 was

investigated. The size of the zone of inhibition developing

around the S. ruhrolavendulae S4 was a measurement of

the antagonistic potential against the pathogen. Only the

pathogen was used as a positive control and the experiments

were repeated three times with three replications for each

experiment. Percentage growth inhibition was determined

after 3 days incubation by this formula of Skidmore
[ 12]

:

y
The percentage of inhibition growth (%) = —-— X 100,

iv

( 1 )

where R represents the radius of the control pathogens

growth and r the radius of the pathogen s growth towards

the bacterial antagonist.

2.4.

Suppression of Seedling Damping OjfFungi under Green-

house Conditions. Peat mosses were sterilized for 15 mins at

121°C 15lbs/in^ three times at 24 h intervals and used as a

planting material in this study. The agar plugs, taken from the

edge of the young colony of pathogenic fungi, were artificial

inoculated into steam-pasteurized peat mosses at the rate of

50 agar plugs/250 g. S. ruhrolavendulae S4 was cultured in

nutrient broth with l%w/v shrimp shell powder at 30°C
for 3 days and used for plant protection experiments. The

S. ruhrolavendulae S4 cell suspension was inoculated into

the peat moss at the final concentration of 10^ cfu/g. The

experiment was a 2 X 5 factorial completely randomized

design with three replicates. Two kinds of seedling were

used: tomato and chili. The 3 sets of 10 seedlings were

grown in five types of treated planting material: (1) artificial

fungal pathogen infested, (2) artificial fungal pathogen

infested but challenged with S. ruhrolavendulae S4, (3)

artificial fungal pathogen infested but treated with fungicide,

metalaxyl (Phyto-Q), S. ruhrolavendulae S4 inoculated, and

(4) uninoculated planting material as control. Percentages of

the noninfested seedling were then determined.

3. Results

3.1. The Causative Fungal for Damping Off Disease of

Seedlings in the Plant Nursery. The major plant pathogenic

fungi isolated from the infected tomato plant seedling was

identified to be Phytophthora infestans, based on morphology

in the form of chlamydospores and sporangia which produce

zoospores [13]. This isolate can be grown in PDA and

produced white, profusely branching and aseptate mycelium

without septum (Figure 1).

The leading edge of mycelia plugs was transferred to

petri dishes containing peat moss extract, and then incubated
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Figure 3: In vitro interactions between S. rubrolavendulae S4 and Phytophthora infestans on V8 medium, (a) Control plate of Phytophthora

infestans; (b) S. rubrolavendulae S4 against Phytophthora infestans.

at room temperature under continuous 40-watt fluores-

cent illumination for between 1 and 4 days, amphigynous

antheridia of oospores. The sporangia in a lemon shape

were observed (Figure 2) which are a semipapillae type

of sporangia and released zoospores in wet peat moss or

water.

3.2. Antagonistic Activity of S. rubrolavendulae S4 against

P. infestans. The dual culture method that was used to inves-

tigate the antagonistic of the S. rubrolavendulae S4 indicated

that S. rubrolavendulae S4 that was used as antagonistic

microorganism for suppression mycelia growth of P. infestans

on V8 Agar (Figure 3). After being incubated for 3 days at

room temperature, the radiuses of P. infestans growth on con-

trol plate and P. infestans growth toward S. rubrolavendulae

S4 were measured about 4.5 cm and 0.75 cm, respectively.

Moreover, the radial growth of P. infestans produced a clear

zone around the S. rubrolavendulae S4 growth indicating the

inhibition ofthe fungal growth. Therefore, 83.33% ofgrowth

inhibition has clearly demonstrated that S. rubrolavendulae

S4 exhibited good growth inhibition of the pathogenic fungi,

P. infestans.

3.3. Suppression of Tomato and Chili Seedling Damping Off
Disease by Antagonistic S. rubrolavendulae S4. The biological

suppression of the seedling damping off disease of tomato

and chili seedling was performed. S. rubrolavendulae S4

cultured in shrimp shell broth at optimum conditions

was inoculated into satirized peat moss. Tomato and chili

seedling were grown in peat moss and colonized with

antagonistic S. rubrolavendulae S4 and P. infestans. Results

from the greenhouse pot experiment demonstrated that

S. rubrolavendulae S4 significantly inhibited root rot of

tomato and chili seedling caused by P. infestans. Percents of

noninfested seedling in fungal contaminated peat moss were

compared to the controls with uninoculated peat moss. In P.

infestans contaminated peat moss, the percents of survival of

tomato and chili seedling were significantly increased (P <

0.05) from 51.42 to 88.57 and 34.10 to 76.71 for the isolate

S4 treatment, respectively (Table 1). The S. rubrolavendulae

S4 also showed a high efficiency equivalence to fungicide,

metalaxyl with no significant difference (P > 0.05). These

treated plants looked healthy and increased the percentage

of healthy plants showing no symptoms of root rot. The P.

infestans was reisolated from the infested seedling to confirm

the effectiveness of the fungal pathogen.
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Figure 4: Phytophthora infestans was observed from peat moss (a) and seeds (b).

Table 1: Efficacy ofbiocontrol, S. rubrolavendulae S4 on suppression oftomato and chili seedling damping offdisease caused by Phytophthora

infestans under greenhouse conditions.

Treatment Percentage of noninfested tomato seedling Percentage of noninfested chili seedling

Control 95.7C

P infestans 51.42^ 34.10^

P infestans + S. rubrolavendulae S4 88.57'^ 76.71’^

P infestans + Phyto-Q 94.28^ 79,99b

S. rubrolavendulae S4 87.141^ 90.29'^"

Means within a column with the same letter were not significantly different (P >0.05).

Figure 5: The healthy tomato seedlings grown in peat moss

inoculated with Phytophthora infestans and S. rubrolavendulae S4 in

different treatments.

4. Discussion

The plant pathogenic fungi, Phytophthora infestans, was

isolated from the infected tomato plant seedling in the

economic plant nursery. Phytophthora often called water

mold can be grown in wet soil and produced white, profusely

branching, aseptate mycelium, sporangia, and oospores.

This Phytophthora can spread widely with zoospores and

oospores which are produced in sporangium and oogonium,

respectively [14].

In sexual spore type, oospores were produced when
antheridia was attached to oogonium. Moreover, asexual

spore types ofP infestans are chlamydospores and sporangia

were used as a survival structure. The zoospores were

contained in a lemon shape of sporangium (Figure 2(a)).

In the plant fields, greenhouses, and nurseries, chemical

fungicides were used for disease management. Metalaxyl

and fosetyl-Al are suggested chemical fungicides to be used

against Phytophthora species which are dangerous for the

environment [15-18]. Therefore, the biological control was

applied for disease management that will be safer for health

and the environment. Control of Phytophthora root rot was

achieved by infesting peat moss with Streptomyces at the time

of planting under greenhouse conditions.

The frequency of healthy plants increased significantly

for the susceptible variety, and the average disease severity

index decreased significantly for both the resistant and

susceptible varieties tested. It was clearly demonstrated that

isolate S4 could prevent the tomato and chili seedling

damping off disease in the economic plant nursery. In

recent studies, the Trichoderma harzianum, Bacillus subtilis,

Pseudomonas fluorescens, and Streptomyces species were

reported as commercial biocontrol agents for control-

ling Phytophthora species (BCA) [2, 19-25]. The mecha-

nisms of parasitism, competition, antibiotic, and enzyme

were performed in different antagonistic microorganisms.
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The extracellular cell wall degrading enzymes including

chitinases, cellulases, amylases, and 1, 3-jS-glucanases are

found in the genus Streptomyces [26-28] . The high chitinases

and cellulases activities were produced by S. ruhrolavendulae

S4.

The 51.42 and 34.10 percentage of survival oftomato and

chili seedling were observed in pots containing P. infestans,

respectively (Table 1). After 3-5 days of cultivation in pots,

the tomato and chili appeared to contain seedling damping

off disease. A soften, decayed, weakened, and die seedling

were expressed in pregerminated and postgerminated chili

and tomato seeds. Then, peat mosses or seeds were trans-

ferred onto PDA plates and cultured at room temperature

for 3 days (Figure 4). After that the similarity characteristics

to Phytophthora infestans were observed from that plate. An
aseptate mycelium, lemon shape of sporangium, and oogo-

nium were observed under a light microscope (lOX). The

results indicated that the expression of damping off disease

in chili and tomato seedlings is caused by Phytophthora

infestans. After 50 days of cultivation, the healthy tomato and

chili transplants were performed in treatments with added S.

ruhrolavendulae S4. These transplants showed higher height

and weight than other treatments (data not show) (Figure 5).

The bioactive natural compounds and plant hormones can

be produced from several Streptomyces species and affect

the host plant as plant growth promotion bacteria [29, 30].

The results clearly demonstrated that seedling damping off

disease of tomato and chili in economic plant nurseries can

be controlled by S. ruhrolavendulae S4.

5. Conclusion

The chitinolytic S. ruhrolavendulae S4 had a strong-

antagonistic activity against Phytophthora infestans, isolated

from the infected tomato plant seedlings. Therefore, S.

ruhrolavendulae S4 can be used as a good biocontrol for

seedling damping off disease in economic plant nurseries. In

P infestans contaminated peat moss, the biocontrol increased

the percentage of surviving tomato and chili seedling from

51.42 to 88.57 and 34.10 to 76.71, respectively. The mass

cell production of S. ruhrolavendulae S4 in an appropriate

medium will be conducted as future work.
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This study investigated the influence oftype of electric bright light (produced by fluorescent light tube and incandescent light bulb)

on the attraction of the African giant water bug, Lethocerus indicus (Hemiptera: Belostomatidae). Four fluorescent light tubes of 15

watts each, producing white-coloured light and four incandescent light bulbs of 60 watts each, producing yellow-coloured light,

but both producing the same amount of light, were varied and used for the experiments. Collections ofbugs at experimental house

were done at night between the hours of 8.30 pm and 12 mid-night on daily basis for a period of four months per experiment in

the years 2008 and 2009. Lethocerus indicus whose presence in any environment has certain implications was the predominant

belostomatid bug in the area. Use of incandescent light bulbs in 2009 significantly attracted more Lethocerus indicus 103 (74.6%)

than use of fluorescent light tubes 35 (25.41%) in 2008 [P < 0.05;P (Z > 4.92) = 0.0001]. However, bug’s attraction to light source

was not found sex dependent [P > 0.05; P {Z > 0.18) = 0.4286 and Z > 0.28 = 0.3897]. Therefore, this study recommends the

use of fluorescent light by households, campgrounds, and other recreational centres that are potentially exposed to the nuisance of

the giant water bugs. Otherwise, incandescent light bulbs should be used when it is desired to attract the presence of these aquatic

bugs either for food or scientific studies.

1. Introduction

Of the belostomatid bugs (giant water bugs) that are both

useful and harmful to man and lower animals [1-4] is the

globally occurring genus Lethocerus [5]. They are brownish,

dorsoventrally flattened and have strong, thick, raptorial

forelegs and broad, flat middle, and hind legs fringed with

swimming hairs [6]. Furthermore, members of this genus

have their heads drawn out in front of their eyes as a

triangular extension. The visible rostrum is three segmented,

ocelli are absent, and the four-segmented antennae are

usually concealed in pockets beneath the head [7-9].

Generally, even though belostomatids are strong swim-

mers, they are sedentary hunters [10]. They wait on sub-

merged vegetation or other supports, their raptorial front

legs positioned in preparedness to seize quickly any object

that passes.

Specifically, the genus Lethocerus (whose about 24 species

have been described) [5] plays a very significant role in

freshwater ecosystems and therefore, the knowledge of these

aquatic bugs is important for the study of fish biology and

proper management of fish hatcheries [11, 12]. However,

Lethocerus species can bite badly and squirt a foul-smelling

fluid more than a metre [13]. They can be nuisance in

out-door swimming pools (which are sources of good

recreational aids and revenue) to which they maybe attracted

by lights. They are edible insects in some countries
[ 1 ] . Adult

Lethocerus spp. are known to be the most ferocious predators

that feed voraciously on fishes as much as 0.2 m long [1,

3, 12], a very important source of human protein. They

also feed on frogs and their tadpoles [2] whose conservation

could be important in the preservation of beneficial fish

species. The salivary secretion of L. fakir (Gistel) for instance

contains a potent mixture of hydrolytic enzymes (proteases)
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which liquefies the soft tissues of frogs [14]. Furthermore,

by feeding on mosquito larvae, there is increasing evidence

that early instars of Lethocerus may appear promising in the

biological control of malaria vector, mosquitoes [15-17].

Attraction of these bugs to lights, especially bright light

at night, has earned them the name “electric light bugs”
[ 18]

.

These large and powerful creatures are as adept at swimming

as they are at flying
[ 1 ] . Given their high flight ability, Letho-

cerus individuals can easily reach households, campgrounds,

hotels, and other recreational centres equipped with electric

bright light (such as fluorescent and incandescent lights)

located around their habitat.

However, previous studies on this economically impor-

tant organism do not seem to have investigated into the

influence of type of electric bright light on the attraction

of Lethocerus species in particular. Findings from this study

may recommend the type of electric bright light that may be

used to prevent or at least curtail their nuisance. In addition,

such findings may assist collections ofthese Hemipteran bugs

either for food or scientific reasons [19, 20].

2. Materials and Methods

2.1. Site Description. This study was carried out in the Staff

Quarters of Saint Peter Claver Seminary School Okpala in

Ngor-Okpala Local Government Area, Imo state, Nigeria.

The seminary with its quarters is located about 200m away

from the popular Imo River (4°53'7" North; 7° 10' 25"

East) and is surrounded by swamps and dense vegetation.

As normal, the quarters are equipped with electric bright

lights which are consistently on at certain hours of night for

academic and spiritual activities and precautionary reasons.

2.2. Data Collection

2.2.1. Experiment I (Light Source: Fluorescent Tube). The

experimental living house which reasonably stands out from

other houses in the Seminary was equipped with four

fluorescent light tubes (15 watts each). Each of the four

outside walls of the house received one centrally positioned

fluorescent light tube. Gollections of giant water bugs only

were made on daily basis between the hours of 8.30 pm
and 12 mid-night in the months of May, June, July, and

December of 2008 and 2009. Months were selected on the

basis that heavy rains and full moon are known to increase

the emergence of giant water bugs [9, 15]. Electric light was

consistently on at night (as normal in the Seminary) for these

hours when collections were made. Giant water bugs which

visited the experimental house per night were tracked and

collected with rubber-gloved hands to limit damage from

their biting. They were subsequently preserved in 4% for-

malin. At the end of each study month, captured specimens

were taken to the Biology laboratory of Michael Okpara

University of Agriculture Umudike for further identification

amidst other entomologists using guides provided by Rankin

[2], Menke [5], and Hunderford [18].

2.2.2.

Experiment II (Eight Source: Incandescent Bulb). Also

in the months of May, June, July, and December but of

2009, the above procedures were repeated, but this time

the four fluorescent light tubes were replaced with four

incandescent light bulbs. Fluorescent light tube of 15 watts

and incandescent light bulb of 60 watts were chosen for

experiment I and II, respectively, because it is documented

that 15 watt fluorescent tube produces the same amount

of light as a 60-watt incandescent bulb [21], precluding

difference in the amount of light.

2.3. Statistical Analysis. Mean number of collected giant

water bugs during study with fluorescent light tubes was

statistically compared with that obtained during experiment

with incandescent light bulbs using z-statistic for estimation

of the difference between two means. The mean numbers

of collected male and female Eethocerus indicus might vary

with the different light sources and thus were compared

also using the z-statistic. The z-statistic employed is two

tailed.

3. Results and Discussion

Population data on the giant water bugs (belostomatid bugs)

collected during a study of the influence of type of electric

bright light on their attraction revealed that the captured

species is Eethocerus indicus. That the genus Eethocerus

commonly called the African giant water bug abound in

Africa which (Imo State), the study area is part is supported

by literature [22, 23]. Their presence in any environment

may have implications for fish biology, biological control of

mosquitoes, man’s diet, and health [13, 14, 16, 17, 21].

Out of a total number of 138 Eethocerus bugs collected

in the eight-month study in 2008 and 2009, 35 (25.4%)

were attracted by fluorescent light tubes in 2008, while 103

(74.6%) were attracted by incandescent light bulbs in 2009

(Table 1). The difference proved significant (P < 0.05)

[P (Z > 4.92) = 0.0001]. Incandescent light bulbs emit

greater heat than fluorescent light tubes [22], and perhaps,

Eethocerus indicus prefer light that emits reasonable heat

probably to gain some warmth. That heat attracts certain

insects has been documented by other authorities [22, 24]

.

It is now obvious why [22] hinted that bugs are not attracted

by light that produces little or no heat. In addition, it could be

possible that this species preferred the yellow colour of light

produced by incandescent light bulbs that showed higher

attraction. This is because [16] reported that flight activity

of Eethocerus generally is higher during periods of full moon
and incidentally, the colour of light usually produced by the

full moon is yellow.

Furthermore, male and female Lethocerus indicus seemed

to be equally attracted to both light sources (fluorescent tube

and incandescent bulb) (P > 0.05) (Table 2) [P (Z > 0.18)

= 0.4286 and P (Z > 0.28) = 0.3897], and this may suggest

an equilibrium between effective population size and actual

population size, thus preventing loss of genetic diversity [25,

26].
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Table 1: Population data on the giant water bug, Lethocerus indicus

(Belostomatidae) collected during a study of the influence of type

of electric bright light on their attraction in Ngor-Okpala local

government area, Imo state, Nigeria during 2008 and 2009.

Month
Experiment I

[Fluorescent tube]

in 2008 [n (%)]

Experiment II

[Incandescent bulb]

in 2009 [n (%)]

Overall

[n (%)]

May 9 (6.52) 23 (16.7) 32 (23.2)

June 7 (5.07) 35 (25.4) 42 (30.4)

July 9 (6.52) 26 (18.8) 35 (25.4)

December 10 (7.25) 19 (13.8) 29 (21.0)

Total 35 (25.4) 103 (74.6) 138 (100)

Mean/month 8.75 (25.36) 25.75 (74.64) 34.50 (100)

Mean/trap 0.29 (25.22) 0.86 (74.78) 1.15 (100)

Table 2: Sex-related prevalence (sex ratio) of the captured

Lethocerus indicus from the different light sources in Okpala local

government area, Imo state, Nigeria during 2008 and 2009.

Experiment I Experiment II

Month [Fluorescent tube] [Incandescent bulb] Overall

Male Female Male Female

May 2 7 11 12 32

June 4 3 16 19 42

July 4 5 15 11 35

December 7 3 11 8 29

Total 17 18 53 50 138

Mean/month 4.25 4.5 13.25 12.5 34.5

Mean/trap 0.14 0.15 0.44 0.42 1.15

4. Conclusion and Recommendation

Lethocerus indicus was the most prevalent belostomatid bugs

in Okpala Community, Imo state, Nigeria and its presence in

any environment has certain life implications.

However, the use of incandescent light bulbs (produc-

ing yellow-coloured light and glowing with much heat)

significantly attracted more Lethocerus indicus than use of

fluorescent light tubes (producing white-coloured light and

glowing with minimal heat).

To that effect, this study recommends the use of fluo-

rescent light by households, hotels, campgrounds, and other

recreational centres potentially exposed to the nuisance of

the giant water bugs. Otherwise, incandescent light bulbs

should be used if one desires to attract the presence of these

aquatic bugs either for food or scientific studies.

Acknowledgments

The authors are deeply indebted to Saint Peter Claver

Seminary School Okpala, Imo State, Nigeria for employing,

harbouring, and providing them with enabling environment

for the study. It is an obligation to appreciate the statistician

wife (Nwosu Ugochinyere Ihuoma), whose sleepless efforts

added to the success of the work. Finally, the author hardly

forgets his mentor. Emeritus Professor of Entomology (M.

C. Eluwa), who made Entomology a refreshing field of study

to him.

References

[1] W. E. Hoffmann, “Studies on the bionomics of the water bug

Lethocerus indicus (Hemiptera: Belostomatidae) in China,”

Verhandlungen der Internationalen Vereinigung fur Theoretis-

che und Angewandte Limnologie, vol. 5, pp. 661-667, 1931.

[2] K. P. Rankin, “Life history of Lethocerus americanus (leidy)

(Hemiptera;Belostomatidae),” University of Kansas Science

Bulletin, vol. 15, pp. 479-677, 1935.

[3] M. F. S. Tawfik, “The life history of the giant water bug

Lethocerus niloticus Stael,” Bulletin ofthe Entomological Society

ofEgypt, vol. 53, pp. 299-310, 1970.

[4] R. A. G. B. Consoli, M. H. Pereira, A. L. Melo, and L.

H. Pereira, “Belostoma micantulum Stal 1858 (Hemiptera:

Belostmatidae) as a predator and pupae of Aedes fluviatilis

(Diptera: Culicidae) in laboratory conditions,” Memorias do

Instituto Oswaldo Cruz, vol. 85, pp. 577-578, 1989.

[5] A. S. Menke, “A review of the genus Lethocerus (Hemiptera:

Belostmatidae) in the Eastern Hemisphere with the descrip-

tion of a new species from Australia,” Journal ofZoology, vol.

8,pp. 285-288, 1961.

[6] T. J. Polhemus, “Marine Hemiptera of the Northern Territory

including the first freshwater species of Halobates eschscholtz

(Gerridae, Veliidae, Hermatobatidae and Corixidae),” Journal

of the Australian Entomological Society, vol. 21, pp. 5-11, 1982.

[7] P. L. Miller, “Some features of the respiratory system of

Hyrocyrius columbiae Spin. (Hemiptera: Belostmatidae),”

Journal ofJnsect Physiology, vol. 6, pp. 243-271, 1961.

[8] M. C. Parsons, “Morphology ofthe eighth abdominal spiracles

of Belostoma and Ranatra (aquatic Heteroptera, Belostomati-

dae, Nepidae),” Journal ofNatural History, vol. 7, pp. 255-265,

1973.

[9] N. Nieser, The Water Bugs (Heteroptera.:Nepomorpha) of the

Guyana Region, vol. 59 of Studies in thefauna ofSuriname and

other Guyanas, 1975.

[10] A. S. Menke, “Nepidae and belostomatidae,” in The Semi-

aquatic Hemiptera ofCalifornia (Hemiptera: Heteroptera), A. S.

Menke, Ed., pp. 70-86, University of California Press, London,

UK, 1979.

[11] G. Dimmock, “Belostomatidae and some other fish destroying

bugs,” Annual Repirt of Massachusetts Department of Eish &
Game, vol. 25, pp. 67-74, 1886.

[12] C. A. Wilson and, “Aquatic and semiaquatic Hemiptera of

Mississippi,” Tulane Studies in Zoology, vol. 6, pp. 115-170,

1958.

[13] E. C. Bay, “Predator—prey relationship among aquatic

insects,” Annual Review of Entomology, vol. 19, pp. 441-453,

1974.

[14] A. R. Rees and R. E. Ofiford, “Studies on the protease and other

enzymes from the venom of Lethocerus cordofanusf Nature,

vol. 221, no. 5181, pp. 675-677, 1969.

[15] M. J. Cullen, “The biology of giant water bugs in Trinidad,”

Proceedings of the Royal Entomological Society of London, vol.

44, pp. 123-136, 1969.

[16] C. F. Curtis and J. D. Lines, “Should DDT be banned by

International treaty?” Parasitology Today, vol. 16, no. 3, pp.

119-121,2000.



4 Psyche

[17] L. C. Nwosu, C. J. Iwu, and U. I. Nwosu, “Assessment of

mosquito diversity and evaluation of impact of house treat-

ment with DDT on their population in Amauro, Okigwe Local

Government Area, Imo, State, Nigeria,” Ethiopian Journal of

Environmental Studies and Management, vol. 4, no. 3, pp. 51-

55,2011.

[18] H. B. Hunderford, “Notes on giant water bugs,” Psyche, vol. 32,

pp. 88-91, 1925.

[19] N. B. Molta, H. H. Bdliya, O. A. Akinsola, and G. K. A. Buahin,

“Insects of medical and veterinary importance at the Hadejia-

Nguru wetlands of Nigeria,” Nigeria Journal of Entomology,

vol. 16, pp. 1-13, 1999.

[20] L. G. Nwosu and I. A. Lawal, “Assessment of insect invaders

of decaying banana and plantain pseudostems in Umuagwo,

Ohaji-Egbema Local Government Area, Imo State, Nigeria,”

Agro-Science, vol. 9, no. 2, pp. 84-89, 2010.

[21] L. Joseph, General Lectures on Electrical Engineering, McGraw-

Hill, New York, NY, USA, 1918.

[22] A. D. Imms, A Textbook of General Entomology, Butter and

tanner, Frome, Great Britain, 1970.

[23] E. Thomas and O.W. Edward, The Insects, W. H. Freeman and

Gompany, 1977.

[24] J. B. Buck, “Perception of red light by firefly, Photinus Gol,”

Physiological Zoology, pp. 45-58, 1937.

[25] D. L. Hard and A. G. Glark, Principles ofPopulation Genetics,

Sinauer Associates, Sunderland, Mass, USA, 3rd edition, 1997.

[26] A. Florian, B. Adrian, and E. Dieter, “Experimental evidence

for male biased flight-to-light behavior in two moth species,”

Entomologia Experimentalis et Applicata, vol. 130, no. 3, pp.

259-265, 2009.



Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 984138, 1 page

doi:10.1155/2012/984138

Erratum

Erratum to “Histology of the Larval Neodiprion abietis

(Hymenoptera: Diprionidae) Digestive Tract”

Christopher J. Lucarotti,'’^ Beatrixe H. Whittome-Waygood,^ and David B. Levin^’^

^ Natural Resources Canada, Canadian Forest Service Atlantic Forestry Centre, 1350 Regent Street, P.O. Box 4000,

Fredericton, NB, Canada E3C 2G6
^Faculty ofForestry and Environmental Management, University ofNew Brunswick, Fredericton, NB, Canada E3B 6C2
^ Department ofBiology, University of Victoria, Victoria, BC, Canada V8W2Y2

Department ofBiosystems Engineering, University ofManitoba, E2-376 EITC, Winnipeg, MB, Canada R3T 5V6

Correspondence should be addressed to Christopher J. Lucarotti, clucarot@nrcan.gc.ca

Received 31 July 2012; Accepted 9 August 2012

Copyright © 2012 Christopher J. Lucarotti et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

There is a factual error in the figure legend of Figure

11 which reads, “nucleated (N) columnar epithelial cells

of the midgut with microvilli (Mv) extending into the

lumen (endoperitrophic space) of the gut. A regenerative cell

(arrow) lies between two columnar epithelial cells beneath

layers of circular (CM) and longitudinal (LM) muscle. Scale

bar = 30 pmf
The inclusion of, “(endoperitrophic space)”, as it appears

in the published version is not correct.

Figure 11 legend should read, “nucleated (N) columnar

epithelial cells of the midgut with microvilli (Mv) extending

into the lumen of the gut. A regenerative cell (arrow) lies

between two columnar epithelial cells beneath layers of

circular (CM) and longitudinal (LM) muscle. Scale bar =

30 jum.”

The authors apologize for this error and any inconve-

nience that it may have caused.
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1. Introduction

Foraging in social insects is a complex behavior, as it must

balance the decisions made by individual foragers, which

typically have limited information, against overall colony

needs and the unpredictability of a changing environment.

Even solitary insects must deal with the changing spatial and

temporal availability of resources. Thus, social and solitary

insects have evolved different foraging strategies, some of

them studied in this special volume. The studies are divided

in three sections: (1) the role of different types ofinformation

on nestmate activation during foraging (2) the role of

recruitment and interference competition on foraging, and

(3) the role ofbee behaviors relevant for effective pollination.

2. Information-Based Activation of Nestmates

Social insect colonies can activate their constituents based

upon new information during foraging. In this special issue,

two papers, respectively, examine how this activation works

for information about food competition and information

about a profitable nectar source.

Within the same species, different colonies can compete

for the same food sources. In their study on the effects

of interference food competition in the ant, Lasius niger,

Fourcassie and colleagues placed a conspecific competitor

(an invader) from an alien colony in a foraging arena being

exploited by a resident colony. Although the resident colony

did not defensively recruit to the invaded foraging site,

they responded locally. Resident foragers attacked the alien

forager, and the number of resident foragers significantly

increased through local recruitment to the vicinity of fights.

The residents therefore responded locally, but the colony did

not respond at a larger spatial scale to the presence of a

competitor.

However, social insect colonies can also mobilize their

efforts on a larger spatial scale. For example, they can

mobilize nestmates to explore their environment for food

and convey a range of information, from the simple existence

offood (bumble bees
[ 1 ] ) to its presence and location (honey

bees [2]). In their study on wasps, Polybia occidentalis,

Schueller and Jeanne demonstrate that experienced foragers

trained to a feeder could activate foraging for a food source

and attract feeder-naive nestmates (newcomers) to a feeder

based upon its scent. These newcomers preferred visiting

a feeder with the same scent as that brought back by

experienced foragers over a feeder with a different scent.

However, experienced foragers did not communicate food

source location because newcomers did not significantly

prefer the location visited by experienced foragers. This

demonstrates that P. occidentalis, like bumble bees [3], can

be activated to forage based upon food scent and follow

an individual-based search strategy, not a group foraging

strategy in which food location is also communicated.
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3. Foraging Activity Regulation

The seasonal changes in the environment, as well as the

presence of invasive species, are factors known to influ-

ence the foraging behavior of social insects [4, 5], which

developed several strategies to deal with these constraints.

The contributions in this section deepen our understanding

of the role of environment and invasive species on the

foraging regulation in two species of ants and in a bee

species. In their paper, Guzman-Mendoza and coauthors

show that in high productivity environments, the niche

breadth of the ant, Pogonomyrmex barbatus, increases when

the resources diminish (dry season) and it decreases when
the environmental conditions are better (rainy season). How-
ever, in naturally poorer environments, the niche breadth is

similar in both seasons. Their results show that R barbatus

colonies have different strategies of foraging in different

environments, as related to local productivity and seasonal

influences.

In another study, Paris and Espadaler showed that the

richness of foraging native ants and the time they spent

foraging in forest fragments are negatively affected by the

presence of the invasive ant, Lasius neglectus, and also that

trunks in isolated trees may act as dispersal stepping stones

for this species. Lastly, Nascimento and Nascimento showed

that the stingless bee Melipona asilvai, a species from a

semiarid region, experiences a strong decrease in the foraging

activity and honey storage in the rainy season, suggesting a

seasonal diapause in this species.

4. Bee Behaviors Relevant for

Effective Pollination

A majority of our commercial crops are insect pollinated [6-

8]. However, as we are now all increasingly aware, both wild

[9-11] and managed [11, 12] pollinators are experiencing

declines in some parts of the world. This situation has

focused our attention, as demonstrated in the last two papers,

on current and possible future players on the pollinator stage.

The Japanese hornfaced bee Osmia cornifrons Rad-

oszkowski (Hymenoptera: Megachilidae) was introduced

into the United States in 1977, specifically as a pollinator

of rosaceous fruit crops like apples and pears. However, O.

cornifrons remains a relatively unstudied species. McKinney

and Park analyzed trends in daily activity and found that

behaviors correlated with temperature, rain, and time of

day. These data may be useful for management practices,

particularly in finding ways to minimize the impact of

pesticides and suggestions for when best to move bees into

crop blooms.

Kleinert and Giannini take a broader perspective in

their paper. By building a bee-plant interaction matrix, the

authors evaluate the bee-plant interactions in different

locations within Brazil. They find that Apis mellifera, an

introduced species to Brazil, and Trigona spinipes, a native

Brazilian stingless bee species, are the most generalist species.

Additionally, both A. mellifera and T. spinipes are distributed

widely, possess a broad diet niche, and contain high levels of

individuals per colony.

F. A. L. Contrera

M. J. Couvillon

/. C. Nieh
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Both biotic and abiotic factors can affect soil quality, which can significantly impact plant growth, productivity, and resistance to

pests. However, the effects of soil quality on the interactions of plants with beneficial arthropods, such as pollinators, have not

been extensively examined. We studied the effects ofvermicompost (earthworm compost, VC) soil amendment on behavioral and

physiological responses of pollinators to flowers and floral resources, using cucumbers, Cucumis sativus, as our model system.

Results from experiments conducted over three field seasons demonstrated that, in at least two out of three years, VC amendment
significantly increased visit length, while reducing the time to first discovery. Bumblebee {Bombus impatiens) workers that fed on

flowers from VC-amended plants had significantly larger and more active ovaries, a measure of nutritional quality. Pollen fractions

of flowers from VC-grown plants had higher protein compared to those of plants grown in chemically fertilized potting soil.

Nectar sugar content also tended to be higher in flowers from VC-grown plants, but differences were not statistically significant.

In conclusion, soil quality enhancement, as achieved with VC amendment in this study, can significantly affect plant-pollinator

interactions and directly influences pollinator nutrition and overall performance.

1. Introduction

Mutualisms between flowering plants and animal pollinators

are an integral ecological relationship of vital importance for

both natural and agricultural ecosystems
[ 1 ] . Approximately

87.5% of flowering plants use animal-mediated pollination

to set seed and fruit [2], corresponding to 70% of our agri-

cultural crops [3]. Therefore, in order to insure the security

of our pollinator-dependent crop species, it is imperative to

characterize the mechanisms and practices that can enhance

pollinator ecosystem services in managed landscapes. How-
ever, populations of honey bees, bumble bees, and other

native pollinators have been in decline worldwide [4-7]. A
reduction in floral resources (quantity and quality) used by

pollinators is hypothesized to be a major reason behind this

pollinator loss [5, 7, 8]. Thus, there has been increasing

interest in understanding how landscape ecology, and, in

particular, nutrition provided by flowering plants, can affect

and potentially improve pollinator populations in natural

and managed ecosystems [9, 10]. Improving nutritional

resources for pollinators in agricultural landscapes can be

especially important, given that one third of land area world-

wide is currently under agriculture management [11] and

another billion hectares will likely be converted to agriculture

by 2050 as crop production expands to feed a growing human
population.

While most studies of plant-pollinator interactions have

focused simply on how the plant community can affect pol-

linator abundance and diversity, the quality of the soil

can significantly influence plant-pollinator interactions. Soil

quality can influence the production of flowers [12, 13],

pollen [14], and nectar [15-17] and can lead to changes in

pollinator visitation patterns [12, 13]. However, these pre-

vious studies have focused almost exclusively on the impact

of the addition of chemical fertilizers to the soil in natural

ecosystems, and the outcomes have been variable.
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In previous studies, we have demonstrated that ver-

micompost (VC; earthworm-produced compost) amend-

ment to the soil significantly improves plant resistance to

herbivorous caterpillar and aphid species in brassicaceous

plant species [18-20]. Here, we sought to extend these

investigations to characterize the effects of VC amendment
on plant-pollinator interactions. First, we evaluated the

effects of VC on cucumber, Cucumis sativus L., flower traits

over three years. Next, we examined the effects ofVC amend-

ment on behavioral responses of pollinators to these plants

in the field over three field seasons. We also examined

differences between plants grown in VC-treated versus

chemically fertilized soils, in the final year of the study, to

determine if VC effects were simply due to differences in

nutrient availability. Finally, we determined if VC amend-

ment improved the nutritional quality of floral resources,

by examining the physiological characteristics of bumblebee

{Bomhus impatiens) workers fed flowers from VC amended
versus CF (chemically-fertilized) plants, and by quantifying

sugar and protein content in the nectar and pollen of these

flowers.

2. Methods

2.1. Plants. Cucumber plants, Cucumis sativus, “Boston

Pickier” were grown in Sun-Gro Redi-Earth commercial pot-

ting mix (CF), or this soil mix amended with 1/3 v : v vermi-

compost from Oregon Soil Corporation (Oregon City, OR,

VC). This level of VC amendment was chosen on the basis

of published results [21], as well as plant-insect interactions

studies conducted previously
[
18-20] . Only CF and VC treat-

ments were compared in the 2008 and 2009 field seasons.

However, in 2010, we also sought to determine if the differ-

ential pollinator attraction to VC-grown flowers documented

in 2008 and 2009 was simply due to enhanced levels of major

plant nutrients (N, P, K) in VC-amended soil, or if other

factors (microbial or chemical) are involved. Thus, in 2010

we also included plants grown in unfertilized potting soil

(NF), and plants grown in soil supplemented with a slow

release fertilizer (30-3-10 N-P-K; Regal Chemical Company,

600 Branch Dr, Alpharetta, Georgia) with nutrient levels

equivalent to those ofVC (VCEQ). Levels of these nutrients

in VC were determined in a previously published study [20]

.

Seeds were sown in pairs in 15-centimeter diameter terra-

cotta pots, and seedlings were thinned down to one per pot

when they reached the 2nd true-leaf stage. Plants were grown

in a greenhouse under natural summer-lighting conditions

and 28 ± 5°C and 60-70% RH. All plants were watered 3

times per week with 100-200 mL each.

2.2. Plant Traits. Cucumber plants were used for experi-

ments one week after the onset of flowering (30-35 d after

planting). Time to flowering was also noted for each of the

treatments. Since pollinator attraction may be influenced by

visual factors, such as flower display size [22], the number
of flowers and flower weights were obtained at the end

of each assay. Additionally, in 2009, we measured corolla

diameter and calyx length for sets of ten randomly selected

flowers from each of six different CF and VC plants. The

measurements for ten flowers were pooled to obtain average

calyx and corolla sizes on a per plant basis.

2.3. Pollinator Responses. In 2008 and 2009, assays were run

as 2-way choice test between one plant each of CF and

VC treatments. In 2010, assays were run as a 4-way choice

with all four treatments (NF, CF, VCEQ, VC). In all field

seasons, plants were placed in a single row approximately 1 m
away from one another. The location of each treatment was

rotated for each assay to control for any positional effects.

The experiments were carried out at the NCSU campus

in an open field, approximately 20 X 20 m, surrounded by

native vegetation. Pollinator response was observed during

two 15 min intervals, with a 10 minute recess in between.

The pollinator number, type (bumblebee, honeybee, or non-

bumblebee native bee) and visit length (min) was recorded

for each of the treatments. Assays were conducted singly or

in duplicates, only on nonovercast days and always between

10AM and 12 PM. All replicates were obtained between late

June and mid August, for a total of 11 replicates in 2008, 14

replicates in 2009, and 8 replicates in 2010.

2.4. Laboratory B. impatiens Microcolony Feeding Exper-

iments. Queenright research colonies of B. impatiens L.

were obtained from Koppert Biological Systems Inc-USA

(Romulus, MI) and were maintained in a room kept at

26 ± 2°C, approximately 60% RH and a 14 : 10 L : D cycle.

Colonies were provided with ad-libitum 50% sugar syrup

and pollen: honey dough. Eresh food was provided every

other day.

Since the field trials showed consistent and significant

differences between CE and VC treatments, we compared

only these two treatments in this and all subsequent experi-

ments. Given that queenless worker bumblebees can activate

their ovaries and initiate egg laying [23-25], and higher

levels of dietary protein shorten the time-to-initiate egg-lay-

ing and increase egg-laying rates in queenless Bomhus
terrestris workers [26, 27], we examined the effects of

feeding queenless bumblebees flowers from CE and VC
plants.However, in order to reduce the time required for the

experiment and have a detailed measurement of individual

bee physiology, we measured ovary activation, rather than

egg laying, in three worker bees maintained in queenless

micro colonies (see below for details).

All plants were used one week after the onset of flowering.

Worker bees were randomly collected from 5 different queen-

right bumblebee colonies. Insects were weighed individually

and sets of three bees of approximately the same weight were

placed inl0xl0x7 cm Plexiglas cages (see Eigure 1). Each

cage was provided with 2 liquid feeders containing 25%
sugar syrup. The feeders were made by cutting the bottoms

of 1.5 mL plastic micro centrifuge tubes and plugging the

openings with rolled up cotton pieces to help wick out the

syrup. Syrup in the feeders was replaced every other day.

Each cage was also provided with six flowers from CE or VC
plants. Eresh flowers were collected daily and their petioles

were inserted in 2% agar blocks to keep their turgidity during

their time inside the bee cages. Cages were kept for 7 d under
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Figure 1: Example of queenless microcolony used to compare ef-

fects ofVC-grown versus unamended (CF) flowers on B. impatiens

reproductive physiology.

the same environmental conditions described for the bee

colonies above. At the end of the seven days, all bees were

killed by freezing. Bees in each cage were collectively weighed

and then dissected. A total of 9 replicates were obtained

in three trials (different dates) of two, three, and four

replicates/treatment each. Data were collected on weight dif-

ference (initial-final weights), number of bees showing ovary

activation (i.e., ovaries >3 mm long and oocyte develop-

ment), ovary length, number of oocytes and oocyte length

(mean for the four most proximal to the ovipositor).

2.5. Nectar and Pollen Analyses. We used male flowers for

sample collection because of their abundance during early

flowering, because they were the most predominant during

our field assays, and to avoid potential chemical differences

due to flower gender. Nectar was collected from individual

flowers using 20 /iL glass micropipettes to suction all liquid

from inside the flower cup. Pollen was collected by manually

excising whole anthers from each flower. All flowers were

collected between 10 am and noon, and nectar and pollen

were obtained immediately following abscission. For each

sample, batches of 20 flowers were collected from 2-3 plants

in one day. Twelve samples were collected from CF and VC
flowers over the course of several days. Corolla diameter and

weights of nectar and pollen fractions were recorded at the

time of collection. All samples were collected on ice and

stored frozen at -80°C until needed for chemical analyses.

Flowers from Cucumis spp. have been reported to contain

glucose, fructose, and sucrose [28] . Nectar samples were ana-

lyzed for these three sugars by high pressure liquid Chrom-
atography (HPLC, Rheodyne/IDEX, Oak Harbor, WA). Nec-

tar samples were diluted using deionized water and passed

through a 0.45 um syringe filter. Sugar fraction separation

was carried out by on an HPX-87H 30 cm column from

BioRad (Hercules, CA) with mobile phase: 0.03 N sulfuric

acid. The analytical system was composed of a Thermo
Separation Products Refractive Index detector coupled with

a PIOOO pump set at a flow rate of 0.9mL/min and

Chromquest data analysis software. A four-point calibration

curve was obtained with external standards made with high

purity, glucose, and fructose to facilitate sugar quantification

within each sample.

Pollen samples were thawed and oven dried for 30

minutes to remove excess moisture. To analyze pollen con-

stituents, dried, thawed anthers were extracted by sonication

for 50 minutes in pH 7 O.IM potassium phosphate buffer

adjusted to pH 7 with O.IM NaOH for protein determi-

nation. Approximately 20 mg (weighed to the nearest mg)

of dried anthers were extracted in 1 mL of buffer. Samples

were then transferred to 1.5 mL microcentrifuge tubes and

centrifuged at maximum speed for 10 min to remove parti-

culates. The supernatant was transferred to standard (18 x

150 mm) borosilicate test tubes for dilution to appropriate

concentrations for analysis. In order to read the BCA
accurately, extracts were further diluted 1 : 60 with buffer

prior to addition of the BCA reagent. Diluted pollen extracts

were analyzed for total protein using the standard BCA
method (Fisher Scientific, Pittsburg, PA). Extract aliquots of

0.1 mL were added to individual test tubes followed by the

addition of 2 mL of BCA working reagent. The tubes were

incubated in the dark at 37°C for 30 minutes, samples were

then transferred to cuvettes for UV/Vis spectrophotometric

(Spectronic Genesys 2, Lisher Scientific, Pittsburg, PA)

measurement at 562 nm.

2.6. Statistical Analyses. Because preliminary statistical anal-

ysis revealed a significant effect of year, we analyzed and

present the results of the different years separately. Therefore,

for each of the three years, treatment effects on pollinator

response variables such as discovery time (time to first visi-

tor), number ofpollinator visits, pollinator type (bumblebee,

honey bee, non-bumblebee native bee) and visit length

were evaluated with ANOVAs followed by Tukey’s mean
separation tests. The effect of soil treatment on pollinator

visitor type number was evaluated using a Poisson distribu-

tion analyses (Proc GLIMMIX) [29], since we would expect

each type to be randomly distributed among the treatments.

Data for pollinator type number were ln(x + 1) trans-

formed to comply with the assumptions of normality, but

values for means and standard errors in tables are for the

untransformed values. Analyses of variance were also used

to determine the effects of trial, treatment (CP and VC flow-

ers), and their interaction on the weight difference, survi-

val, ovary length, number of oocytes, and oocyte length

in the microcolony feeding experiments. Tukey’s mean sep-

aration tests were also performed for significant ANOVAs.
Differences in flower size between CF and VC plants were

evaluated using t-tests (PROC f-test) [29]. The effect of

soil treatment on flower weight corolla diameter, pollen and

nectar fraction weight, and sugar and protein content were

also evaluated using t-tests.

3. Results

3.1. 2008 Field Experiment. Data for flower traits and pol-

linator responses are provided for each year on Tables 1 and

2, respectively. In 2008, number of flowers per plant did not
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Table 1: Effect of soil treatment on cucumber flower traits in field assays. Two-way choice in 2008 and 2009 included CF (potting soil plus

Osmocote 14- 14-14 at the label rate) and VC (potting soil plus 33% vermicompost) treatments. Four way choice field assays in 2010 included

CF, VC, NF (potting soil without fertilizer), and VCEQ (potting soil plus slow release fertilizer with equivalent NPK as those provided by

vermicompost) treatments. Values present means ± SE from 11,14, and 8 replicates for each season, respectively. Means within rows followed

by the same superscript letter are not significantly different (Tukey’s mean separation test, P > 0.05).

Year Response variable CF VC NF VCEQ

Number flowers 9.6 ± 0.87^ 9.0 ± 0.4P NA NA
2008 Flowering time (d) 30 ± 0.50^ 27.8 ± 0.52^ NA NA

Flower weight (g) 0.2 ± O.OP 0.23 ± 0.00^ NA NA

Number flowers 12.8 ± 1.44^ 12.8 ± 1.28^ NA NA
2009 Flowering time (d) 30.7 ± 0.22^ 29.4 ± 0.17^ NA NA

Flower weight (g) 0.23 ± O.OP 0.25 ± O.OF NA NA

Number flowers 9.8 ± 0.1.36^ 6.3 ± 0.4P 4.6 ± 0.29^ 5.1 ± 0.33"

2010 Flower time (d) NA NA NA NA

Flower weight (g) 0.25 ± O.OF 0.32 ± O.OP 0.23 ± O.OP'^ 0.20 ± 0.01"

Table 2: Effect of soil treatment on pollinator responses to cucumber plants in field assays. Two-way choice in 2008 and 2009 included CF
(potting soil plus Osmocote 14-14-14 at the label rate) and VC (potting soil plus 33% vermicompost) treatments. Four way choice field

assays in 2010 included CF, VC, NF (potting soil without fertilizer), and VCEQ (potting soil plus slow release fertilizer with equivalent NPK
as those provided by vermicompost) treatments. Values represent means ± SE from 11, 14 and 8 replicates for each season respectively.

Means within rows followed by the same superscript letter are not significantly different (Tukey’s mean separation test, P > 0.05).

Year Response variables CF VC NF VCEQ

Discovery time 10.3 ± 2.68" 7.7 ± 1.86" NA NA

Number Visits 8.3 ± 1.68" 9.1 ± 0.86" NA NA

2008
Visit length (min) 1.1 ± 0.32" 1.9 ± 0.29^ NA NA

Bumblebee (%) 66.4 ± 8.25" 65.4 ± 8.67" NA NA

Honeybees (%) 11.7 ± 5.79" 8.0 ± 4.5" NA NA

Other native bees (%) 21.8 ± 9.53" 26.4 ± 9.26" NA NA

Discovery time 7.7 ± 1.84" 3.92 ± 1.05^ NA NA

Number Visits 13.4 ± 1.72" 15.6 ± 1.88" NA NA

2009
Visit length (min) 1.3 ± 0.14" 2.1 ± 0.24^ NA NA

Bumblebee (%) 94.3 ± 32.82" 81.0 ± 27.17" NA NA

Honeybees (%) 0 ± 0.0" 0 ± 0.0" NA NA

Other native bees (%) 5.6 ± 1.76" 18.9 ± 3.38'^ NA NA

Discovery (min) 20.5 ± 3.961^ 13.9 ± 3.8P 43.4 ± 1.62" 19.6 ± 3.6D

Number Visits 3.6 ± 1.26" 7.0 ± 2.22" 3.1 ± 1.20" 3.0 ± 1.41"

2010
Visit length (min) 0.18 ± 0.071^ 0.67 ± 0.23" 0.05 ± 0.08" 0.20 ± 0.08^

Bumblebee (%) 43.3 ± 16.75" 24.2 ± 11.66" 22.8 ± 9.72" 48.9 ± 18.52"

Honeybees (%) 19.2 ± 12.31" 26.1 ± 9.99" 26.9 ± 12.71" 13.5 ± 12.39"

Other native bees (%) 12.5 ± 12.50" 49.6 ± 15.70'^ 12.8 ± 8.31" 12.5 ± 12.50"

differ between treatments, but VC plants flowered signi-

ficantly earlier (F = 3.81; df = 1,29; P = 0.033), (Table 1)

and had significantly heavier flowers (F = 49.94; df = 1, 29;

P < 0.0001), (Table 1).

Time to first discovery, although shorter for the VC
plants, was not statistically different (Table 2). However, the

pollinators spent significantly more time on the VC flowers

(F = 6.86; df = 1,29; P = 0.0035), (Table 2). The number of

visits and pollinator type was comparable between the treat-

ments though there was a tendency for more visits to VC
plants (Table 2). Pollinator types were bumblebees, honey

bees and nonbumblebee native (Megachillidae with an occa-

sional visit by Peponapis squash bees, Xylocopa carpenter

bees, Hesperidae butterflies, and Syrphidae flies).

3.2. 2009 Field Experiment. We again compared VC and CF
plants in these experiments. Flower corolla diameter and

calyx length did not differ significantly between CF and VC
plants. Corolla diameter mean ± SE in cm was 4.6 ± 0.19 for

VC and 4.5 ± 0.16 for CF plants. Calyx length mean ± SE in

cm was 0.69 ± 0.007 for VC and 0.69 ± 0.012 for CF plants.

Similar to 2008, the number of flowers was not significantly
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Figure 2: Effect of feeding on flowers from cucumber plants grown in unamended (CF) soil and VC-amended soil on (A) Oocyte length

and (B) Developed oocyte number. Values represent means for 9 replicates and error bars are equivalent to ISE. Bars headed by the same

letter are not significantly different, Tukey’s mean separation test (P >0.05).

Table 3: Bombus impatiens survival, weight, and ovary length of bees in queenless micro-colonies fed flowers from plants grown on CF
or VC-amended soil. Values represent means ± SE for 9 replicates. Means within rows followed by the same superscript letter are not

significantly different (Tukey’s mean separation test, P > 0.05).

Response variable CF VC

Survival (%) 81.6 ± 7.99" 96.3 ± 6.33"

Weight (mg) 371 ± 19.8" 426 ± 25.0"

Ovary length (mm) 3.4 ± 0.77" 5.0 ± 0.4U

different (Table 1); time to first flowering was again shorter

in VC plants compared to CF plants, but this was marginally

significant (F = 3.92; df = 1,46; P = 0.050), (Table 1);

and flower weights were also larger for VC plants (F = 6.72;

df = 1,26;F = 0.0390), (Table 1).

Time to first discovery was significantly different between

treatments, with pollinators finding VC plants faster than CF
plants (F = 4.42; df = 1, 50; P = 0.0454) (Table 2). There was

also a significant effect on pollinator visit length (F = 6.24;

df = 1, 50; P = 0.0345), with insects spending more time

on VC versus CF flowers (Table 2), Number of pollinator

visits was not significantly different between treatments,

though tended to be higher for VC compared to CF plants

(Table 2). Similar to 2008, bumblebees were the predominant

pollinators in both treatments (Table 2), but this was not

significantly different between treatments, while honey bee

visits were negligible (Table 2). There were, however, a signi-

ficantly higher proportion of non-bumblebee pollinator

visitors to VC versus CF flowers (F = 17.76; P = 0.0006),

(Table 2).

3.3. 2010 Field Experiment: Soil Nutrient Effects on Plant

and Pollinator Responses. The number of flowers was signifi-

cantly different among the treatments with NF plants having

higher numbers compared to all other treatments (F = 9.59;

df = 3, 28; P < 0.0001), (Table 1). Time to first flowering was

not recorded in this season. Flower weight was highest for

the VC, followed by CF and NF treatments and lowest for the

VCEQ treatment (F = 13.08; df = 3,28;F < 0.0001; Table 1).

Both plant discovery time and pollinator visit length

were significantly different among the treatments (Table 2).

Plant discovery time by pollinators was significantly lower

(F = 14.72; df = 3,28; P < 0.0001) while pollinator visit

length (F = 14.72; df = 3,28; P < 0.0012) was found to be

significantly higher for VC compared to all other treatments

(Table 2). Number of pollinator visits to each of the treat-

ments did not differ significantly, although there was a

tendency for the VC plants to have a greater number of visi-

tors compared to all other treatments (Table 2). Similar to

the 2009 season there was also a significant (F = 15.56; F =

0.0016) increase in the mean number of native non-bumble-

bee pollinator visits to VC compared to all other treatments

(Table 2). Again, the predominant pollinator species visiting

the flowers were bumblebees (Table 2). Unlike the previous

field seasons, honeybees were the second predominant polli-

nators (Table 2). Non-bumblebee native pollinator responses

were negligible for NF, CF, and VCEQ, but interestingly,

they comprised a significant portion of responders to the VC
treatments (Table 2).

3.4. Laboratory Bumblebee (B. impatiens) Microcolony Feeding

Experiments. Trial and its interaction with treatment were

not found significant for any of the variables tested. Also,

VC versus CF treatments did not significantly affect the

weight difference (though there was a tendency for VC
bees to be heavier) or survival of bees in queenless micro-

colonies (Table 3). Flowever, ovary length (F = 4.9; df =

1, 16; P = 0.0417), (Table 3), number of oocytes (F =

22.6; df = 1, 16; F = 0.0002; Figure 2(A)), and oocyte

length (F = 16.6; df = 1, 16; F = 0.0009), (Figure 2(B))

were all found to be significantly increased in bees fed

flowers from VC plants. It should also be noted that more

bees in the CF-fed cages (2.1 ± 0.26) displayed lower levels

of ovary activation than in the VC-fed cages (1.3 ± 0.23)
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suggesting that the bees in the CF cages were in the early

stages of establishing reproductive dominance hierarchies,

and a clear alpha dominant reproductive worker (which sup-

presses ovary activation in subordinate workers) had not yet

emerged.

3.5. Nectar and Pollen Analyses. There were no significant

differences in corolla diameter or nectar and pollen weights

between the CF and VC flowers used in this assay (data not

shown). Flowever, protein content was significantly higher

in VC pollen fractions versus CF (34.5 ± 2.24 versus 26.1 ±
1.23 mg/g dry mass, respectively, t = 3.22; P = 0.0062).

Sugar content was slightly higher in the nectar ofVC flowers

versus CF, though this was not significant (96.9 ± 10.13 and

98.5 ± 9.10mg/mL).

4. Discussion

Previous studies have found that soil enhanced with VC
amendment can affect plant-pest interactions [18-21, 30,

31]; however, data presented herein demonstrates for the first

time that it can also impact plant interactions with beneficial

arthropods. Overall, soil VC amendment caused signi-

ficant increases the time pollinators spent on flowers (in all

three years of the study) and significantly lowered time to

plant discovery by pollinators (in two of the three years).

Soil VC amendment also increased pollen protein content,

which correlated with increased ovary activation in bumble-

bee workers, a trait dependent on protein nutrition. These

results suggest that soil quality improvement, as demon-
strated by VC amendment in this study, can positively affect

interactions with pollinators and provide a higher quality

food source for these insects.

As with previous studies [30-32], we found several

aspects of plant phenotype modulated by VC soil condition-

ing. Number of flowers did not differ statistically between CF
and VC in 2008 and 2009 but were significantly lower for VC
in 2010. Yet, VC plants had heavier flowers than CF in all

three years. Flower weights were also significantly higher for

VC plants compared to VCEQ and NF in 2010. Additionally,

VC plants flowered significantly earlier than the CF in the

two years this trait was examined (though note that the 2009

results were marginally significant, with a P value of 0.050).

Amendment of soil with VC also significantly altered

pollinator interactions with flowers, though the pollinators

visiting plants in our study are similar to those reported for

cucumber systems by other authors [33]. Pollinators spent

more time on the flowers ofVC plants compared to those of

CF or VCEQ plants in all three years. Time to plant discovery

was significantly shorter for VC compared to CF plants in

2009 and 2010, but this was not significantly different in

2008. Pollinators use a variety of cues to identify high-

quality flowers, primarily visual but also olfactory [25, 33],

and this suggests that one or both of these cues may be

altered by the soil amendment used in this study. Given that

flowers did not differ in size and the number of flowers was

in some instances (2010) lower for the VC plants, simple

flower-associated visual cues cannot account for the polli-

nator responses observed. Thus, differences in volatile cues

are likely behind the faster plant discovery and enhanced

attraction/arrestment observed herein. Buchmann and Cane

[34] found that pollinating bees were able to detect pollen

level availability in the flowers of Solanum and increase their

visitation time and number of sonicating buzzes accordingly.

More interestingly, bumblebees collecting pollen from Dode-

catheon conjugens and Lupinus sericeus were shown to detect

and respond to differences in pollen availability, even though

the plant species tested concealed pollen from view [34, 35].

This indicates that nonvisual cues can in fact influence the

pollinator responses to higher quality flowers. Interestingly,

in the 2009 and 2010 field assays there was higher proportion

of visitations to flowers of VC plants by non-bumblebee

native pollinator species, suggesting that the cues produced

by these plants are more appealing to these pollinator types.

Our studies also demonstrated that plants grown with

VC produce more nutritious floral rewards for pollinators.

We found that bumblebee workers that fed on VC-flowers

had larger and more developed oocytes than bees fed on CF-

flowers. Because bumblebee worker reproduction is depend-

ent on dietary protein content [26, 27], these results suggest

that the nutritional quality of the floral resources produced

by the VC-treated plants are higher and thus allowed for

more rapid and complete ovary activation in the queen-

less bumblebee workers. Indeed, chemical analyses demon-
strated that protein content of the pollen fractions was signi-

ficantly higher in VC versus CF plants. It is also worth

noting that overall difference in sugar content was an average

of 1.6mg/mL higher in VC plants, and, although statisti-

cally insignificant, such an amount of sugar may still be bio-

logically relevant for pollinators.

Previously published research on soil fertilization on

plant-pollinator interactions has yielded variable outcomes.

For example, soil phosphorus was shown to influence the

size of a pollen grain and its chemical composition, which

enhanced pollinator-dependent male flower reproductive

success
[ 14] . Baude et al. [36] investigated the effect ofN pro-

vision through soil litter amendment on plant performance

and pollinator resources (nectar sugar) and found disparate,

plant-species-dependent responses to the treatments. In

other studies, Burkle and Irwin [13, 17, 37] evaluated the

impacts ofN fertilization on plant-pollinator interactions in

a subalpine natural ecosystem, and found no effects of N
enrichment on the diversity or visitation rate per flower by

pollinators, even though floral biomass and seed production

responded positively to N supplementation. Hoover et al.

[38] reported that when soil was amended with a simple

nitrogen fertilizer, pollinators were not significantly more

attracted to the nitrogen treated plants, and, interestingly,

bees fed nectar from nitrogen-treated plants had higher

mortality. Results from our studies provide further evidence

that the effects ofVC soil amendment on plant flower traits

and pollinator interactions are not simply due to changes in

nutrient (N, P, K) availability. In the 2010 studies, VC plants

had significantly heavier flowers, had longer pollinator visits,

and, though not significant, tended to attract more pollina-

tors than plants grown in soil with VCEQ nutrient

levels. Therefore, non-nutritional factors associated with

VC amendment, such as microbial interactions, physical
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properties, or non-nutrient chemical compounds, may be

responsible for enhancing floral resources. Further studies

examining the biotic and abiotic factors associated with

VC amendment are necessarily to further understand this

system.

Our studies indicate that, in addition to previous doc-

umented benefits of VC soil amendment on plant growth,

productivity and resistance to diseases and pests [18-21, 39,

40], these treatments also enhance plant pollinator attraction

and visit length and result in better quality food sources for

pollinators. We chose a native bumblebee species to use as a

model system for this project due to their small colony size

and their predominance as pollinators of cucumber plants.

However, we feel certain that the methodology and results

obtained are transferable to other pollinator species, as is

evident in the responses of non-bumblebee native fauna

recorded in this study. These results yield critical informa-

tion on how soil organic amendments influence above-

ground plant symbiotic interactions, and how these could be

manipulated to increase ecological services (i.e., pollination)

for crop production. Nonetheless, further studies need

to be performed to assess field-level applicability of this

resource, based on overall arthropod (both pest and bene-

ficial) community responses, cost feasibility, and overall crop

performance.
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Ants were surveyed in three habitats at Mount St. Helens in 2008. The area most impacted by the 1980 eruption is the Pumice Plain.

Less impacted is the Blowdown Zone where trees were toppled due to the blast. Two habitats were surveyed in the Pumice Plain

varying in vegetation density (Pumice Plain Low-Vegetation (PPLV) and Pumice Plain High-Vegetation (PPHV)), and one habitat

was surveyed in the Blowdown Zone (BDZ). Ten ant species were collected with the most species collected from the BDZ habitat

and the least from the PPLV habitat. Ant abundance was higher at the BDZ and PPHV habitats than at the PPLV habitat. Ant

biodiversity was highest at the BDZ habitat than at the PPHV and PPLV habitats. Significant correlations between ant community

parameters and plant community parameters were also found. Lew plants in the PPLV habitat may contribute to the lack of ants.

High ant species richness at the BDZ habitat may be due to complex plant architecture. Results from this study suggest that ants

are important focal species in tracking biotic recovery following disturbances.

1. Introduction

Mount St. Helens erupted on May 18, 1980, strongly

impacting a 600 km^ area as a result of a northern lateral

blast of the volcano [1]. The volcanic eruption began with

a magnitude 5.1 earthquake, which dislodged the northern

slope of the mountain leading to the largest landslide in

recorded history [1]. Material from the landslide covered

a 60 km^ area referred to as the Debris Avalanche [1].

Following the landslide a volcanic blast toppled forests within

a 370 km^ area referred to as the Blowdown Zone because

mature trees were snapped at the base as a result ofthe impact

[1]. Pyroclastic flows emanating from the volcano covered

15 km^ of land immediately north of the volcano, which is

now referred to as the Pumice Plain [1]. Organisms in the

Pumice Plain were vaporized as a result of the volcanic blast

[
1 ].

Since 1980, numerous ecological studies have recorded

the impact of the volcanic eruption on plant and animal

communities and ecosystem dynamics [2]. Most impressive

among the organismal responses was the discovery ofpioneer

arthropod colonists on the Pumice Plain within a year

following the eruption [3, 4]. Even plants were quick to

respond with a prairie lupine plant, Lupinus lepidus, being

found on the Pumice Plain in 1981 [5].

Among the pioneer arthropod colonists found on the

Pumice Plain were winged ants (Formicidae) [6]. Ants

have been known to respond dramatically to changes in

the environment and may be useful indicator species in

assessing recovery of environments following disturbances

[7]. A survey of ant species was performed during July 2008

in three habitat types at Mount St. Helens National Volcanic

Monument to help record the trajectory of community
recovery of this important subset of arthropods.

2. Materials and Methods

2.1. Study Sites. After extensive hiking throughout the

Pumice Plain in July 2008, it was clear that it was not a

homogeneous environment. Two distinct habitat types were

apparent and consisted of areas lush with vegetation along

the edge ofthe Pumice Plain (referred to as the Pumice Plain-

High Vegetation (PPHV) habitat type) and areas devoid

of almost all vegetation in the center of the Pumice Plain
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Table 1: Description of 6 study sites*.

Site name** Site location
UTM coordinates and

datum

PPLV

la 562988E,5121705N,Z10

lb 562983E,5121729N,Z10

Ic 562982E,5121754N,Z10

Id Center of 562973E,5121780N,Z10

2a
pumice plain

562953E,5122158N,Z10

2b 562954E,5122183N,Z10

2c 562950E,5122203N,Z10

2d 562951E,5122227N,Z10

PPHV

la 564847E,5121574N,Z10

lb 564853E,5121601N,Z10

Ic 564859E,5121624N,Z10

Id Eastern fringe of 564862E,5121648N,Z10

2a
pumice plain

564342E,5121613N,Z10

2b 564347E,5121638N,Z10

2c 564351E,5121660N,Z10

2d 564353E,5121686N,Z10

BDZ

la 573269E,5124328N,Z10

lb 573293E,5124342N,Z10

Ic
Windy ridge

573301E,5124363N,Z10

Id
vicinity east of

573323E,5124374N,Z10

2a pumice plain 572996E,5124151N,Z10

2b 572995E,5124125N,Z10

2c 572997E,5124102N,Z10

2d 573004E,5124081N,Z10

* Designations of la-ld and 2a-2d indicate ant survey sites located 25 m
apart along 75 m transects at each study site.

**PPLV: Pumice Plain-Low Vegetation habitat type, PPHV: Pumice Plain-

High Vegetation habitat type, BDZ: Blowdown Zone habitat type.

(referred to as the Pumice Plain-Low Vegetation (PPLV)

habitat type).

Two study sites were randomly selected within each of

the Pumice Plain habitat types (Table 1 and Figures 1(a)-

1(b)). The PPLV study sites were predominantly covered

with sand, pumice rocks, and basalt rocks. Only two small

herbaceous plants were encountered at these sites including

one Penstemon cardwellii (Cardwell’s penstemon) and one

Spraguea umbellata (Pussypaws). The PPHV study sites were

populated with a much denser plant community includ-

ing the following species: Lupinus lepidus (Prairie lupine),

Hypochaeris radicata (Hairy cat’s ear), Hieracium albiflorum

(White-flowered hawkweed), Penstemon cardwellii (Card-

well’s penstemon), Anaphalis margaritacea (Pearly ever-

lasting), Castilleja miniata (Scarlet paintbrush), Achillea

millefolium (Yarrow), Agrostis exarata (Spike bentgrass), and

unidentified grasses.

To provide a comparison to the habitat types within the

Pumice Plain, an additional habitat type was surveyed out-

side of the Pumice Plain to the east in the Blowdown Zone in

the Windy Ridge vicinity (referred to as the Blowdown Zone

(BDZ) habitat type). Two study sites were randomly selected

within this third habitat type (Table 1 and Figure 1(c)). These

study sites were impacted to a lesser extent by the 1980

volcanic explosion when compared to the Pumice Plain study

sites and are located within pine forests dominated by Abies

procera (Noble fir). Among the other plants found at the

BDZ study sites were Vaccinium membranaceum (Mountain

huckleberry), Anaphalis margaritacea (Pearly everlasting),

Hypochaeris radicata (Hairy cat’s ear), Penstemon card-

wellii (Cardwell’s penstemon), Hieracium albiflorum (White-

flowered hawkweed), Epilobium angustifolium (Fireweed),

Fragaria virginiana (Wild strawberry), Salix spp. (Willow),

Carex spp. (Sedge), Juncus spp, (Rush), and unidentified

ferns and grasses.

2.2, Survey. A survey of ant species at each of the study sites

was conducted between 22 and 25 July, 2008. During this

time period air temperature maximums ranged from 15.6 to

25,9° C, and air temperature minimums ranged from 5.1 to

9,1°C; there was no precipitation, some low lying fog early in

the mornings, clouds and sun the rest ofthe day, and at times

breezy conditions [8]. At each study site a 75 m transect was

laid out and markers were placed every 25m for a total of

4 survey sites along each transect (at 0 m, 25 m, 50 m, and

75m). At each marker a 4m diameter circle was delineated

with the marker located at the center of the circle. Over a

10-minute period during the day, as many ants as possible

were aspirated from within the circle. In order to cover the

entire area in 10 minutes, the circle was broken down into

quarters and 2,5 minutes were spent aspirating ants in each

quarter. Ants collected in the aspirator were preserved in

70% isopropyl alcohol for future identification. Once ant

aspiration was complete, a 0.5 m^ quadrat was laid down
in the center of the circle, and all plant species inside the

quadrat were identified, and percent cover of the quadrat by

plants was determined. A pitfall trap was then situated at the

center of the circle, which consisted of sinking a 16 oz plastic

drinking cup into the ground so that that lip was flush with

the terrain. Spring water was poured into the cup until it

reached a level of 2.5 cm from the bottom. Then two drops of

Dr. Bronner’s Unscented Baby-Mild Pure Castile soap were

added to break the water’s surface tension. Contents of the

pitfall traps were collected 24 hours later and preserved in

70% isopropyl alcohol for identification in the laboratory.

2.3. Data Analysis. Statistical analyses were performed to

evaluate differences in the ant communities between habitat

types at Mount St, Helens National Volcanic Monument.
Richness and abundance of the ant communities were

compared among habitat types using a nested ANOVA with

study site nested within habitat type. Statistical analyses of

richness and abundance of ant communities were performed

on untransformed data because all ANOVA assumptions

were met. Following ANOVA analyses, Tukey’s pairwise
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(a) (b) (c)

Figure 1; Representative photographs of (a) Pumice Plain-Low Vegetation (PPLV) habitat type, (b) Pumice Plain-Fiigh Vegetation (PPHV)

habitat type, and (c) Blowdown Zone (BDZ) habitat type, where ants were collected at Mount St. Helens National Volcanic Monument.

Images were taken between 22 and 25 of July 2008.

comparison tests were used to elucidate differences in

richness and abundance of the ant communities collected at

the different habitat types.

The data for the Shannon-Wiener Biodiversity Indices of

ant communities, plant richness, and percent ground cover

by plants were not normally distributed. No transformations

normalized the data, so nonparametric statistical tests were

performed. Specifically, Kruskal-Wallis tests were conducted

to look for differences in the Shannon-Wiener Biodiversity

Indices of ant communities, plant richness, and percent

ground cover by plants among habitat types (an equivalent

nonparametric test does not exist for a nested ANOVA
[9], so survey sites along transects at each study site were

treated as independent samples). When Kruskal-Wallis tests

gave significant results, Mann-Whitney U Tests (with a

Bonferroni correction) were performed to determine which

habitat types were different from each other.

The relationships between plant communities (richness

and percent ground cover by plants) and ant communities

(richness, abundance, and Shannon-Wiener Biodiversity

Indices) were explored by performing Spearman rank-order

correlations. Nonparametric correlations were used instead

of Pearson product-moment correlations because the data

for both plant richness and percent ground cover by plants

were not normally distributed.

3. Results

A total of 987 ants belonging to ten different species were

collected during the course of the survey (Table 2). Of the

ten ant species collected, the least commonly collected were

Manica hunteri (represented by a singleton) and Lasius

alienus (represented by a doubleton), which were found only

at the BDZ habitat type. The most commonly collected ant

species included Formica lasioides and Formica montana,

which were collected at all habitat types. Interestingly, five ant

species were unique to the BDZ habitat type {Camponotus

modoc, Tapinoma sessile, Formica argentea, L. alienus, and

M. hunteri), whereas only one ant species was unique to

the PPHV habitat type {Formica ohscuripes). Only the two

most commonly collected ant species were found at the PPLV
habitat type. All ant species were collected through both

aspiration and pitfall trapping techniques except for the least

commonly collected species, L. alienus and M. hunteri, which

were collected solely through pitfall trapping.

The richness (Table 3, Figure 2), abundance (Table 4,

Figure 3), and Shannon-Wiener Biodiversity Indices

(Figure 4) of ant communities varied between habitat

types at Mount St. Helens National Volcanic Monument.
Specifically, ant species richness was significantly different

between all habitat types with the greatest richness found

at the BDZ habitat type and the lowest richness found

at the PPLV habitat type (ANOVA followed by Tukeys

pairwise comparison tests, richness: BDZ > PPHV > PPLV,

P < 0.01). Ant abundance was the lowest at the PPLV habitat

type when compared to the BDZ and PPHV habitat types

(ANOVA followed by Tukey’s pairwise comparison tests,

abundance: BDZ, PPHV > PPLV, P < 0.0001). In fact, only

a total of 1 1 ants were collected from the PPLV habitat type.

There was a significant difference in the Shannon-Wiener

Biodiversity Indices among the habitat types (Kruskal-Wallis

Test Statistic = 15.2, P = 0.001) with significantly higher

biodiversity at the BDZ habitat type when compared to the

PPHV and PPLV habitat types (Table 5). However, even
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Table 2: List of ant species and numbers collected in each habitat type at Mount St. Helens National Volcanic Monument between 22 and

25 July 2008.

Genus Species

PPLV

Habitat type*

PPHV BDZ
Total number

Formica lasioides Emery 1 479 49 529

Formica montana Wheeler 10 11 314 335

Formica obscuripes Forel 0 40 0 40

Camponotus modoc Wheeler 0 0 39 39

Leptothorax muscorum (Nylander) 0 3 12 15

Tapinoma sessile (Say) 0 0 13 13

Myrmica fracticornis Forel 0 3 4 7

Formica argentea Wheeler 0 0 6 6

Lasius alienus (Foerster) 0 0 2 2

Manica hunteri (Wheeler) 0 0 1 1

*PPLV: Pumice Plain-Low Vegetation, PPHV: Pumice Plain-High Vegetation, BDZ: Blowdown Zone.

Table 3: Overall nested ANOVA of the effect of habitat type and

study site on richness of ant communities (n = 24).

Source SS df F P

Habitat type 68.250 2 30.560 <0.001

Study site (habitat type) 1.042 1 0.930 0.346

Error 22.333 20

Low Vegetation High Vegetation Zone

Figure 2; Richness (mean number of ant species ±1 SE) of

ant communities in three habitat types at Mount St. Helens

National Volcanic Monument sampled between 22 and 25 July

2008. Different letters above the bars indicate significant differences

(P < 0.01) between habitat types.

at the BDZ habitat type the Shannon-Wiener Biodiversity

Indices were very low (mean biodiversity index ±1 SE:

0.71 ± 0.09) indicating that the ant communities were not

diverse (Shannon-Wiener Biodiversity Index ranges from 0,

low, to 4.5, high) [10].

The study sites within the PPLV habitat type were almost

entirely devoid of plants leading to clear differences in plant

species composition (Table 6), plant richness (Kruskal-Wallis

Test Statistic = 16.41, P < 0.001, Figure 5), and percent

ground cover by plants (Kruskal-Wallis Test Statistic = 16.61,

Low Vegetation High Vegetation Zone

Figure 3: Abundance (mean number of individuals ±1 SE) of

ants in three habitat types at Mount St. Helens National Volcanic

Monument sampled between 22 and 25 July 2008. Different letters

above the bars indicate significant differences (P < 0.0001) between

habitat types.

Table 4: Overall nested ANOVA of the effect of habitat type and

study site on abundance of ants (n = 24).

Source SS df F P

Habitat type 19564.600 2 22.170 <0.001

Study site (habitat type) 748.200 1 1.700 0.208

Error 8824.600 20

P < 0.001, Figure 6) between the three habitat types.

Specifically, the PPFV habitat type had significantly lower

plant richness and percent ground cover by plants than the

PPHV and BDZ habitat types (Table 7). However, there were

no significant differences in plant richness or percent ground

cover by plants between the PPHV and BDZ habitat types

(Table 7).

Several positive correlations between plant community

and ant community characteristics were found in this

survey (Table 8). The strongest correlations were between ant
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Figure 4: Shannon-Wiener Biodiversity Indices (mean biodiversity

index ± 1 SE) for ant communities in three habitat types at Mount
St. Helens National Volcanic Monument sampled between 22 and

25 luly 2008. Different letters above the bars indicate significant

differences (P < 0.05) between habitat types.

Figure 6; Percent ground cover by plants (mean percent ground

cover ± 1 SE) in three habitat types at Mount St. Helens National

Volcanic Monument sampled between 22 and 25 July 2008.

Different letters above the bars indicate significant differences (P <

0.01) between habitat types.

Low Vegetation High Vegetation Zone

Figure 5: Richness (mean number of plant species ±1 SE) of plant

communities in three habitat types at Mount St. Helens National

Volcanic Monument sampled between 22 and 25 July 2008. All

plant species, including unidentified ferns and grasses (which were

categorized to morphospecies), found within the 0.5 m^ sampling

quadrats were used in plant richness calculations. Different letters

above the bars indicate significant differences (P < 0.01) between

habitat types.

abundance and percent ground cover by plants (Figure 7)

and between ant abundance and plant richness (Figure 8).

The next strongest correlations were between ant richness

and percent ground cover by plants and between ant richness

and plant richness. When compared to ant biodiversity, there

was a significant positive correlation with percent ground

cover by plants but not with plant richness.

4. Discussion

A total of 10 different ant species were collected at three habi-

tat types in Mount St. Helens National Volcanic Monument
during this study, which was conducted over a 4-day period

Table 5: Mann-Whitney U tests comparing Shannon-Wiener

Biodiversity Indices of ant communities between habitat types at

Mount St. Helens National Volcanic Monument.

Habitat type* comparison
Mann-Whitney U test

statistic

p**

BDZ > PPLV 99 0.0014

BDZ > PPHV 36 0.0009

PPHV = PPLV 51 0.0754

PPLV: Pumice Plain-Low Vegetation, PPHV: Pumice Plain-High Vegeta-

tion, BDZ: Blowdown Zone.

**With a Bonferroni correction, only P values < 0.017 were considered

significant.

in July 2008. The most ant species (total of 9) were collected

in the BDZ habitat type, whereas the least ant species (total

of 2) were collected in the PPLV habitat type. Interesting

comparisons can be made between the ant communities

found in this study to those found in previous studies at

Mount St. Helens to better understand the trajectory of

recovery of this important biotic community.

The most interesting comparison would be to compare

the ant species collected from Mount St. Helens in this

study to those in the area prior to the 1980 eruption to

determine whether the ant communities are recovering to

their original composition or to a composition that is totally

different. Unfortunately, there is little documentation of

the biological communities at Mount St. Helens prior to

1980 [11]. However, in the 1980s Sugg [11] sampled ant

communities in clear cuts in the forest north of Mount
St. Helens that were not strongly affected by the 1980

eruption. The ant communities collected from these clear

cuts are useful as a proxy of what the Mount St. Helens

ant communities might have been like if the eruption had

not occurred. Of the sixteen ant species that were collected

from clear cuts [11], 6 were also collected during this study

including C. modoc, F. lasioides, Leptothorax muscorum, M.
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Figure 7: Relationship between percent ground cover by plants

and ant abundance from samples collected at Mount St. Helens

National Volcanic Monument between 22 and 25 July 2008. This

relationship represents a significant positive correlation (Spearman

rank correlation coefficient = 0.787, P < 0.001). The equation for

the fitted line is y = 0.91 18v + 20.925.

Figure 8: Relationship between plant richness and ant abundance

from samples collected at Mount St. Helens National Volcanic

Monument between 22 and 25 July 2008. This relationship repre-

sents a significant positive correlation (Spearman rank correlation

coefficient = 0.784, P < 0.001). The equation for the fitted line is

y = 11.12V + 7.8075.

hunteri, Myrmica fracticornis (classified as Myrmica latifrons

in [11] which is a junior synonym of Myrmica fracticornis

[12]), and T. sessile. The similarity in ant species found in

the clear cuts and currently at Mount St. Flelens suggests

that the ant communities may be on the path to recovering

to their original composition. However, there are enough

differences in species composition (the current Mount St.

Helens ant communities lack some species found in clear cuts

and also have some species that were not found in clear cuts)

to make predictions about full recovery difficult. Only time

will tell how closely the trajectory of ant community recovery

at Mount St. Helens will match the original composition,

especially in the species poor PPLV habitat type.

The next interesting comparison to make is between

the ant communities presently found at Mount St. Helens

and those found immediately following the 1980 eruption.

Detailed studies of ant communities at Mount St. Helens

were conducted by Sugg [11], Edwards and Sugg [6], and

Sugg and Edwards [4] between 1981 and 1983. Sugg and

Edwards [4] collected 27 different ant species at sites on

the Pumice Plain during this time through pitfall trapping.

However, with the exception of four Formica fusca worker

ants that were thought to be blown in by the wind [11],

all the collected ants were alates who arrived on the Pumice

Plain by flying. Sugg [11] concluded from these studies that

ants (and their colonies) did not survive the 1980 eruption in

the location now referred to as the Pumice Plain. Twenty-five

years later, this study has found five ant species (none ofthem

represented by alates) on the Pumice Plain suggesting that

recovery of ant communities is happening, just not quickly.

In addition to collecting ants on the Pumice Plain,

Sugg [11] also sampled the surrounding Blowdown Zone

by placing more than 200 pitfall traps in 16 different

locations. Nineteen different ant species (in addition to two

unidentified ant species) were collected from the sites within

the Blowdown Zone between 1981 and 1983. Sugg [11]

concluded that some ant species in the Blowdown Zone

survived the eruption if they were able to find enough

food and if there was a low degree of disturbance in the

environment (i.e., less tephra fall out). Only nine ant species

(7 of which are the same as those collected by Sugg [11])

were collected in the BDZ habitat type in the present study

which is quite low compared to what was found in the early

1980s. The difference in the number of ant species collected

between these two studies can most likely be attributed to

differences in the length of the studies, the number of study

sites surveyed, and the number of pitfall traps that were used.

The most commonly collected ants in this study came

from the genus Formica (in order of dominance: F. lasioides,

F. montana, and F. ohscuripes). This is not surprising

considering that Formica is the largest genus of ants found

in North America [13]. Formica lasioides was not only the

most dominant ant species collected in this study but it

was also found at all habitat types. Formica lasioides is often

associated with open habitats
[ 14] ,

like those found at Mount
St. Helens National Volcanic Monument, where it forms

small colonies in the soil beneath rocks or other objects
[ 13]

.

As demonstrated by Sugg [11], some F. lasioides colonies

survived in the Blowdown Zone following the 1980 eruption.

These surviving colonies most likely served as sources of

colonists to the Pumice Plain. Eurthermore, the feeding

preferences of F. lasioides indicate that it is omnivorous

[14] and is often a generalist predator [15]. It has been

suggested that heterotrophic organisms such as scavengers

and predators should be the first colonizers during primary

community assembly [16], explaining why E lasioides would

be found even in the PPEV habitat type, which is practically

devoid of plants.

The least commonly collected ant species in this survey

was M. hunteri, represented by a sole individual, which was

found in the BDZ habitat type. Manica hunteri are generally

found in coniferous forests that are not very dense and
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Table 6; List of plant species and numbers found in each habitat type at Mount St. Helens National Volcanic Monument between 22 and 25

July 2008*.

Genus Species
PPLV

Habitat type**

PPHV BDZ
Total number

Unidentified grasses*** 0 90 no 200

Hypochaeris radicata 0 125 15 140

Lupinus lepidus 0 115 0 115

Hieracium albiflorum 0 40 1 41

Anaphalis margaritacea 0 1 27 28

Abies procera 0 0 13 13

Fragaria virginiana 0 0 10 10

Penstemon cardwellii 1 8 1 10

Carex spp. 0 0 9 9

Juncus spp. 0 0 8 8

Castilleja miniata 0 7 0 7

Agrostis exarata 0 6 0 6

Unidentified ferns 0 0 3 3

Achillea millefolium 0 2 0 2

Epilobium angustifolium 0 0 1 1

Salix spp. 0 0 1 1

Spraguea umbellata 1 0 0 1

Vaccinium membranaceum 0 0 1 1

*Only plants that fell within the 0.5 quadrats placed in the center of each ant survey circle were included.

**PPLV: Pumice Plain-Low Vegetation, PPHV: Pumice Plain-High Vegetation, BDZ: Blowdown Zone.
* * * The number of grass plants is an estimate due to the difficulty of distinguishing one individual from another.

Table 7; Mann-Whitney U tests comparing plant community

characteristics between habitat types at Mount St. Helens National

Volcanic Monument.

Plant community

characteristic

Habitat type*

comparison

Mann-Whitney
U test statistic

p**

BDZ > PPLV 99 0.0014

Plant richness PPHV > PPLV 36 0.0009

BDZ = PPHV 51 0.0754

Percent ground

cover by plants

BDZ > PPLV 99.5 0.0011

PPHV > PPLV 36 0.0006

BDZ = PPHV 51 0.0809

*PPLV: Pumice Plain-Low Vegetation, PPHV: Pumice Plain-High Vegeta-

tion, BDZ: Blowdown Zone.

**With a Bonferroni correction, only P values < 0.017 were considered

significant.

have lots of open areas [17], which accurately describes

the Blowdown Zone located around Mount St. Helens. The

natural history details of M. hunter

i

are largely a mystery;

however, it is thought that the colonies are very small (<1000

individuals) and that workers go out of the colonies in small

numbers for only short periods of time during the day

and rarely at night [17]. Additionally, it has been suggested

that M. hunteri eat root-mycorrhizae underground [17].

If what is known about the M. hunteri natural history is

accurate, it is not a surprise that these reclusive ants were

not well represented in this Mount St. Helens ant survey. It

should be noted that Sugg [11] collected M. hunteri from the

Table 8: Spearman rank-order correlations between ant commu-
nity and plant community characteristics.

Correlations
Spearman rank

correlation coefficient
P

Ant abundance and percent

ground cover by plants
0.787 <0.001

Ant abundance and plant

richness
0.784 <0.001

Ant richness and percent ground

cover by plants
0.550 0.005

Ant richness and plant richness 0.508 0.011

Ant biodiversity and percent

ground cover by plants
0.491 0.015

Ant biodiversity and plant

richness
0.365 0.079

Blowdown Zone following the 1980 eruption, indicating that

it was an ant species that survived the eruption.

Of the 10 ant species collected during this study, only E
obscuripes was not collected at the BDZ habitat type and was,

instead, found uniquely at the PPHV habitat type. Formica

obscuripes are known to build large mounds made of thatch

in prairie and dry forest ecosystems in the western United

States [18], which could easily describe the environments

found at Mount St. Helens National Volcanic Monument.
However, from this habitat preference description one would

expect to find F. obscuripes at the BDZ habitat type instead

of the PPHV habitat type. Jurgensen et al. [18] mention
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that the distribution of F. obscuripes may be limited by

their interaction with carpenter ants {Camponotus spp.). It

is thought that carpenter ants influence the distribution of

F. obscuripes by either directly competing with or predating

upon the F. obscuripes colonies [18]. Interestingly, carpenter

ants (C. modoc) were collected only at the BDZ habitat type

but not the PPHV habitat type suggesting that F. obscuripes

may have been able to escape predatory carpenter ants by

avoiding the Blowdown Zone.

The distribution of C. modoc only at the BDZ habitat

type and not at the PPHV habitat type is also interesting.

This distribution pattern hinges on the presence or absence

of dead wood where C. modoc like to dwell. Dead fir trees

are commonly found within the Blowdown Zone around

Mount St. Helens because they were toppled by the force of

the 1980 eruption. Trees in the area now referred to as the

Pumice Plain were vaporized by the explosion so there are

few remnants of standing or fallen dead wood. Additionally,

the successional stages of vegetation recovery on the Pumice

Plain have not yet progressed to the point where there are

many trees leading to a dearth of shelter for C. modoc

colonies.

Both ant species richness and ant abundance were

significantly higher at the BDZ and PPHV habitat types than

at the PPLV habitat type. Additionally, there were overall

significant correlations between ant parameters (richness

and abundance) and plant parameters (richness and percent

ground cover). These results seem to fall in line with the

“taxonomic diversity hypothesis” put forward by Murdoch
et al. [19], which hypothesized that a greater diversity of

plants would go hand in hand with a greater diversity of

animals who ate them. Positive relationships between plant

species richness and ant species richness have been observed

in many studies. For instance, Fergnani et al. [20] found

that an increase in plant species richness and disturbance by

cattle grazing encouraged an increase in ant species richness

in a Subantarctic-Patagonian transition zone. Similarly, in a

study conducted by Simao et al. [21] in experimental plots

in Indiana (US) a strong correlation was found between

total arthropod abundance and richness and plant species

richness in areas where native plant species richness had

been reduced by the invasion of the nonnative Japanese

stiltgrass {Microstegium vimineum). The arthropods that

most strongly responded to changes in plant species richness

were ants, aphids (Aphididae), and shining flower beetles

(Phalacridae) [21]. The positive correlation between ant

species richness and abundance and plant species richness

observed at Mount St. Helens in this survey may be

attributed to greater food availability for ants. Specifically, all

of the ant species that were collected can be characterized as

omnivores that opportunistically eat a variety of food items

including plant exudates, seeds, and live or dead insects [14,

22]. As a result, habitats with higher plant species richness

(like BDZ and PPHV habitat types) should harbor greater

ant species richness and abundance than habitats with very

low plant species richness (like the PPLV habitat type) simply

due to expanded food options.

Another interesting finding from this survey was the

positive correlation between percent ground cover by plants

and ant species richness and abundance. Two explanations

for this observation involve the importance of shelter and

shade for ants. Andersen [23] suggested that plant litter may
create important hiding places for cryptic species of ants.

During the daytime collection of ants through aspiration

at Mount St. Helens, the author observed that ants would

often attempt to evade collection by hiding under and within

plants. This suggests that percent ground cover by plants

may be important to ants at Mount St. Helens because

of the shelter, or “hiding places,” that is provided from

predators. The importance ofshade for ants was discussed by

Bestelmeyer [24] in a study exploring the behavior ofForelius

nigriventris who used plant cover to cool off in the Argentine

Chaco. Plant cover may also be important to ants on the

Pumice Plain by providing thermal refugia, especially during

the summer.

As previously discussed, ant species richness was signif-

icantly higher at the BDZ and PPHV habitat types than at

the PPLV habitat type. Upon closer investigation, it turns

out that the BDZ habitat had significantly higher ant species

richness when compared to the PPHV habitat type. At

first glance there is no clear explanation for this difference

considering that both the plant species richness and percent

ground cover by plants are not significantly different between

the BDZ and PPHV habitat types. However, representative

images of the PPHV and BDZ habitat types (Figures 1(b)-

1(c)) show a clear distinction in the structure of the

plant communities. Specifically, the BDZ habitat type has

plants that vary greatly in height (trees, shrubs, and annual

flowers) when compared to the PPHV habitat type which

is dominated by low-lying plants. Murdoch et al. [19]

hypothesized that greater structural heterogeneity of plants

may lead to greater diversity of animals by opening up

access to more diverse foraging areas and types of shelter.

Along these lines, plant architecture has been found to

greatly influence the richness of ant communities in different

habitats. In a study exploring Amazonian forest succession,

tree height was found to be the strongest predictor of ant

species richness [25]. Additionally, da Costa et al. [26] found

that the height of Copaifera langsdorjfii (Fabaceae) trees was

positively correlated with ant species richness, da Costa et al.

[26] suggest that larger trees provide more complex plant

architecture leading to a diversity of habitats for feeding,

hiding, and egg laying, enabling multiple species of ants

to coexist. Although plant architecture was not quantified

in this study, it is probable that the more variable canopy

structure at the BDZ habitat type when compared to the

PPHV habitat type led to greater resource partitioning

enabling more species of ants to coexist in the same

environment. Further exploration into the relationships

between plant communities (diversity and architecture) and

ant communities at Mount St. Helens may prove fruitful

in more fully testing the taxonomic diversity and structural

heterogeneity hypotheses.

In conclusion, this study documents the ecological

response of ants (Formicidae) to the 1980 eruption ofMount
St. Helens by recording species distributions in three habitat

types in 2008. Positive correlations between ant richness and

abundance and plant richness and percent ground cover were
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found at Mount St. Helens suggesting that there is a strong

connection between ant and plant community recovery.

Further studies exploring ant-plant interactions may help

us better understand the complex mechanisms driving the

recovery of biotic communities following natural disasters

such as volcanic eruptions.
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The primary objective was to determine if the prevalence of Nosema bombi infection is higher for wild bumblebees (Bombus

spp.) caught in lowbush blueberry growing areas with a history of commercial bumblebee use than for bumblebees caught in

areas without a history of commercial bumblebee use. Additionally, we wished to determine relative Bombus species abundances

and diversity in blueberry growing regions. Over two years we caught, identified to species, and dissected 767 bumblebees. Light

microscopy revealed overall infection levels of 5.48%. The history of commercial bumblebee use had no relation to infection

levels. Bumblebee species diversity and field location had significant relationships to infection (r^ adjusted = 0.265; species diversity

F{i,22 )

= 6.848, P = 0.016; field region -F(i,22 )
= 5.245, P = 0.032). The absence or presence ofone species, Bombus terricola, appears

to determine the relationship between species diversity and infection. The data show B. terricola decline in sampled regions and

almost half of the collected B. terricola were infected with Nosema. The commercial species, B. impatiens, shows an increase in

abundance, but with a 6.9% proportion infection. Molecular confirmation of the infecting species was ambiguous, suggesting a

need for future clarification of the infecting species.

1. Introduction

Native bumblebees (Bombus spp.) serve as valuable polli-

nators for the lowbush blueberry (Vaccinium angustifolium

Alton) fields in Eastern Maine and Maritime Canada and

Quebec. Typically queens are the predominant foragers dur-

ing blueberry bloom in Maine [1]. They are known to be

effective pollinators due to their ability to forage in cool or

rainy conditions [2] ,
which commonly occur during lowbush

blueberry bloom in Maine [3], and their use of sonication

to remove pollen grains from the Vaccinium poricidal

anthers [4]. As pollinators of lowbush blueberry, Bombus

spp. surpass Apis mellifera (L.), the most commonly used

commercial pollinator, in terms of purity of pollen load

(plant fidelity), flower visitation rates, flower handling time.

pollen deposition, and percentage of foragers collecting

pollen as opposed to nectar [1, 5-7].

Since the early 1990s, commercially reared bumblebees

have been available for blueberry growers in Maine [8] and

this option appears to be a boon to farmers wishing to

enhance pollination by complementing or replacing A. mel-

lifera. Furthermore, the species provided in commercial

colonies, Bombus impatiens Cresson, is technically native to

Maine, although it is not known whether the source of com-

mercial genotypes is native to Maine. Many farmers wish to

use a native species and many express a hope to populate

their fields with subsequent generations of wild bumblebees

[9].

The use of commercial bumblebees in Maine lowbush

blueberry has not reached the levels of honeybees, peaking
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in the mid-2000s, and is since responsible for imported

pollination services in about 1.3 to 2.0 percent of the

blueberry acreage in Maine [1]. This roughly translates

into 400-600 acres of lowbush blueberry fields pollinated

with 2000-2400 colonies of commercial bumblebees. These

colonies are placed in groups of four, referred to as a quad,

directly in the fields where they usually remain until the end

of the colony life cycle. Gynes (female reproductives) and

males are often produced from the commercial colonies [9]

.

Consequences of the placement of commercially reared

bees in areas with contact to wild bees have been documented

[10, 11]. In a greenhouse situation, Colla et al. [12] showed

that pathogens were more prevalent in wild bumblebees

located near tomato greenhouses using commercial bum-
blebees than in more distant wild bumblebee populations.

In this study, we examine possible consequences of using

commercial bumblebees as pollinators oflowbush blueberry.

Specifically, we ask: do commercial B. impatiens used in the

Maine lowbush blueberry agroecosystem, though technically

a native bee, impact disease incidence and relative abun-

dances of naturally occurring Bomhus species?

We chose to answer this question, in part, by looking

at the prevalence of the microsporidian genus Nosema in

wild bumblebees in and around Maine blueberry fields. We
expected to find Nosema bombi (Fantham and Porter [13]),

an obligate intracellular parasite that commonly occurs in

North American bumblebees [14]. Nosema bombi was one

of the pathogens hypothesized by Colla et al. [12] to have

jumped from commercial bumblebees to wild bumblebees

foraging near greenhouses. It has been suggested that a

European strain of N. bombi transferred from commercially

reared bumblebees has been responsible for the decline

of three species of bumblebees [15] including B. terricola

Kirby, a bumblebee historically found in moderate-to-high

population densities in blueberry fields in Maine [16].

Cameron et al. [17] reported B. terricola to currently have

reduced abundance in relation to historical records while also

showing an increased level ofN bombi infection (albeit based

on a small sample size) in comparison to species without

population declines.

The effects of N. bombi infection on colony and individ-

ual health have proven difficult to assess. Studying laboratory

reared B. terrestris (L.) inoculated with N. bombi, Steen [18]

reported low levels of colony success due to poor brood

survival of inoculated queens. Likewise, Otti and Schmid-

Hempel [19] found infected males had reduced sperm

levels and infected queens had decreased ability to mate.

In terms of colony success, infected colonies appeared to

have reduced population size [20]. In contrast, Whittington

and Winston [21] found no significant effects of N. bombi

infection on colony size {B. occidentalis Greene) or amount
of brood, although the authors suggest the experimental

time (10 weeks) and/or the colony growth limitations due

to greenhouse conditions may have obscured effects seen

in older or free-ranging colonies. In general, the evidence

seems to point to detrimental colony and individual health,

(see also [14, 22]) with the understanding that host species

[23] and colony genetics [22] might influence the severity of

effects due to infection.

Figure 1: Map of the three lowbush blueberry regions in Maine

in which the field sites are located; Region 1: 8 fields. Region 2:

8 fields + 1 unpaired field, and Region 3: 8 fields.

The primary objective of this study was to determine if

the prevalence ofN bombi infection is higher in bumblebees

caught in lowbush blueberry growing areas with a history

of commercial bumblebee use than in bumblebees sampled

in areas without a history of commercial bumblebee use.

Based on the work of Colla et al. [12], we hypothesized

that a history of commercial bumblebee use would result

in higher levels of N. bombi infection. If the history of

commercial bumblebee use could not explain the pattern

of Nosema infection, our second objective was to determine

if measurable bee or field characteristics were predictive of

infection occurrences. Our final objective was to determine

relative Bombas species abundances and the species diversity

in blueberry growing regions. We hypothesized that due to

the use of commercial bumblebees for pollination services,

the relative abundance of B. impatiens in Maine blueberry

growing regions has increased.

2. Materials and Methods

Twenty-four lowbush blueberry fields located in Washing-

ton, Hancock, Waldo and Knox counties of Eastern Maine

were identified according to their history of commercial

pollinator use by personal historical observation or grower

interview (Drummond pers. comm.). A field was considered

to have a commercial bumblebee history if at any point in

time, commercial bumblebees were used in that field for at

least one growing season since 1995. A field was considered

to not have a commercial bumblebee history if commercial

bumblebees had never been placed in that field. Some of

the fields without a history of bumblebee use were routinely

stocked with honeybees while others were not stocked with

commercial bees of any kind, relying instead on wild bee

pollinators.

Eields were paired according to the bumblebee history: a

yes being paired with a no. The fields were located in three

major blueberry regions of coastal Maine (Eigure 1), with
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each pair located in the same general region. The distance

between pairs of fields ranged from 1.5 km to 17.8 km, with

a mean distance of 8.9 km. Six pairs of fields were visited for

wild bumblebee collecting in 2009 and another independent

six pairs of fields were sampled in 2010. All three regions were

visited each year. One nonpaired field located in the town of

Amherst ME (Hancock Co) that had been previously stocked

with commercial bumblebees was visited in 2009.

The fields ranged in size from 2.2 to 20.5 hectares,

although five of the fields were contiguous with other

blueberry fields that were not included in the study. For these

fields, the study collecting area was measured as opposed to

total field size, which can run over 500 hectares ofcontinuous

blueberry landscape. The remaining collecting sites were

isolated, discrete blueberry fields bordered mainly by forest.

The collecting area in these fields was the entire forest

delineated field.

2.1. Field Management. Production practices varied from

field to field. Farmers and field managers were contacted

to determine how each individual field had been managed

during one complete growing cycle that ended with the

year of collection. The fields varied according to the types

and extent of pesticide applications and pruning methods

(Table 1). Fowbush blueberry pruning methods typically

create a two-year cycle with one year of vegetative growth

followed by a flowering and then fruiting year. Not all fields

were bearing fruit during the collection year.

2.2. Bee Collections. Collection primarily took place in July

and August when most foraging bees are workers. This

minimizes the capture of queens. At the start of each

collection period, a route was planned along field edges

where noncrop plants were in flower. In Maine, lowbush

blueberry bloom is from mid-May to mid-June. The planned

route was covered twice per visit at a steady, slow pace. All

observed foraging bumblebees were individually caught with

a sweep net and then transferred to a clean 15 mF plastic

centrifuge tube. The tubes were stored on ice until the bees

could be placed in a freezer (-20°C) where they were held

until dissection. In order to best document the diversity of

bees foraging in the fields, each field was visited 2-3 times

over 4-6 weeks, with a goal of capturing 30 bees per field.

In a subset of the fields {n = 13), the common name of

the flower each bee was caught on was recorded. Some of

the common names included several species. For example,

“goldenrod” was recorded without differentiating among the

possible species. But the recorded names did distinguish the

plants at the generic level.

A third year of collecting was conducted in 2011 to

develop a relationship between bee abundance, measured

as the number of bees collected per unit time and Bombus
species richness. One hundred twenty-five bees were col-

lected from thirteen new blueberry fields that did not have

active commercial colonies of B. impatiens or a history of

use of such colonies. This collection was conducted in a

similar fashion to the two previous years, but the collection

bouts were timed. All collecting was done by one person who
walked at a regular pace along a predetermined path along

Figure 2; Image of spores classified as Nosema by phase-contrast

light microscopy. The smaller elongate spores measure 4.5 x 2.0

microns. PCR with the Nbombi-SSU-Jfl/Jrl primer pair did not

produce a detectable amplicon for this bee.

flowering vegetation. The collecting took place from 5 August

to 19 August. Collected bees were identified to species, but

not inspected for Nosema infection.

2.3. Species Identification, Bee Age, Size, and Sex. All bees

were sexed and identified to species using published keys

[24, 25] and the online keys available through http://www

.discoverlife.org/. For a subset (248 individuals caught in

2009), the right front wing was collected. Using electronic

calipers, the length of the marginal cell was measured to

0.01mm in order to estimate bee size [26]. The degree of

wing wear was used to estimate age using a method adapted

from Cartar [27].

2.4. Bee Dissection. Each bee collected in 2009 and 2010 was

dissected and the gut tissues examined under phase-contrast

microscopy at 400x magnification in order to determine if

the bee was infected with Nosema. A bee was scored positive

for infection if two or more microsporidian spores were

seen (as in Figure 2). The criteria for spore identification

were based on size, shape, and reflectivity as described by

MacFarlane et al. [14] and Farsson [23].

The bees were dissected by two different methods. Most

of the 2009 bees were opened along the dorsal side of

the abdomen. Small (about 2 mm) lengths of the mid and

hindgut were removed, placed on a slide in a drop of distilled

water and crushed with a coverslip. The remainder of the

bee was then refrozen (-20°C). In 2010, the entire abdomen
was removed and ground with a pestle in a 1.7 mF micro

-

centrifuge tube with 200 pL of distilled water. A sample

of the resulting solution was examined under the phase

contrast microscope. This second method of bee dissection

was undertaken in order to detect spores that may not have

been present in the gut tract but were present in other

abdominal tissues [23]. The second method of dissection

also prepared the bee for molecular identification of the

microsporidian.
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Table 1: Production practices associated with the 25 sampled

lowbush blueberry fields, 2009-2010. The field was given a score

for each production practice based on the treatment the field

received for one complete growing cycle (2 calendar years) ending

with the bumblebee collection year. These practices were included

in the linear model to examine field characteristics and Nosema
prevalence.

Production Treatment
Number of

practice fields

None 3

Pruning Mow 8

Burn 6

Mow and burn 8

No chemical control 8

Pest control
Standard pesticides 4

Reduced risk pesticides 0

Standard and reduced risk pesticides 13

Yes 17
Herbicides

No 8

Fungicides
Yes 15

No 10

Yes 13
Insecticides

No 12

2.5. Molecular Confirmation of Infection. All 2010 bee sam-

ples that scored positive for Nosema with microscopic

observations were centrifuged for 5 minutes (16,100 g), the

supernatant discarded and the homogenate frozen at -80°C.

All of the 2009 iVoscma-positive and some of the 2009

AToscma-negative refrozen dissected bees were thawed and

their abdomens removed and similarly ground, centrifuged,

and subject to DNA extraction, DNA was extracted using

a DNeasy Plant Mini Kit (Qiagen) and amplified using the

genus-specific primer SSUrRNA-fl/rlc and species-specific

primer Nbombi-SSU-Jfl/Jrl (Table 2) following the protocols

of Klee et al. [28] using an Eppendorf thermocycler. The

former primer pair contains sequences conserved in N.

bombi, N. apis, and N. ceranae, while the later primer is

specific to N. bombi small subunit rRNA sequences [28].

PCR products were visualized with electrophoresis on a 1.4%

agarose gel stained with ethidium bromide. Samples were

considered positive for Nosema if a band was visible at

the expected fragment length (Table 2). Fragment size was

confirmed with a 100 bp ladder (Promega). A subsample

{n = 8) of 222 bp fragments from the PCR products of the

genus specific primer SSUrRNA-fl/rlc were extracted from

1.4% agarose gels stained with GelStar (Lonza), purified with

a QlAquick Gel Extraction Kit (Quiagen) and sequenced on

an Applied Biosystems (ABl) model 377 Sequencer at the

University of Maine DNA Sequencing Facility. Edited and

aligned sequences were compared with those deposited in

GenBank.

2,6, Analysis. For all analyses of relationships between bee

host or field factors and infection prevalence, infection

prevalence was based on the proportion of bees determined

to be Nosema positive with microscopic examination. As an

indication of possible pathogen spread from a point-source

such as one of the fields with a history of bumblebee use,

we conducted a Mantel test [29] that compared matrices

of differences in field infection prevalence and differences

in geographic distances between fields. We used a random-

ization test with 1,000 iterations [30]. The distances were

measured in a straight line from the center of each field

using Google Earth (6.1.0.5001). When the most direct route

between fields crossed a body of water greater than 1.5 km
(a flight distance based on B. terrestris L.; [31]) the shortest

land route was measured. The closest fields were 1.2 km apart

and the most distant were 154.2 km apart. Only the 24 paired

fields were used for this analysis. Our question for this test

was do fields that are closer together have similar infection

levels?

Bumblebee species diversity for each field was calculated

as Shannons index [32], Because of the difficulty of identi-

fying male bees of the subgenus Psithyrus (12 individuals),

all bees of this subgenus, including the three females,

were grouped and considered one species for diversity

calculations. Species richness was defined as the total number
of species found in each field. With the 2011 bee species

abundance data linear regression [33] was used to develop

a predictor of density from species richness so that the effect

of estimated Bombus spp. density on Nosema infection could

be assessed (r^ = 0.740; P = 0.0003).

A plant generic diversity (Shannon’s index, [32]) and

generic richness measure (total number of genera repre-

sented by the bee catch) were obtained for the subset of 13

fields with known flower types bees were caught on. These

measures represent the diversity and richness of the bee-

visited floral resources observed in each field and are not

an exhaustive list of flowering vegetation, but represent the

most common and preferred floral resources. We used linear

regression analysis [33] to evaluate the relationship between

plant generic richness and diversity measures and Nosema
infection levels for the thirteen fields.

Gonsidering the full data set of 25 fields, we used

stepwise linear regression [33] to select models to examine

relationships between 12 field characteristics and field-level

(averaged across individual bees) Nosema infection levels.

The field characteristics included bee species richness, bee

species diversity, history of commercial bumblebee use, loca-

tion (region 1, 2, or 3, see Figure 1), rotational stage (fruit

bearing year or not), area, distance to the nearest field with

commercial bumblebee use, and the six production practices

listed in Table 1. We used a mixed procedure with the pro-

bability to leave and enter at a = 0.250 and with square root

transformed infection proportions. In this model, Bombus

species richness was used as a proxy for Bombus spp. density

as described above.

All general statistics and regression analyses were per-

formed with JMP version 8,0.2 [34]. Mantel tests were

conducted using PG-ORD, version 6 [30].
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Table 2: Primers used for PCR amplification of ribosomal RNA.

Name Strand direction Sequence (5' -3') Annealing temp. (G) Expected fragment size

SSUrRNA-fl

SSUrRNA-rlc

Forward

Reverse

CACCAGGTTG
ATTGTGGGT

GTTAGGGGTG

AGTGGGTTG

48 222

Nbombi-SSU-Jfl Forward
GGATGGATGTT

TTTGAAGATTATTAT
50 323

Nbombi-SSU-Jrl Reverse
GATATATTTTTA

AAATATGAAAGAATAA

Based on Klee et al., 2006 [28], developed from the complete rRNA AT. bombi consensus sequence, Accession no. AY741110.

Figure 3: Proportion of bumblebees sampled from Maine blue-

berry fields showing Nosema infection as determined by light

microscopy. Proportions shown by day of the year between the

sampling period, 4 June-3 September, 2009-2010 (data from two

years pooled). The high of 33.33% is from a day with a total catch

of three bees, one ofwhich scored positive for Nosema spp.

3. Results

Over two years, 767 bumblebees were caught, identified to

species, and dissected. Of these, 42 bees were positive for

Nosema infection according to light microscopy inspection,

resulting in an overall 5.48% infection level (Table 3).

Neither sex (646 females, 37 female Nosema positive), nor

dissection method (297 bees by method one, 13 Nosema
positive), nor year of capture (373 bees caught in 2009 with

16 infected) explained the patterns of infection (Fisher’s

Exact, P = 0.66, P = 0.33, P = 0.21, resp.). Each bee was

given an ordinal rank for the day of the year on which it was

caught (Julian day). While not significant at the a = 0.05

level (x^
= 3.48, (i/ = 1, P = 0.06) Nosema infections

showed a trend toward higher incidence as the foraging

season progressed (Figure 3), and then declined at the end

of the summer. Sampling did not continue in the Autumn.

Table 3: Nosema infection in bumblebee species collected in Maine

blueberry fields over two years (2009-2010) based on microscopic

and molecular examination.

Species

Number
positive*/

number caught

% Infection*

Fraction of

positive* bees

without

amplification

(see text)

B. terricola 6/13 46.2 0.33

B. perplexus 3/18 16.67 0

B. impatiens 7/102 6.86 0.72

Psithyrus 1/15 6.67 0

B. vagans 10/175 5.71 0.5

B. ternarius 14/374 3.74 0.57

B. bimaculatus 1/68 1.47 1

Based on visual assessment under 400x magnification with phase contrast

microscopy.

3.1. Field History. Of the 25 fields visited for bee collec-

tions, 13 were originally identified as having a history of

commercial bumblebee use and 12 were identified as no

history of commercial bumblebee use. When interviewing

growers about management practices, however, one no

commercial bumblebee field was changed to a commercial

bumblebee field as that grower indicated that a manager

of an adjoining field had used commercial bumblebees

in the past. This resulted in 14 commercial bumblebee

fields (462 bees caught) and 11 no commercial bumblebee

fields (295 bees caught). Of these remaining eleven no

commercial bumblebee fields, none were located with an

adjoining field under different management. Twenty-five

Nosema positive bees came from commercial bumblebee

fields and 17 came from no commercial bumblebee fields.

There was no difference in the proportion of infected bees

according to the history of using commercial bumblebees

(Fisher’s Exact Test, P = 0.87). This conclusion does not

change when considering the original categorization of the

fields related to commercial bumblebee use.

Six fields had active commercial bumblebee colonies

during the collection periods. There was no indication that

those fields had levels of infection that differed significantly

from the other nineteen fields (Student’s two-tailed test, t =

-0.12, df = 23, P = 0.45) or from the 10 fields with no
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Figure 4; Median, range, and upper and lower quartiles of generic

species diversity of plants from which bumblebees were collected

along the edge of blueberry fields in three regions in Maine. Based

on a subset of 13 fields. Region 1, n = 3; Region 2, n = 4; Region 3,

n = 6.

history of commercial bumblebees (Student’s two-tailed test,

t = 0.15, df = 16, P = 0.51).

3.2. Bee Age, Size, and Species. For a subsample of 248 bees,

age and size measurements were obtained. Logistic regres-

sion reveals no relation between these two parameters and

infection {size: Wald’s = .55, df = 1, P = 0.46; Wald’s

= 2.57, df = 5, P = 0.46; size^age: Wald’s x^
= 2.92,

df = 3, P = 0.40). When considering all 767 bees, it was

apparent that infection was not evenly distributed across

species (Table 3). The proportion of infected B. terricola was

significantly higher than the other bee species (Fisher’s Exact

Test, P = 0.0002). We did find one infected individual of the

subgenus Psithyrus, in contrast to Larsson [23].

3.3. Field Characteristics. For the subset of thirteen fields

for which we calculated plant generic diversity and generic

richness, we found no significant linear trend relating floral

generic richness and field-level infection level (P = 0.23).

However, plant generic diversity showed a significant, neg-

ative relationship with infection level (P(i,ii) = 4.70, P =

0.05) and differed according to collection region (Figure 4).

Out of the 12 field characteristics considered as possible

predictors for the occurrence of Nosema in the 2009 and

2010 sampling, only Bombus species diversity and blueberry

growing region were significantly associated with infection.

Together, these two characteristics account a little more

than 26% of the variation in infection (r^ adjusted = 0.27;

species diversity P(i,22 )
= 6.85, P = 0.016; field region

P(i,22 )
= 5.25, P = 0.03). The proportions of infected bees

for collecting regions 1, 2, and 3 were 0.04 ± 0.02, 0.04 ±

0.01, and 0.08 ± 0.02 (mean ± SE), respectively.

2009

2010

Combined

Figure 5: Bumblebees caught in and around lowbush blueberry

fields over two years, by year and combined {n = 767 bees).

3.4.

Bee Species Diversity. Ten species were identified in the

total collection, including 15 individuals of the subgenus

Psithyrus found in five different fields (Figure 5). Figure 5

includes those B. impatiens found in fields with active

commercial colonies. Although all bees were caught at

flowers and commercial bees were not targeted, some of B.

impatiens (13.3% of total catch) were likely commercial bees.

When all B. impatiens caught in fields with active commercial

colonies were removed from the data set, only 35 individuals

remained, which represents 5% of the resulting total. Bombus
ternarius (Say) was by far the most abundant bee over the two

years, making up 48.5% of the total collection and 42.6%

and 54.1% of the 2009 and 2010 collections, respectively

(Figure 5). The species diversity calculated for the total catch

of each year declined over the two years of collecting by

nearly 30% (Shannon’s Index for 2009 = 1.61; 2010 = 1.14).

In order to identify factors that influence species diversity,

we compared the relationship between infection and species

diversity when B. terricola was excluded from the data to

the full data set. When all thirteen B. terricola caught over

two years are removed, the relationship changes from a

significant one, to insignificant (Figure 6).

In order to examine long-term trends in relative abun-

dances, we retrieved measures from lowbush blueberry fields

from 1961-63 [16] and 1997 and 1998 (Drummond, unpubl.

data, n = 34 lowbush blueberry fields). The 1960s were well

before the widespread use of commercial bumblebees, which
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(b) Model: df = I, F = 1.02, P = 0.32

Figure 6: Nosema infection (square root proportion infected) of

bumblebees relative to species diversity in 25 blueberry fields in

2009 and 2010 with and without B. terricola.

were not adopted by Maine blueberry growers until the

mid-1990s. We also collected 377 bumblebees in 2011 from

blueberry fields within Region 2 of the disease collections.

The relative abundances are shown in Figure 7.

3.5. Evidence for Pathogen Introduction. The results of the

Mantel randomization test give no indication that fields with

similar infection levels are geographical neighbors (P =

0.16). A second Mantel test conducted using the logarithm

of both variables (proportion infected and distance) gives

Species

m 1961-63 2009

1997 a 2010

1998 E3 2011

Figure 7: Relative abundances of bumblebee species found in

blueberry fields for five years: 1961-63, 1997, 1998, 2009, 2010,

and 2011. Psithyrus not shown. B. impatiens from fields with active

commercial bumblebee colonies not included. Data for 1961-63

from Boulanger et al. [16].

no indication of a nonlinear relationship between infection

levels and geographic similarity (P = 0.16).

The molecular confirmation of the infecting species was

conducted on 41 of the 42 bees scored as Nosema-posithe by

light microscopy. One bee was omitted from this analysis due

to damage during storage. Of these 41 bees, only 21 could be

confirmed as being infected with Nosema homhi according

to our protocol. For these 21 bees, PGR results showed

amplification of DNA at the expected fragment lengths for

both the general primers designed for detection of Nosema

spp. (SSUrRNA-fl/rlc) and the primers specific for Nosema

homhi (Nbombi-SSU-Jfl/Jrl). The remaining 20 bees had no

amplification with the species -specific primers. For these

bees, however, the results with the more general primers were

ambiguous. Amplification products of expected size were

present, but often accompanied with fragments of different

lengths not associated with the primer. Furthermore, six

of the bees scored as negative by light microscopy gave

the same result: no amplification with the Nbombi-SSU-

Jfl/Jrl primer pair, yet positive, with multiple-bands evident,

for the SSUrRNA-fl/rlc primer pair. Of the eight samples

sequenced, five sequences were consistent with N. homhi,
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one consistent with Nosema spp., and two gave unreadable

results. Of the five consistent samples, four were from the

bees confirmed as N. bombi and one from those with evident

multiple bands with the SSUrRNA-fl/rlc primer pair. The one

sample consistent with Nosema spp. and the two samples

with unreadable results were from those with multiple bands

with the general primers. Because ofthe difficulty of isolating

bands at the target fragment length when multiple bands

were present (resulting in unreadable results) no other

samples were prepared for sequencing.

4. Discussion

The data provide no support for our prediction that the use

of commercial bumblebees {B. impatiens) in Maine’s blue-

berry fields has increased the prevalence ofNosema infection

in those fields that have a history of commercial bumblebee

use. Although our sample size is low, the power of our test

is high, 0.879, for detecting large differences in infection

(difference of a 0.5 proportion in Nosema spp. prevalence

with a minimal detectable odds ratio of 3 and a significance

level of 0.05). Therefore, we can conclude that there was no

evidence of large differences in prevalence of Nosema spp. in

wild bumblebees due to the use of commercial bumblebees

by farmers. The total infection level of 5.48% does not

indicate that coastal areas of blueberry production in Maine

have an elevated prevalence of infection. This prevalence is

lower than that found in a recent survey of bumblebees in

Massachusetts [35] , but within the ranges found in multistate

surveys [17, 36].

However, when looking at individual species it is appar-

ent that not all species are equally likely to harbor similar

levels of infection. Our results show that B. terricola has

a higher rate of infection than the other Bombus species,

although our results are based on a low sample size for this

species (13 individuals. Table 3). If we assume that infection

is independent among collected individuals, then the like-

lihood of a sample of 13 B. terricola (proportion infected

46.2%) coming from a bumblebee community with an

average prevalence rate of 5.48% is very low (P = 0.0000313,

based upon the cumulative binomial distribution). This is

a pattern also observed in a recent North American-wide

survey [17] and also in a related recent analysis of geographic

distributions of Nosema [37]. In western North America, B.

terricola along with two species of the same subgenus, B.

occidentalis and B. affinis Cresson, appear to be declining

both in their abundance and range [15, 17, 38, 39]. This

decline has been hypothesized to be a result of pathogen

spillover from commercial bumblebees [12, 15, 40, 41].

Thorp [15] suggests that in the early 1990s commercial North

American bees were reared in Europe and subsequently

infected with a virulent biotype of N bombi that was

transmitted to wild bees in the US and Canada when colonies

from these populations were used for pollination. To the

best knowledge of one of us (E A. Drummond), commercial

bees first started being used in Maine lowbush blueberry

fields around 1995, a time that would roughly coincide with

Thorp’s timeline for the introduction of European strains of

N bombi. With this study, however, we find no evidence of

pathogen spillover when looking at the geographic data set

comprising fields from all three regions. Across the blueberry

growing regions, we find no clustering of infection. Based

on pathogen identification with light microscopy, we find

the only suggestion of pathogen spillover is the clustering

of the pathogen within one species, which we consider to be

insufficient evidence of commercial bumblebee contribution

to Nosema prevalence in wild bumblebee populations due

to the fact that this short-term study is unable to document

longer-term disease/host population dynamics.

We found two field characteristics that help explain the

distribution of Nosema infection across the three blueberry

regions. Bumblebee species diversity showed the strongest

influence and region of field location as a lesser predictor.

We suggest that the species diversity is primarily driven by

the presence or absence of B. terricola (Eigure 6) and that this

effect is a result ofthe nearly 50% infection prevalence of that

species.

The fields in the most southern region (Region 3) of our

sampling area have a higher mean prevalence of infection

than the fields from the other regions. All regions have at

least one field with no infected bees, but Region 3 also

contains fields with the highest infection prevalence that

occurred in the study. The causes of this cluster are not clear.

According to our regression analysis that examined twelve

field characteristics, only species diversity also explained

prevalence of Nosema infection. Comparison of species

diversity means by region reveals no differences so this

measure does not account for the cluster of infections in

Region 3. However, the data from the subset of 13 fields did

show a negative relationship between plant generic diversity

and field infection prevalence. The fields from Region 3

in this subset do show the lowest levels of plant generic

diversity found in this study (Eigure 4). This could be a

spurious relationship, but two factors lower diversity; a small

number of species and/or the dominance of a few species

in the population. Both of these conditions would force

bumblebees to forage on the same flower types, which, if

Nosema is transmitted on the flower itself, as with other

pathogens [42], easier disease transmission between colonies

could occur. Eurther research will be needed to confirm and

clarify this relationship.

Our analyses rely on light microscopy to determine the

presence of Nosema infection in Bombus. This approach is

limited to identifying pathogens to the genus level only.

Spores that were of the correct size and shape for N. bombi

overlap with those of other Nosema species {N. ceranae,

N. apis) [43, 44]. To identify the infecting agent at the

species level, we attempted to isolate the pathogenic DNA for

molecular analysis. Of the 41 bees showing positive Nosema
infection via light microscopy and subjected to molecular

analysis, only 21 had amplification with the species-specific

primer pair Nbombi-SSU-lfl/lrl. The other 20 lacked clear

amplification, but were clearly infected with Nosema-\ike

spores under the light microscope. This may reflect a variant

of N. bombi which does not amplify with this species

-

specific primer, or suggest the presence of a different Nosema
species. The more general primers, SSUrRNA-fl/rlc, amplify

conserved regions of rRNA commonly held across N. bombi,
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N. apis, N. ceranae [28], and other Nosema and Vairimorpha

species. Amplification with PCR from these primers was

evident in all 41 bees. Six bees that scored Nosema-nega.-

tive with light microscopy also showed amplification with

these primers (but with no amplification with the Nbombi-

SSU-Jfl/Jrl primers), a situation which may indicate sample

contamination or amplification of nontarget DNA. We can-

not conclude, with any confidence, the species of infecting

Nosema from these PCR results.

The cross-infectivity ofN. apis and bumblebees has been

questioned [23] and while there is evidence that N. ceranae

has crossed from honeybees to bumblebees in South America

[45], such a host jump has not been documented elsewhere.

N. ceranae appears to have recently crossed from the Asian

honeybee {Apis cerana R) to the European honeybee {Apis

mellifera L.) [44, 46] and is now found globally in infected

honeybees [47]. Every year blueberry growing regions of

Maine are stocked with rented honeybees, which could prove

a source of either N. ceranae or N. apis. However, given

the low likelihood of bumblebees successfully infected with

either N. apis or N. ceranae, and given the known, widespread

occurrence of N. bombi [17] and lack of evidence of other

microsporidian infective agents in bumblebees, we consider

it reasonable to treat all observed infective agents as Nosema

and most likely N bombi. Further research identifying

optimal primers in order to reliably sequence isolated gene

fragments of the infective agent is warranted.

Exactly half of the 20 bees that did not produce amplifi-

cation with the Nbombi-SSU-Jfl/Jrl primers came from fields

with a history of commercial bumblebee use and half came

from fields without the bumblebee use. All collection regions

and five species were represented by this group of20 bees that

showed no amplification with the species specific primers.

Only two of the originally determined six Nosema-positive

B. terricola are represented by this group (Table 3).

Our final objective was to examine relative species

abundances in Maine’s blueberry growing region after about

17 years of importation of B. impatiens as pollinators. Our
recent surveys compared with historic relative abundances

(Figure 7) suggest that since the use of commercial bumble-

bees, the relative abundance of B. impatiens has increased.

While some Bombus species have remained relatively sta-

ble, B. terricola and to a lesser extent B. fervidus (E),

have pronounced reduced abundances. B. ternarius, while

always abundant, also shows an upward trend. The shift

in abundance of B. impatiens suggests that queens reared

by commercial colonies may be successfully overwintering

and founding their own colonies. Bombus impatiens was

not reported in Maine or Maritime Canada in the 1960s

[16], (Drummond unpubl. data). Mark-recapture studies of

new queens conducted by Stubbs and Drummond [6] have

shown that commercial B. impatiens queens will overwinter

successfully in Maine. This is not an unreasonable frequent

occurrence, as commercial colonies often stay in lowbush

blueberry fields through the colony lifecycle. While Figure 7

suggests species shifts within bumblebee communities are

occurring, this data does not support or refute the concern

that bumblebees as a whole are in decline in Maine lowbush

blueberry growing regions as described for other regions

globally [48]. However, shifts in biodiversity of bumblebees

could have impacts on the ecosystem services provided by

these important wild pollinators [49, 50]. This should be a

top priority for future research.

Acknowledgments

The authors would like to thank Ms. Tamara Levitsky, Ms.

Jennifer Lund, and Ms. Judith Collins for their generous

assistance with multiple aspects of this study. Mr. David Sim-

mons and Dr. Joyce Longcore gave valuable contributions

with the lab work. They also thank Drs. Andrei Alyokhin,

Dave Yarborough, and Alison Dibble from the University of

Maine for their helpful discussions, and Ms. Kalyn Bicker-

man and two anonymous reviewers for reviewing the paper

and making suggestions for its improvement. They acknowl-

edge numerous student workers notably led by Keren Zucker,

Anna Delong, Cody Martel, and Brittany Cortel for their help

with bee collections. They thank Dr. Lee Solter for assistance

with pathogen identification and dissection technique. This

project is funded by the University of Maine, School of

Biology and Ecology, and an USDA NIFA fellowship awarded

to S. Bushmann.

References

[1] E A. Drummond, “Commercial bumble bee pollination of

lowbush blueberry,” International Journal ofFruit Science, vol.

12, pp. 216-231,2012.

[2] B. Heinrich, Bumblebee Economics, Harvard University Press,

Cambridge, Mass, USA, 2nd edition, 2004.

[3] E A. Drummond, “Honeybees and blueberry pollination,”

University ofMaine Cooperative ExtensionWild Blueberry Bul-

letin, No. 29, 2002.

[4] S. L. Buchmann, “Buzz pollination in angiosperms,” in Hand-

book ofExperimental Pollination Biology, C. E. Jones and R. J.

Little, Eds., pp. 73-113, Van Nostrand Reinhold, New York,

NY, USA, 1983.

[5] XL. Whidden, “The fidelity of commercially reared colonies

of Bombus impatiens cresson (Hymenoptera: Apidae) to

lowbush blueberry in Southern New Brunswick,” Canadian

Entomologist, vol. 128, no. 5, pp. 957-958, 1996.

[6] C. S. Stubbs and E A. Drummond, “Bombus impatiens

(Hymenoptera: Apidae): an alternative to Apis mellifera

(Hymenoptera: Apidae) for lowbush blueberry pollination,”

Journal of Economic Entomology, vol. 94, no. 3, pp. 609-616,

2001.

[7] S. K. Javorek, K. E. Mackenzie, and S. P. Vander Kloet, “Com-
parative pollination effectiveness among bees (Hymenoptera:

Apoidea) on lowbush blueberry (Ericaceae: Vaccinium angus-

tifolium)f Annals of the Entomological Society ofAmerica, vol.

95, no. 3, pp. 345-351,2002.

[8] H. H. W. Velthuis and A. van Doom, “A century of advances

in bumblebee domestication and the economic and envi-

ronmental aspects of its commercialization for pollination,”

Apidologie, vol. 37, no. 4, pp. 421-451, 2006.

[9] C. S. Stubbs, E A. Drummond, and D. Yarborough, “Commer-
cial bumble bee, Bombus impatiens, management for lowbush

blueberry,” Wild blueberry fact sheet No. 302 (Bulletin No.

2421), University of Maine Cooperative Extension Publica-

tion, pp.1-4, 2001.



10 Psyche

[10] S. Niwa, H. Iwano, S. 1. Asada, M. Matsuura, and K. Goka,

“A microsporidian pathogen isolated from a colony of the

European bumblebee, Bombus terrestris, and infectivity on

Japanese bumblebee,” Japanese Journal ofApplied Entomology

and Zoology, vol. 48, no. 1, pp. 60-64, 2004.

[11] J. C. Stout and C. L. Morales, “Ecological impacts of invasive

alien species on bees,” Apidologie, vol. 40, no. 3, pp. 388-409,

2009.

[12] S. R. Colla, M. C. Otterstatter, R. J. Gegear, and J. D. Thomson,

“Plight of the bumble bee: pathogen spillover from commer-

cial to wild populations,” Biological Conservation, vol. 129, no.

4, pp. 461-467, 2006.

[13] H. B. Eantham and A. Porter, “The morphology, biology and

economic importance of Nosema bombis, n. sp., parasitic in

various humble bees {Bombus spp.),” Annals of Tropical Medi-

cine and Parasitology, vol. 8, pp. 623-638, 1914.

[14] R. P. MacFarlane, J. J. Lipa, and H. J. Liu, “Bumble bee patho-

gens and internal enemies,” Bee World, vol. 76, pp. 130-148,

1995.

[15] E. Evans, R. Thorp, S. Jepson, and S. H. Black, “Status review of

three formerly common species ofbumble bee in the subgenus

Bombusf The Xerces Society for Invertebrate Gonservation,

2012, http://www.xerces.org/yellow-banded-bumble-bee/.

[16] L. W. Boulanger, G. W. Wood, E. A. Osgood, and G. O. Dirks,

“Native bees associated with the low-bush blueberry in Maine

and Eastern Ganada,” University ofMaine Agricultural Experi-

ment Station, Technical Bulletin, vol. 26, p. 22, 1967.

[17] S. A. Gameron, J. D. Lozier, J. P. Strange et al., “Patterns of

widespread decline in North American bumble bees,” Pro-

ceedings ofthe National Academy ofSciences ofthe United States

ofAmerica, vol. 108, no. 2, pp. 662-667, 2011.

[18] J. J. M. V. D. Steen, “Infection and transmission of Nosema

bombis in Bombus terrestris colonies and its effect on hiberna-

tion, mating and colony founding,” Apidologie, vol. 39, no. 2,

pp. 273-282, 2008.

[19] O. Otti and P. Schmid-Hempel, “Nosema bombis: a pollinator

parasite with detrimental fitness effects,” Journal of Inverte-

brate Pathology, vol. 96, no. 2, pp. 118-124, 2007.

[20] O. Otti and P. Schmid-Hempel, “A field experiment on the

effect ofNosema bombis in colonies of the bumblebee Bombus

terrestris,” Ecological Entomology, vol. 33, no. 5, pp. 577-582,

2008.

[21] R. Whittington and M. L. Winston, “Effects of Nosema bombi

and its treatment fumagillin on bumble bee {Bombus occiden-

talis) colonies,” Journal ofInvertebrate Pathology, vol. 84, no. 1,

pp. 54-58, 2003.

[22] P. Schmid-Hempel and R. Loosli, “A contribution to the

knowledge ofNosema infections in bumble bees, Bombus spp,”

Apidologie, vol. 29, no. 6, pp. 525-535, 1998.

[23] J. I. R. Larsson, “Gytological variation and pathogenicity of the

bumble bee parasite Nosema bombis (Microspora, Nosemati-

dae),” Journal ofInvertebrate Pathology, vol. 94, no. 1, pp. 1-11,

2007.

[24] T. B. Mitchell, “Bees of the eastern United States. II,” Technical

Bulletin, North Carolina Agricultural Experiment Station, vol.

152, pp. 1-557, 1962.

[25] T. M. Laverty and L. D. Harder, “The bumble bees of eastern

Ganada,” Canadian Entomologist, vol. 120, no. 11, pp. 965-

967, 1988.

[26] R. E. Owen, “Body size variation and optimal body size of

bumble bee queens (Hymenoptera: Apidae),” Canadian Ento-

mologist, vol. 120, pp. 19-27, 1988.

[27] R. V. Gartar, “Morphological senescence and longevity: an

experiment relating wing wear and life span in foraging wild

bumble bees,” Journal of Animal Ecology, vol. 61, no. 1, pp.

225-231, 1992.

[28] J. Klee, W. Tek Tay, and R. J. Paxton, “Specific and sensitive

detection ofNosema bombis (Microsporidia: Nosematidae) in

bumble bees {Bombus spp.; Hymenoptera: Apidae) by PGR of

partial rRNA gene sequences,” Journal of Invertebrate Patho-

logy, vol. 91, no. 2, pp. 98-104, 2006.

[29] B. E. J. Manly, Randomization, Bootstrapping and Monte Carlo

Methods in Biology, Ghapman and Hall, London, UK, 1997.

[30] B. McGune and M. J. Mefford, PC-ORD. Multivariate Analysis

ofEcological Data. Version 6. MjM Software, Gleneden Beach,

Oregon, Ore, USA, 2011.

[31] J. L. Osborne, A. P. Martin, N. L. Garreck et al., “Bumblebee

flight distances in relation to the forage landscape,” Journal of

Animal Ecology, vol. 77, no. 2, pp. 406-415, 2008.

[32] G. E. Shannon, “A mathematical theory of communication,”

TheBell System Technical Journal, vol. 27, pp. 379-423, 1948.

[33] J. H. Zar, Biostatistical Analysis, Prentice Hall, Upper Saddle

River, NJ, USA, 4th edition, 1999.

[34] S. A. S. Institute Inc, “JMP Version 8.0.2 for Macintosh,” SAS

Institute Inc., Gary, NG, USA, 2009.

[35] S. Gillespie, “Eactors affecting parasite prevalence among wild

bumblebees,” Ecological Entomology, vol. 35, no. 6, pp. 737-

747, 2010.

[36] G. N. Kissinger, S. A. Gameron, R. W. Thorp, B. White, and

L. E. Sober, “Survey of bumble bee {Bombus) pathogens and

parasites in Illinois and selected areas of northern Galifornia

and southern Oregon,” Journal of Invertebrate Pathology, vol.

107, no. 3, pp. 220-224, 2011.

[37] N. Gordes, E. Huang, J. P. Strange et al., “Interspecific geo-

graphic distribution and variation of the pathogens Nosema

bombis and Crithidia species in United States bumble bee

populations,” Journal of Invertebrate Pathology, vol. 109, pp.

209-216, 2012.

[38] Gommittee on the Status of Pollinators in North America

and National Research Gouncil, Status ofpollinators in North

America, The National Academies Press, Washington, DG,

USA, 2007.

[39] S. Rao, W. P. Stephen, G. Kimoto, and S. J. Debano, “The

status of the “red-listed” Bombas occidentalis (Hymenoptera:

Apiformes) in Northeastern Oregon,” Northwest Science, vol.

85, no. l,pp. 64-67, 2011.

[40] M. G. Otterstatter and J. D. Thomson, “Does pathogen spill-

over from commercially reared bumble bees threaten wild

pollinators?” PLoS ONE, vol. 3, no. 7, Article ID e2771, 2008.

[41] I. Meeus, M. J. E. Brown, D. G. De Graaf, and G. Smagghe,

“Effects of invasive parasites on bumble bee declines,” Conser-

vation Biology, vol. 25, no. 4, pp. 662-671, 2011.

[42] S. Durrer and P. Schmid-Hempel, “Shared use of flowers leads

to horizontal pathogen transmission,” Proceedings ofthe Royal

Society B, vol. 258, no. 1353, pp. 299-302, 1994.

[43] Y. P. Ghen, J. D. Evans, G. Murphy et al., “Morphological,

molecular, and phylogenetic characterization of Nosema cer-

anae, a microsporidian parasite isolated from the European

honey bee. Apis mellifera,” Journal ofEukaryotic Microbiology,

vol. 56, no. 2, pp. 142-147, 2009.

[44] I. Eries, “Nosema ceranae in European honey bees {Apis

mellifera)f Journal of Invertebrate Pathology, vol. 103, no. 1,

pp. S73-S79, 2010.

[45] S. Plischuk, R. Martin-Hernandez, L. Prieto et al., “South

American native bumblebees (Hymenoptera: Apidae) infected

by Nosema ceranae (Microsporidia), an emerging pathogen of

honeybees {Apis mellifera) f Environmental Microbiology Re-

ports, vol. 1, no. 2, pp. 131-135, 2009.



Psyche 11

[46] M. Higes, R. Martin, and A. Meana, "^Nosema ceranae, a new
microsporidian parasite in honeybees in Europe,” Journal of

Invertebrate Pathology, vol. 92, no. 2, pp. 93-95, 2006.

[47] J. Klee, A. M. Besana, E. Genersch et al., “Widespread dispersal

of the microsporidian Nosema ceranae, an emergent pathogen

of the western honey bee. Apis melliferaf Journal of Inverte-

brate Pathology, vol. 96, no. 1, pp. 1-10, 2007.

[48] D. Goulson, G. C. Lye, and B. Darvill, “Decline and conser-

vation of bumble bees,” Annual Review ofEntomology, vol. 53,

pp. 191-208,2008.

[49] S. Naeem, L. J. Thompson, S. P. Lawler, J. H. Lawton, and R. M.

Woodfin, “Declining biodiversity can alter the performance of

ecosystems,” Nature, vol. 368, no. 6473, pp. 734-737, 1994.

[50] M. Loreau, S. Naeem, P. Inchausti et al., “Ecology; biodiversity

and ecosystem functioning: current knowledge and future

challenges,” Science, vol. 294, no. 5543, pp. 804-808, 2001.





Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 495805, 12 pages

dohlO.l 155/2012/495805

Research Article

Plant Feeding in an Omnivorous Mirid, Dicyphus besperus:
Why Plant Context Matters

David R. Gillespie,^ Sherah L. VanLaerhoven,^ Robert R. McGregor,^

Shannon Chan,^ and Bernard D. Roitberg^

^ Pacific Agri-Food Research Centre, Agriculture and Agri-Food Canada, P. O. Box 1 000, Agassiz, BC, Canada VOM lAO
^ Department ofBiology, University of Windsor, Windsor, ON, Canada N9B3P4
^ Department ofBiology, Douglas College, PO. Box 2503, New Westminster, BC, Canada V3L 5B2

'^Evolutionary and Behavioural Ecology Research Group, Department ofBiological Sciences, Simon Fraser University, Burnaby,

BC, Canada V5A 1S6

Correspondence should be addressed to David R. Gillespie, dave.gillespie@agr.gc.ca

Received 2 August 2012; Accepted 30 August 2012

Academic Editor: Kleber Del-Claro

Copyright © 2012 David R. Gillespie et al. This is an open access article distributed under the Creative Commons Attribution

License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

True omnivores that feed on both plant and animal tissues are not additive combinations of herbivore and predator (carnivore).

Because true omnivores must distribute adaptive feeding decisions among two disparate tissue types, understanding the context

that plants provide for foraging is important to understand their role in food webs. We varied prey and plant resources to investigate

the plant context in an omnivorous true bug, Dicyphus hesperus. The contribution of plant species to fitness was unimportant in

water acquisition decisions, but affected numbers of prey consumed over longer periods. In plant communities, in the absence of

prey, D. hesperus moved to plants with the highest resource quality. Unlike pure predators facing declining prey, omnivores can

use a nondepleting resource to fund future foraging without paying a significant cost. However, the dual resource exploitation

can also impose significant constraints when both types of resources are essential. The presence of relatively profitable plants that

are spatially separate from intermediate consumer populations could provide a mechanism to promote stability within food webs

with plant-feeding omnivores. The effects of context in omnivores will require adding second-order terms to the Lotka-Volterra

structure to explicitly account for the kinds of interactions we have observed here.

1. Introduction

By definition, true omnivores {sensu
[ 1 ] ) feed at both plant

and consumer trophic levels. However, these animals are not

simply additive combinations of herbivores and predators

(carnivores) and as such, the rules governing omnivores’ use

of resources might not be implied from knowledge of the two

other feeding types. In addition, physical constraints (i.e.,

only one type of tissues may be consumed at a time) dictate

that these animals must alternate foraging effort between

the two types of food. If these two foods are essential,

then time and food intake should be budgeted to achieve

an optimum ratio of the two resources. Such diet-mixing

strategies are well known for a number of herbivores [2].

If the two food types are perfectly equivalent, the omnivore

should feed on whichever resource encountered [3]. If the

resources are not perfectly equivalent, then the omnivore

should employ some form of adaptive foraging rule that will

allow one resource to substitute for the other [4, 5]. These

rules can range from an increase in frequency of feeding

on the less valuable resource as the more valuable declines

in profitability, to a step-shaped switch in feeding activity

as the profitability of the more valuable resource declines

below a critical threshold. However, the rules that have been

studied to date were largely those for strict herbivores and

predators. It remains to be seen if such simple rules apply

to omnivores, given that the aforementioned rules often

lack a disparate resource context. For example, predators

may choose between different resource types, but these are

nutritionally relatively uniform compared to the diet choice

of a true omnivore [6]

.

Plant feeding and prey feeding decisions have important

implications for predator-prey dynamics and for energy
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flow within food webs [1, 7, 8]. Feeding on high-quality

plant parts by omnivores can induce a partial or complete

abandonment of foraging for prey, leading to outbreaks

of herbivores [9]. In contrast, the increase of omnivore

populations on a largely nondepleting plant resource can

result in omnivore populations overexploiting prey resources

and cause the extinction of those resources [7]. A decline

in plant quality (profitability) can result in omnivores

increasing their feeding on prey resources, and a decline

in prey availability can result in an increase in feeding on

plant resources [10, 11]; see [12] for an analysis of the

impact of such behaviour on community dynamics. In some

omnivorous true bugs (e.g., Heteroptera: Anthocoridae and

Miridae), plant feeding also replaces water lost via metabolic

functions [13-15] and as such, plant feeding might be

considered an essential resource in some omnivore’s diets.

Here, we investigate the influence of resource availability

and alternate foods as contexts for plant feeding and prey

feeding in an omnivore, Dicyphus hesperus Knight (Hemip-

tera: Miridae). This insect feeds on a variety of arthropod

prey on several different host plants and also feeds on those

host plants
[ 16, 17] . In nature, D. hesperus is a generalist with

respect to plant host [18] and, presumably, also to insect prey.

We have observed it feeding on moth eggs, whiteflies, spider

mites, thrips, and aphids in the laboratory. Dicyphus hesperus

feeds on leaf tissue, even when prey are available [16] and

relies on water obtained from feeding on leaves to replenish

reserves lost to extraoral digestion [14, 15].

Prey availability and plant feeding influence correlates of

fitness in this species as shown in a series of studies that we
have conducted [16, 17]. Feeding on prey in the presence

of leaf tissue provided an approximately 10% advantage in

development time, relative to individuals provided prey with

water only [16]. Reproduction and development did not

differ among individuals confined to leaves of nine different

host plants in the presence of prey [17]. However, in the

absence of prey, these nine host plant species had different

effects on both development and reproduction of this species

with some plant species supporting both development and

reproduction and others permitting only brief survival [17].

Taken together, these studies suggest a complex interaction

between plant and animal tissue on this zoophytophagous

omnivore.

In this paper, we describe a series of experiments that

attempt to better understand how and why omnivores re-

spond to disparate resources. We explore the influence of

alternative resources within the foraging site (fruits, leaves,

and prey) and the background of the plant community. We
show that context is in fact, key to developing an omnivore

feeding theory and provides some suggestions for further

work.

2. Materials and Methods

Laboratory colonies were established using D. hesperus col-

lected from white stem hedge nettle, Stachys alhens A. Gray

(Lamiaceae) in the foothills of the Sierra Nevada Mountains

at an elevation of ca. 300m near Woody, CA, USA (Lat.

35°42.9' N, long. 116°49.1' W) in 1999. These colonies were

maintained at 25.0 ± 0.5°C, 23.0 ± 0.5% RH and a 16h

light (500 |WE/m^/s) and 8h dark (0.5 |UE/m^/s) diel cycle.

Dicyphus hesperus were reared on tobacco Nicotiana tahacum

L. (Solanaceae) with previously frozen Ephestia kuehniella

Zeller (Lepidoptera: Pyralidae) eggs provided ad libitum.

These eggs were sourced from Beneficial Insectary Inc.,

Guelph, ON, Ganada.

2.1. Selection of Plant Tissue. We start with the general

observation that, in the absence of prey, D. hesperus feeds

on tomato fruits and a blemish on the fruit is evidence of

that feeding. Feeding on tomato fruits, as opposed to leaves,

either confers some fitness advantages to individuals or is

evidence of a change in foraging extent. In the latter case,

feeding on fruit tissue might result from individuals moving

from patches where prey are likely to be found (leaves) in

other locations on the plant selected at random. We pursue

two lines of evidence: firstly, are there fitness advantages

that result from being constrained to feeding on fruit? and

secondly, is there evidence that fruit tissue is selected in

preference to leaf tissue?

We measured fitness as a tissue-specific function of plant

feeding. We accomplished this by measuring survival and

oviposition of adult female D. hesperus feeding on either

tomato leaf or tomato fruit substrates in the presence or

absence of prey (eggs of E. kuehniella). These experiments

were conducted in small cages constructed from 250 mL
Styrofoam cups. A 50 mL plastic cup (Solo) was inserted

into the larger cup, and the void below was filled with tap

water. For exposure to leaf tissue, the stem of single tomato

leaf lobe (cultivar Patio) was inserted through a small hole

into the water below. The space around the hole was filled

with plastic putty to prevent D. hesperus adults drowning or

accessing water through the opening. For exposure to fruit

tissue, a green tomato fruit (cultivar Patio) was placed into

the cup. A small hole in the bottom of the Solo cup was

filled with plastic putty, and the void below the cup was filled

with water, as in the cups with leaves. In prey treatments,

E. kuehniella eggs were provided ad libitum on a 2 cm wide

X 1.3 cm deep strip of Post-it note. The cages were kept at

16 h daylength and 22°G and were inspected every 2 to 3 d,

and the insect state was determined (live or dead). The water

reservoir was refilled and new plant and prey sources were

provided at this time, and the number of D. hesperus eggs in

the plant tissue was counted. This experiment was conducted

with 20 pairs of D. hesperus. Males were replaced as they

died. The 20 pairs were observed in three separate cohorts

of 8, 7, and 5 pairs respectively. Age-specific survival and egg

production were recorded. Longevity of D. hesperus females

and total egg production were recorded from these data.

The effects of the above treatments on lifetime reproduc-

tive success were determined by calculating Euler’s exact r for

each cohort and treatment according to the equation:

00

1 = '^e~^^lxmx, ( 1 )

0

where x is time and lx and mx are the standard terms for

age-specific survival and reproduction. The values of r were
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treated as parametric variables and analyzed by a factorial

ANOVA with prey availability and plant tissue type as factors.

The effects of plant tissue type and prey availability on

egg deposition were determined in a factorial design ANOVA
with plant tissue type and presence/absence of prey as the

factors. These data were transformed by ln(x + 0.33) prior to

analysis so that the data met the assumptions of ANOVA. A
Tukey HSD test was used to discriminate between treatment

means. The means and 95% confidence limits (CLs) were

backtransformed for presentation. The effect of treatments

on longevity of adults was determined by Proportional

Hazards Fit (Cox Regression) in JPM 5.1 (SAS Institute,

Cary, NC, USA). The effects of plant tissue type were further

analyzed by survivorship analysis within each prey-treatment

regime.

If feeding on leaf and fruit plant tissue in D. hesperus

is opportunistic, then individuals presented with the two

tissues in a choice setting should express no preference for

either tissue. We tested this question in Petri dish arenas

(60 cm dia. X 10 cm deep) that controlled the area (amount)

of fruit and leaves of tomato (CV Patio) available to starved

adult female D. hesperus. We measured the frequency of fruit

feeding, based on the number of blemishes accumulated on

the tomato fruit disc in 24 h. Because feeding on leaf tissue

leaves no blemishes or other quantifiable evidence, we were

constrained to assess leaf feeding effort indirectly. Fruit and

leaf discs were offered in two areas, 50 mm^ or 12.5 mm^,
and choices were presented as 50 mm^ pairs, or 12.5 mm^
versus 50 mm^ unmatched pairs. Two fruit discs presented

together, 50 mm^ each, provided a measure of fruit feeding

frequency when no leaf resource was available. The leaf discs

were obtained from young, fully expanded tomato leaves

using a cork borer with a 65 mm^ opening and were cut to

avoid major leaf veins. Fruit discs were obtained by using

the same cork borer to extract a core from the equatorial

plane of green tomato fruits then cutting away the tissue

below the margin of the perimeter of the 65 mm^ disc of

epidermis and fruit tissue. The appropriate size was then

produced in the arenas using masks of Glad Press’n Seal

(The Glad Products Gompany, Oakland, GA, USA), in which

openings of the appropriate sizes were cut. Observation

showed that this produced a seal around the perimeter of

the plant tissues, and that adult D. hesperus were unable to

feed through this material. If fruit tissue provided an equal

resource to leaf tissue, then the number of blemishes on the

fruit should be in proportion to its relative availability in the

arena. We calculated a predicted number of blemishes on

fruit in each type of arenas by multiplying the number of

blemishes present when only fruit tissue was available by the

proportion of fruit tissue in the arena. We then subtracted

the predicted blemishes from the observed blemishes and,

for each proportion of fruit, determined if this difference was

different from zero by a Wilcoxon signed-rank test (JMP 7.0).

2.2. Relative Effort of Feeding on Plant and Prey Resources.

Omnivores can use the disparate resources in their diet in

two fundamentally different ways. They can diet-balance,

and thus acquire the two disparate resources in proportions

that provide an optimum diet. Alternatively, they can forage

adaptively and only feed on the less valuable resource in

the absence of the more profitable resource. Previous work

on D. hesperus suggest that this insect should diet-balance,

since it is dependent on water from plants for production

of saliva, and thus for extraoral digestion of prey tissue

[14, 15]. Plant sap in the diet confers a slight development

time advantage compared to individuals provided only water

from a wick [16]. Some plant species support development

and reproduction of D. hesperus and others do not [17].

We used the time allocated to plant and prey feeding

following deprivation of these resources to examine the

hypothesis that D. hesperus uses a diet-mixing strategy to

allocate effort to feeding on plant and prey resources. We
conducted these experiments on three plant species that have

been previously demonstrated to have different profitabilities

for D. hesperus. We provided prey (£. kuehniella eggs)

together with one of three plant species for 24 h, followed

by 24 h provision of both, either or neither of the resources.

The effect of these treatments was subsequently measured

by observing the time devoted to plant and prey feeding

in a subsequent 2 h observation where both resources were

provided. If D. hesperus used a diet-mixing strategy in

foraging, then we predicted individuals would subsequently

allocate time to foraging on the resource that had been absent

during treatment. If the profitability of tissue from different

plant species affected foraging decisions, then plant species

should affect the effort allocated to foraging.

Freshly emerged (<48 h old) adult females were extracted

from rearing cages. These were identified by the light

coloration of the wings and green coloration ofthe abdomen.

Insects were placed in 50 mL plastic cups (Solo Gup Gorpo-

ration) with eggs of E. kuehniella supplied ad libitum on a

strip of Post-it note (3M Gorporation, Minneapolis, MN,
USA), and a leaf of either chrysanthemum. Chrysanthemum

coronarium L. (Asteraceae), tomato, Lycopersicon esculentum

Mill cultivar Rhapsodie (Solanaceae), or mullein, Verbascum

thapsus L. (Scrophulariaceae). The petioles of the leaves

protruded through a hole in the bottom of the cup into a

water reservoir below, in order to keep the leaves in fresh

condition. These were held in the laboratory at 22° G, with

room lighting and a daylength of 12 h. This preexposure

ensured that the D. hesperus had experience with the plant

and prey combination, and that all females within a plant

species and prey group were in similar states when the

treatment period began.

After 24 h, the insects were transferred from cups con-

taining both leaves and prey to cups containing the exper-

imental treatments. Treatments were without prey/without

plant; without prey/with plant (a leaf of the same species as

provided in pre-exposure); with prey {E. kuehniella eggs ad

libitum on a Post-it note strip)/without plant; with prey/with

plant. As previously, cups with plants had leaf pieces with

petioles protruding through the bottom of the cup into a

water reservoir, which prevented wilting. These were held for

24 h on a benchtop in the laboratory.

The effects of plant and prey deprivation treatments on

the within-leaf feeding responses of individual D. hesperus

adults were evaluated in arenas constructed from 50mm
plastic Petri plates. Notches were cut in the edges of the
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bottom and top halves to accommodate leaf petioles. Leaves

of chrysanthemum, tomato, and mullein were cut to fit the

inside of the dish. The petiole of each leaf piece was extended

outside the dish through a small slot. The petiole was placed

into a vial of water to prevent wilting during observation.

Prey were supplied in all arenas (50 E. kuehniella eggs on a

Post-it note strip) and these were placed onto the leaf surface.

Insects were moved from the treatment cups into evaluation

arenas containing the same plant species as that on which

they had been preexposed and treated.

Dicyphus hesperus adults were observed continuously for

2 h. The start and finish times of bouts of plant feeding

and prey feeding were recorded with the aid of a stopwatch.

Times spent in plant and prey feeding during the entire

observation period were calculated by summing the feeding

times. A complete set of evaluation trials (including all three

plants species and all four deprivation treatments for each)

was recorded by two observers (six arenas per observer),

and plant species and deprivation treatments were assigned

haphazardly to observers. Sinia [19] demonstrated that time

spent in feeding and weight of food consumed were highly

correlated in D. hesperus thus; we, did not weigh prey or

plants to determine the mass consumed. The experiment was

repeated 15 times.

The effects of host plant species (plant species), access

to plant material during treatment (plant deprivation) and

access to prey during treatment (prey deprivation) on

the times spent in plant feeding and prey feeding during

subsequent observation were analyzed in a factorial design,

three-way MANOVA (response = contrast) in JMP 7.0. A
multivariate approach was required because prey feeding and

plant feeding are mutually dependent within subjects, that is,

the test subject can only do one thing or the other at any given

time. Moreover, many subjects only fed on one resource,

meaning that the dataset contained extreme values at both

ends of the distribution, and data transformations could not

produce a normal distribution. Females that fed on neither

resource were not included in either analysis.

2.3. Ejfects of Plants Species on Predation. We evaluated the

effects of plant species on predation. Because omnivores

like D. hesperus feed on plants to acquire water [14, 15],

plant species and their associated differences in biochemistry

may not actually provide a context for feeding decisions

and foraging effort. Sanchez et al. [17] showed that, in the

presence of prey, plant species did not affect development or

reproduction so, plants may simply be a source of water and

not affect foraging effort or foraging decisions. We evaluated

the effects of plant species on prey feeding activity following

periods of starvation. The purpose was to determine if plant

feeding affected the level of hunger, and thus reduced prey

feeding when prey subsequently became available. Female

D. hesperus, 7 or fewer days old, were placed in small cages

with no prey, and a leaf of either chrysanthemum, mullein,

pepper, tomato, or a water wick. These females were held,

without prey, for 0, 1, 2, 3, 4, 5, or 6 days of starvation. Leaves

were replaced if they degraded. Prey (eggs of E. kuehniella)

were then provided in the cages, on 1 cm wide pieces of

Post-it Note, as above, for 7 hours. The number of eggs that

were consumed was counted. The data were transformed by

log 10(x -H 1) to correct for lack of normality, and analyzed

by an analysis of covariance model, using JMP 10.0 (SAS

Institute, Cary, NC, USA).

Plant community potentially provides a different context

for foraging from that of individual plants. Sanchez et al.

[17] showed that life history and reproduction of D. hesperus

did not differ across plant species in the presence of prey,

suggesting that the availability of water to sustain extra-oral

digestion may not differ across plant species. Flowever, plants

can provide other resources including nutrition, shelter and

refuge, and innate expectation of prey. We evaluated the

effect of plant community on foraging effort by female D.

hesperus. Female D. hesperus, approximately 7 days old, were

starved in 500 mL cup cages, with a tomato leaf, for 48 h, then

placed in 65 cm cube cages with a tomato plant (“Rhapsodie,”

Rodgers Seeds, Boise, ID, USA) and one other plant species

—

either tomato, mullein or chrysanthemum. Four Postit note

strips, each with abundant (>1000) E. kuehniella eggs were

placed on each leaf of the tomato plant. After five days,

we counted the numbers of eggs consumed on each strip

and relocated the female. We considered the effects of plant

community on two variables: the total number of eggs eaten

and the number egg patches visited on the tomato plant.

The former was analyzed by a least squares ANOVA. Egg

count was transformed to log 10(x + 1) to correct for lack

of normality. The number of visits was analyzed by logistic

regression. The experiment was repeated 48 times for each

alternate plant species, but we only analyzed data for cages

where the female could be relocated at the end of the

experiment.

2.4. Adaptive Eoraging in the Presence of Prey. Experiments

described above demonstrated that D. hesperus does not

exhibit a preference for tomato fruit tissue over tomato

leaf tissue, although being constrained to long-term feeding

on tomato fruits in the absence of prey did confer a

slight advantage in survival in females compared to females

constrained on leaf tissue. In order to demonstrate that

feeding blemishes on green fruits on whole plants indicate a

change in foraging behaviour that is dependent on the prof-

itability of available resources, we conducted the following

experiment. Tomato plants, (cultivar Patio), 12 weeks old,

in a peat-based potting mix, in 15 cm pots, were reduced

to 4 leaves and 4 green fruit. These were placed in 65 cm
by 65 cm cages that were covered with fine cloth. Eggs of E.

kuehniella on 1cm wide x 1.3 cm deep Post-it note strips

served as prey patches. Three prey treatments were used:

high prey, consisting of a patch of >1000 eggs on each leaf;

a low prey treatment consisting of a patch of approximately

50 eggs on each leaf; a zero prey treatment. Five female D.

hesperus, <7 days old, were placed in each cage. After 7 days,

the fruit were removed from the plants and examined for

feeding punctures, which were counted and pooled across

fruit within cages. The experiment was replicated 10 times.

Prey availability treatments were compared using a one-way

ANOVA, and means were separated using a Tukey test with

a = 0.05.
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Table 1: Mean (upper and lower 95% CL) total eggs laid, lifetime (upper and lower 95% CL) and mean ± SEM, Euler’s exact r for female

D. hesperus on either tomato leaf or tomato fruit, with or without prey (eggs of E. kuhniella). N = 20.

Total eggs laid

{N = 20 females)

Longevity

{N = 20 females)

Euler’ exact r

(n = 3 cohorts)

Eruit, without prey 1.3 (0.8, 1.9) 17 (10, 23) 0.98 ± 0.023

Emit, with prey 15.0 (11.8, 19.0) 31 (15, 39) 1.08 ± 0.043

Leaf, without prey 3.0 (2.3, 4.0) 6 (3, 6) 1.21 ± 0.023

Leaf, with prey 41.8 (27.6, 63.1) 28 (4, 50) 1.34 ± 0.037

2.5. Adaptive Foraging for Plant Resources. In the absence of

prey, and opportunities to diet-balance, omnivores should

feed on the most profitable plant resource available to them

within the plant community. We tested this hypothesis using

feeding punctures on green tomato fruits on a tomato plant

as the indicator of feeding on various resources within cages

and in greenhouses. In cage experiments, tomato plants

(cultivar Patio) with fruit as above were paired with one

of the following plant treatments: a single mullein plant, a

single chrysanthemum plant, a single tomato plant (cultivar

Rhapsodic), or no other plant. There were no fruit or flowers

on any of these alternative plants. Ten females were placed in

each cage. The cages were inspected daily and the numbers of

insects on the Patio tomato plant was counted. The tomato

fruit were harvested and feeding punctures on the fruit

counted after 7 days. The sum of the numbers of D. hesperus

observed on the Patio tomato plants in each cage over 7

days served as an index of the effects of plant community

on potential for feeding on tomato fruits by D. hesperus.

Our a priori hypothesis was that the presence of any second

plant in the cage would reduce the number D. hesperus on

the tomato plant by approximately half, and that this would

result in a similar reduction in the amount of blemishing

on the tomato fruits. There were 7 replicates each of the

“none” and “Rhapsodic tomato” treatments and 8 each of the

“mullein” and “chrysanthemum” treatments. One replicate

of the “none” treatment was lost due to blossom end rot

on the fruits. Blemish data were transformed by log base

10 to correct for dependence of the variance on the mean.

Backtransformed means and SE values are presented. The

effects ofprey treatment on numbers of insects on plants and

on feeding punctures on fruit were compared using a one-

way ANOVA, and means were separated using a Tukey test

with a = 0.05.

A greenhouse experiment was conducted to further

examine the effects of plant community on plant feeding in

the absence of prey. Tomato plants, CV Rhapsodic, were

grown in hydroponics culture in 4 glass, greenhouse com-

partments (3.2 by 12 m). These compartments were each

split into two, 3.2 by 6m enclosures with a curtain of Agryl

P17 spun bond row cover (BBA Fiberweb, London, UK).

There were ten plants in each enclosure, arranged in two

rows of five each. These plants had grown to the full height of

the trellis wire (3.35 m), and each plant bore approximately

8 trusses of fruit ranging in age from freshly pollinated to

near-ripe. There were no prey on any of the plants. In

one enclosure in each compartment, a single mullein plant,

with a rosette diameter of approximately 60 cm, in a 30 cm

hanging basket pot, was placed in the centre of the plants,

suspended within the tomato crop canopy. Fifteen D.

hesperus were released on each tomato plant. The release

population consisted of 3 males, 3 females, 3 large nymphs,

and 6 small nymphs, which approximated the population

age structure in a previous experiment [17]. The numbers

of insects on each plant was counted three times during the

experiment, on days 3, 7, and 11. After 14 days, all fruit

were removed from all trusses on all plants in each house,

and the number of feeding punctures on each fruit was

counted. Data were recorded by plant truss, numbered from

lowest to highest on the plant, in order to also determine

if position of fruit on the plant affected the likelihood of

that fruit being blemished. Effects of the presence of mullein

on numbers of D. hesperus on plants were determined by

repeated measures (RMs) ANOVA. Effects on the proportion

of fruit with feeding punctures were determined by 2-way

ANOVA on arcsin (square root x) transformed data, with

mullein presence-absence (treatment) and truss number as

main effects. Summary data on proportion of blemished

fruits are reported as backtransformed lower 95% CL < mean
> upper 95% CL.

3. Results

3.1. Selection ofPlant Tissue. The intrinsic rate of increase, r,

was lower when females were provided fruit tissue than when
provided leaf tissue (Fi,8 = 54.3939, P < 0.0001, Table 1)

and was higher when prey were provided than when not

(Fi,8 = 12.8684, P = 0.0071). There was no interaction

between the factors (Fi,8 = 0.2236, P = 0.6489). Female

D. hesperus laid fewer eggs when on fruit than on leaf tissue

(Fi ,76 = 7.63, F = 0.0072) and more eggs when given prey

than when deprived {Fije = 57.35, P < 0.0001), and

there was no interaction between the factors (Fi,76 = 0.19,

F = 0.6625) (Table 1). There was an interaction between

plant and prey with respect to overall longevity (L-R =

7.03, F = 0.0080). Therefore, the effect of plant tissue type

was analyzed within prey treatment. In the absence of prey,

females on fruit lived longer than females on leaf tissue (L-R
= 26.23, F < 0.0001) and in the presence ofprey there was

no difference (L-R;^^ = 0.14, F = 0.7116). Thus, feeding on

fruit tissue in the absence of prey confers a slight advantage

in longevity over feeding on plant tissue. There is a disadvan-

tage to feeding on fruit tissue in the presence of prey.

3.2. Plant Tissue Preferences. In Petri dish arenas with

different proportions of leaf and fruit tissues available, the
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Table 2: Blemishing by D. hesperus females on fruit disks of different sizes in Petri dish arenas with different combinations of leaf and

fruit tissue available. The observed blemishes on fruit in arenas containing two different tissue types were subtracted from the area-adjusted

prediction for blemishes from the arenas with only fruit tissue, and tested by Wilcoxon signed-rank test to determine if this difference

deviated from zero. N = 30 for all tests.

Fruit area (mm^) Leaf area (mm^) Blemishes per fruit disk Wilcoxon test result

100 0 3.57 ± 2.24 —
50 50 1.17 ± 2.08 P = 0.0054

50 12 2.96 ± 3.07 P = 0.44

12 50 0.87 ± 1.59 P = 0.33

Table 3: Results of a three-factor MANOVA (response = contrast) of time spent in plant feeding and time spent

hesperus females.

in prey feeding by Dicyphus

Factor
df

MANOVA results

F P

Intercept 1, 120 30.50 <0.0001

HOST 2, 120 0.65 0.5237

PLANT 1, 120 10.76 0.0014

PREY 1, 120 26.97 <0.0001

HOST*PLANT 2, 120 0.53 0.5924

HOST*PREY 2, 120 0.96 0.3846

PLANT*PREY 1, 120 7.65 0.0066

HOST*PLANT*PREY 2, 120 0.84 0.4334

number ofblemishes on the fruit discs was less than expected

in arenas with an equal proportion of leaf and plant tissues

(Table 2). Otherwise, the number of feeding blemishes on

fruit tissue was not different from the number expected. This

result suggests that when the two tissue types were equally

available, D. hesperus females fed more frequently on leaf

than fruit tissue.

3.3. Relative Effort of Feeding on Plant and Prey Resources.

The resources provided to D. hesperus females during the

experimental period had a significant effect on the time

devoted to feeding on either of the two resources (Table 3).

When deprived of prey or plant prior to full access, females

spent more time feeding on the deprived resource than

when it had been available during the experimental period

(Figure 1). There was an interaction between plant and prey

access during the experimental period. Females that were

deprived ofprey, but provided plant, spent relatively less time

plant feeding than females in other deprivation treatments

(Figure 1). Host plant species did not affect the relative

time spent feeding on plant and prey resources following the

deprivation period. Thus, there is evidence that D. hesperus

diet-balances by expending effort to replace the resource that

has been deprived.

3.4. Effects of Plants Species on Predation. Plant species

affected the way in which female D. hesperus responded

to prey in starvation treatments (Figure 2, analysis of

covariance, Plant host * days of starvation, ^4,259 = 2.76,

P = 0.0281). The number of prey consumed increased with

starvation period for insects confined to pepper, tomato, or

water wicks (linear regression, Fi^si = 13.35, P = 0.0006;

Fi ,62
= 10.29, P = 0.0021; and Fi,58 = 4.63, P = 0.0357,

resp.) whilst prey consumption remained constant over time

for insects confined on chrysanthemum and mullein (linear

regression, ^1,59 = 0.66, P = 0.042; Fi,54 = 0.56, P =

0.46, resp.). The average number of prey consumed during

foraging bouts was affected by plant species (analysis of

covariance, ^4,259 = 5.09, P = 0.0006, and Tukey HSD). The

number of prey eaten by female D. hesperus was significantly

greater for insects confined on chrysanthemum ( 1.47 ±0.03 7)
than those confined on mullein (1.13 ± 0.074) and tomato

(1.22 ± 0.067). The overall numbers of prey consumed on

pepper (1.22 ± 0.075) and the water wick (1.35 ± 0.051) were

not different from each other or from the extremes.

In the plant community experiment, the species of the

alternate plant affected the number of prey eaten (^2,114 =

5.94, P = 0.0014). More prey were eaten when the alternate

plant was chrysanthemum (193 ± 28.5, N = 41) than when
it was tomato (75 ± 1.2, N = 38). The number of prey eaten

when mullein was the alternate plant (121 ± 25.0, N = 38)

was not different from either extreme. The number of prey

patches that were attacked was affected by the species of the

alternate plant (logistic regression, log-likelihood Chi Square

= 17.9, df = 2, P = 0.0001), and more visits were made
to the prey patch when chrysanthemum was the alternate

plant that when mullein or tomato were the alternate plants.

The females visited the prey patch 2.0 ± 0.21 times when
chrysanthemum was present, 1.2 ± 0.17 times when mullein

was present, and 0.9 ± 0.15 times when tomato was the

alternate plant.

3.5.

Adaptive Foraging for Plants in the Presence ofPrey. The

presence of prey on the leaf reduced the number of feeding
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Figure 1: Mean total time spent in (a) plant and prey feeding during a 2 h observation interval and (b) proportion of feeding time that was

plant feeding by Dicyphus hesperus females after 24 h experimental periods with or without access to plant tissue and/or prey.

punctures on fruit on whole tomato plants (F2,27 = 8. 12, P =

0.0017). There were more feeding punctures on fruit in cages

without prey (46.8 ± 14.15) than on fruit in cages with low

prey availability (3.9 ± 1.42) or high prey availability (5.6 ±

2.65), which were not different from each other (Tukey test,

a = 0.05). Thus, D. hesperus forages adaptively, for the most

valuable resource, and the presence of blemishes on green

fruit represents a shift in foraging strategy. Interestingly, the

presence of even very small numbers of prey on plants was

sufficient to keep the insects from shifting to feeding on

fruits.

3.6. Adaptive Foraging for Plant Resources. In cage experi-

ments examining the effects of plant community on adaptive

foraging for plant resources, experimental run was not

a significant effect for either accumulated numbers of D.

hesperus or numbers of blemishes on fruits (Fi ,22 = 2.266,

P = 0.080; Fi^2 i = 0.403, P = 0.533). Therefore, fiirther anal-

ysis was done without this factor. Blemishing results for one

cage were discarded due to disease symptoms on fruit. The

accumulated numbers of D. hesperus were highest on patio

tomato plants paired with no alternative plant, intermediate

on Patio tomato plants paired with either chrysanthemum

or tomato cultivar Rhapsodie, and lowest on Patio tomato

plants paired with mullein (Table 4; Fy26 = 21.722, P <

0.001). Feeding punctures on tomato fruits, however, did not

follow the same pattern, and feeding punctures were lowest

on patio tomato plants paired with mullein and not different

among the remaining combinations (Table 4, p3,25 = 9.611,

P < 0.001). These results indicate that D. hesperus uses
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Figure 2: Number of prey consumed by female D. hesperus after different periods of starvation while confined to chrysanthemum, mullein,

pepper, or tomato leaves, or with a wick providing water. N varies from 10 to 3 for each point.

an adaptive foraging strategy for plant species in communi-
ties and that it spends time in and devotes plant feeding effort

to the plant resource that provides the best fitness returns.

In greenhouse experiments, the number of D. hesperus

on Rhapsodie tomato plants in greenhouses decreased over

time (Figure 3; RM ANOVA, ^2,5 = 19.90, P = 0.004), but

there was no effect of treatment on the number of insects

in greenhouses (RM ANOVA, F2,5 = 1.12, P = 0.396).

There was a difference in the proportion of blemished fruit

(ANOVA, Pi ^9 = 8.19, P = 0.0059); the proportion of

fruit blemished was 0.012 < 0.023 < 0.038 in greenhouses

with mullein and 0.020 < 0.050 < 0.078 in greenhouses

without. Variance values are backtransformed confidence

limits, which are presented because the arcsin (squareroot

X) transformation yields asymmetric values for variance.

The proportion of blemished fruit varied with truss number
(Figure 4, Pi

,

9

= 4.81, P < 0.001), but there was no

interaction between treatment and truss with respect to the
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Table 4; Mean ± SE (N) accumulated numbers of D. hesperus on Patio tomato plants and number of blemishes on fruit in the presence of

different alternative plant species. Means in columns followed by the same letter are not significantly different (Tukey HSD, a = 0.05).

Alternative plant Accumulated Dicyphus Number ofblemishes on Patio tomato

None
50.3 ± 3.25 a 67.9 ± 5.88 a

(7) (7)

Chrysanthemum
35.4 ± 3.61b 51.2 ± 16.92 a

(8) (8)

Tomato (cultivar Rhapsodie)
27.4 ± 2.8 b 43.3 ± 15.70 a

(7) (7)

Mullein
12.7 + 2.7 c 6.2 + 2.16 b

(8) (8)
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Figure 3: Number of total D. hesperus (all stages) on tomato plants

in greenhouses in the presence or absence of mullein banker plants

and the absence of prey. Values are means ± SE, and N = 4 for each

bar.

proportion of fruits blemished (Fi ,9 = 1.07, P = 0.3958).

Fruits on the lowest (most ripe) truss were attacked at a

lower frequency than other fruits on the plant. These results

provide further evidence for the apparent adaptive plant

foraging strategy evident in the small cage experiments.

4. Discussion

In the introduction, we posited that true omnivores are not

simple, additive combinations of herbivore and predator. As

such, both the plant and prey environment should provide

context for foraging behaviour and should influence this

behaviour in ways that are unique to animals that have an

explicitly omnivorous diet. Prey and plant foraging decisions

should depend on the specific identity of both the plant

and prey resource, and evidence for this context should

emerge from the statistical interactions between plant and

prey factors in experiments. In fact, our results reveal exactly

these interactions and demonstrate that, for true omnivores

like D. hesperus, the plant context is extremely important. In

Figure 4; Distribution of blemishing on tomato fruits at different

heights (truss 1: low and most mature, truss 8: high and most

immature) on tomato plants 14 d after release ofDicyphus hesperus’

adults and nymphs.

the discussion that follows, we explore this hypothesis and

its implications for arthropod plant dynamics in food webs

containing true omnivores.

We assume that true omnivores forage for plant and prey

resources according to the rules of optimal foraging theory.

Thus, omnivores should forage to maximize fitness and can

do so by balancing diet, patch type, or time allocation [20].

A central concept of optimal foraging theory is that, for

any finite resource, food intake in a resource patch should

decrease with increasing time in the patch due to patch

depletion [21]. Patch depletion has an important influence

on the evolution of optimization decisions. However, for

small, plant-feeding omnivores that inhabit plants and feed

on plant tissue (as opposed to pollen or nectar) the plant

resource is essentially unlimited and does not readily deplete

with feeding. Optimal foraging decisions in these organisms

could therefore be made based on depletion of the prey

resource and the potential contribution of proximate plant

quality to fitness (profitability). In this work, we have

not attempted to calculate the optimum behaviours for D.

hesperus and we use “optimum” in the sense of seeking

the best decision providing the highest fitness returns in a

qualitative, rather than quantitative sense. Evidence for these
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relative fitness returns can be garnered from our experiments

here and from previous studies examining the effects ofplant

and prey diet on correlates of fitness [14, 16, 17].

For D. hesperus, the relative contribution of prey species

(animal tissue) to fitness is quite similar when contrasted

with the contribution of plant tissue [17], and in general,

the differences among plant tissue are of greater relative

magnitude than differences among prey tissues (e.g., [16, 17]

cf. [6]).

In the absence of prey, D. hesperus foraged on tomato

fruits, which led to an increased lifespan. This might

increase the opportunity for the insect to locate additional

resources that would support reproduction, Flowever, being

constrained to feed on tomato fruit tissue significantly

reduced the estimated intrinsic rate of increase, both with

and without prey. Therefore, feeding exclusively on tomato

fruits could be detrimental to D. hesperus. The intrinsic rate

of increase is an estimate of the potential profitability of a

resource [22] because it measures the effects of the resource

on potential population growth. In nature, D. hesperus would

not be constrained to feed continuously on a resource like

tomato fruits, and the short-term gains in longevity might

outweigh any incremental losses in reproductive potential

if they increase the probability of being able to find prey

in the future. In contrast, a pure predator facing declining

prey resources does not have the opportunity to use its

sole resource (prey) to fund future foraging returns without

paying a significant cost. When such resources are in decline,

then investment in energy stores would necessarily tradeoff

with somatic and gametic investment.

Above we discussed the dual resource exploitation as an

opportunity for omnivores; however, such a feeding strategy

can also impose significant constraints when both types of

resources are essential. When deprived of either plant or prey

resources, D. hesperus females increased the time feeding

on the deprived resource, suggesting that a degree of diet

balancing was occurring. However, plant species did not

affect the time spent plant feeding. Presumably, D. hesperus

were primarily replenishing water reserves, and this result

suggests that all plant leaf tissues provide similar access to

water. This is consistent with the results of Sanchez et al.
[ 17]

.

The relative time spent in plant feeding across all deprivation

treatments was considerably longer than time spent in prey

feeding, which reflects the relative contribution of the two

resources to fitness.

Based on the lack of effect of plant species on prey

feeding following deprivation, we expected that plant species

should not affect prey consumption over longer periods.

However, plant species did affect prey consumption in D.

hesperus following longer periods of prey deprivation. When
starved for up to 7 days on chrysanthemum, D. hesperus ate

more prey, when these were provided, than when starved

on mullein. Mullein has been shown to provide sufficient

nutrition to sustain development and reproduction in D.

hesperus whereas chrysanthemum does not [17]. Because

prey were provided on a common substrate, it is unlikely

that plant surface characteristics affected prey consumption.

In longer-term consumption experiments in simple plant

communities, D. hesperus ate more prey and visited more

prey patches in communities with chrysanthemum and

tomato than in communities with tomato only, reflecting

greater effort devoted to foraging when a low-quality plant

was present. Overall, the number of prey consumed by D.

hesperus was determined by hunger, by plant substrate, and

by plant community.

The makeup of plant communities also influenced

herbivory in D. hesperus. In both cage and greenhouse

experiments, herbivory on tomato plants in the absence of

prey, as measured by blemishing on fruits, was determined

by the makeup of the plant community. In particular, the

presence of mullein reduced blemishing, relative to mono-
culture tomato communities and ones with chrysanthemum.

This is consistent with the above experiments, which suggest

that plant contribution to fitness should be part of adaptive

foraging decisions in D. hesperus.

Studies on other omnivores foraging for spatially over-

lapping, complementary resources (e.g,, [23]) suggest that

as the availability of one resource declines, a dietary shift

to the other resource should occur. Western flower thrips,

Frankliniella occidentalis (Pergande) (Thysanoptera: Thripi-

dae), reduce feeding on cotton leaves in the presence of spider

mites, Tetranychus pacificus (Acari: Tetranychidae), and this

reduction appears to be a response to reduction in plant

quality through induction of plant defense by spider mite

feeding on the cotton plant [24]. On poor-quality plants,

reproduction and survival of F. occidentalis increased as a

result of feeding on predator eggs, but on high-quality plants

omnivorous feeding had no effects [25]. Plant feeding on

cotton by Geocoris punctipes occurred in the presence ofboth

high- and low-quality prey, but was greater in increase in the

presence of the poor-quality prey [22]

.

Other omnivorous insects strategically shift feeding

efforts based on availability of plant and prey resources. In

the presence of high-quality fruit (pods) on soybeans, Geo-

coris pallens reduced predation on aphids [26]. The availabil-

ity of pollen (a high-quality plant food) to omnivorous mites

can reduce predation on thrips and change the distribution

of predator mites on leaves [27]. Dicyphus tamaninii feed

on tomato fruits in the absence of prey [10, 28], but in this

species, development of nymphs will occur on tomato fruits

in the absence of prey [29]. However, in D. hesperus, feeding

on tomato fruits may not be an adaptive foraging strategy,

if there is no profitability associated with the resource. In

addition, D. hesperus expresses no preference for tomato

fruit tissue over leaf tissue. Therefore, other explanations

must be sought for the observed feeding on tomato fruits

in the absence of prey. Patch abandonment in D. hesperus

is influenced by both plant and prey profitability [30]. In

our cage experiment, D. hesperus could not abandon the

patch, since there were no other plant resources in the cage,

and plant feeding is essential for survival. The distribution

of D. hesperus is likely determined by the distribution of

its prey, since, at least on tomato plants, the distribution

should not be influenced by within-plant differences in plant

tissue profitability. Therefore, in the absence of prey it is

possible that D. hesperus forages for prey on all plant parts.

Feeding on fruit tissue may be the result of the insects

opportunistically engaging in herbivory while on fruits, as
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opposed to deliberately locating themselves on fruits in order

to feed. Alternatively, domesticated tomatoes may not confer

the same benefits as wild solanaceous plants, but they might

provide the same gustatory cues meaning D. hesperus may be

caught in an ecological trap. The plant and prey communities

used in these experiments are quite artificial and derive from

our previous work on the application of this species as a

biological control agent.

Where plants in communities vary in their direct con-

tribution to fitness and in their actual or potential prey

content, omnivores should utilize resources in those com-

munities according to optimal foraging rules, and thus plants

should provide context for feeding behaviour in omnivores.

Omnivorous insects are known to respond to plant species

or quality at the community scale in the presence or absence

of prey. Western flower thrips were more prevalent, during

migration, in flowers of tomato plants with a high nitrogen

status, compared to those with low N status [31]. Podisus

nigrispinus (Dallas) (Hemiptera: Pentatomidae) forages for a

native geometrid on a native plant, guava {Psidium guajava

L.), in preference to the same prey species on the exotic

Eucalyptus cloesiana (F. Muell), despite high prey abundance

on the latter [32]. Populations of Orius insidiosus in fields

were higher on bean and corn than on pepper or tomato

[33]. The former two crops support development, longevity,

and reproduction to a larger degree than the latter two

crops [34, 35]. For D. hesperus, plant profitability similarly

determines where the insects will be located and on what

they will feed. This is determined by emigration driven by

prey and plant profitability and by the profitability of other

available plants in the community (immigration).

In a broader context, true omnivores, that is animals that

feed on both plant and prey, use plants in a number of ways,

depending on the species and situation. Feeding on plant

tissue can top-up prey feeding, can replace prey feeding, or

can provide essential nutrients that are required as part of

an omnivore diet. The foraging strategies employed by true

omnivores to optimize the use of plant and prey resources

clearly depend on a plant context. True omnivores that live

on plants may feed on the intermediate consumer (e.g.,

herbivorous prey) available on the plant, can feed directly

on the plant part on which prey occur (e.g., leaves), seek out

other tissue within the plant, such as fruits, growing points

or seeds, or move to other plants or plant species within

the community. The stability of communities containing

omnivores has been a persistent theme in ecology over the

past decade (e.g., [4, 5, 7, 8, 36]), and several theoretical

mechanisms have been explored that might promote sta-

bility. Kfivan and Diehl [5] proposed that stability should

be promoted when an omnivore forages adaptively, and

the intermediate consumer is the more profitable prey. As

the intermediate prey number declines, the omnivore either

switches to feeding on the less profitable prey, or broadens its

diet, thereby providing the intermediate prey with a refuge

from predation. For D. hesperus, prey are far more profitable

than plants [16, 17] and plant species vary considerably in

their profitability [17]. It seems likely that as prey decline

in number, and thus patch value declines, the presence of

relatively profitable plants that are spatially separate from

those supporting intermediate consumer populations would

provide a mechanism to promote stability. We suggest that

exploring the effects of the context of plants for foraging

decisions in D. hesperus will require adding second-order

terms to the standard Lotka-Volterra structure in order to

explicitly account for the kinds of interactions we have

observed here.
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Species richness of terrestrial and freshwater biota generally decreases with increasing latitude. Some taxa, however, show an

anomalous species richness pattern in a regional or global scale. The aim of this study was to examine (i) regional variation

in species richness, (ii) faunistic composition, (iii) occupancy, and (iv) proportions of different distribution types of Finnish

crane flies. Analyses were based on incidence data pooled into 20 biogeographical provinces. Finnish crane fly fauna consists of

335 species; the provincial richness varies from 91 to 237. The species richness of all species and saproxylic/fungivorous species

decreased with increasing latitude; mire-dweUing crane flies displayed a reversed pattern (Spearman’s correlations). Thirty-one

species occupied a single province and 1 1 species were present in all provinces. Provincial assemblages showed a strong latitudinal

gradient (NMS ordination) and faunistic distance increased with increasing geographical distance (Mantel test). Nearly half (48%)

of the Finnish crane flies are Trans-Palaearctic, roughly one-third (34%) are West Palaearctic, and only 16 and 2% are Holarctic

and Fennoscandian, respectively. Endemic Fennoscandian species are discussed in detail; most likely there are no true endemic

crane flies in this region.

1. Introduction

1.1. Species Richness Gradient. In general, species richness

decreases with increasing latitude. The tropics harbor far

more animal and plant species than temperate or arctic zones

(e.g.,
[
1-3] ). The most probable explanations for this pattern

are related to productivity and biomass that are determined

by the amount of available energy (sun light) and evapotran-

spiration (moisture) [4, 5]. Moreover, historical factors such

as glaciations have shaped local flora and fauna: retreating

and advancing glaciers during the Pleistocene totally eradi-

cated fauna and flora from most high latitude areas, while the

tropics probably experienced less severe climatic stress [6] . In

addition, the tropics have the largest geographical land area,

and larger areas invariably support more species than smaller

areas [7, 8]. In smaller spatial scales, isolation, interspecific

interactions, disturbance, and environmental heterogeneity

also influence species richness (e.g., [9]).

Despite the preponderance of the general trend, some

taxa show a reversed latitudinal pattern in species richness.

For example, sawflies [10] and aphids [11] are richer in

species in the north boreal and temperate zones than in

the tropics. Within northwestern Europe (Fennoscandia, that

is, Nordic countries, Russian Karelia, and Kola peninsula),

species richness of stone flies
[ 12, 13], waders [ 14], and mire-

dwelling bird communities [15, 16] increases with increasing

latitude. It is hypothesized that availability of resources best

explains the reversed patterns. For instance, environmental

complexity, total area of flark fens, and abundance of inverte-

brate food explain the high species richness of mire-dwelling

birds and waders in north Fennoscandia
[ 14, 16] . In a similar

vein, exceptional diversity and abundance of Salix species,

the most important food plant for sawfly larvae, account for

the reversed pattern of sawfly richness [10, 17]. Parasitoid

ichneumonid wasps have long been assumed to have the

highest species richness in midiatitudes (e.g., [18, 19]), but

this notion is likely an artifact due to the poor sampling and

premature taxonomy of the superfamily [20-22].

1.2. Biogeography ofFinland. Finland is geographically part

of Fennoscandia, being located in northernmost Europe.

Current Fennoscandian biota in general, and Finnish in
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Table 1: Finnish biogeographical provinces, their abbreviations and full names, locations, sizes, and number ofMalaise trapping sites during

the years 2000-2011.

Abbr.

Provinces

Name N
Coordinates^

E
Size^ Malaise

A1 Alandia 6698 3107 1.5 19

Ab Regio aboensis 6714 3278 11.5 41

N Nylandia 6698 3385 8 16

Ka Karelia australis 6727 3505 3 0

St Satakunta 6841 3262 14.5 25

Ta Tavastia australis 6849 3357 25.5 24

Sa Savonia australis 6846 3547 22.5 2

Oa Ostrobottnia australis 6995 3267 14 35

Tb Tavastia borealis 6946 3410 19 28

Sb Savonia borealis 6983 3531 21 24

Kb Karelia borealis 6990 3642 24 28

Om Ostrobottnia media 7186 3404 25 3

Ok Ostrobottnia kajanense 7133 3570 24.5 12

Oba Ostrobottnia borealis pars australis 7244 3477 15 32

Obb Ostrobottnia borealis pars borealis 7388 3412 24.5 22

Ks Regio kuusamoensis 7327 3598 18 63

Lkoc Lapponia kemensis pars occidentalis 7514 3426 13 30

Lkor Lapponia kemensis pars orientalis 7532 3534 21 10

Le Lapponia enontekiensis 7636 3299 8.5 34

Li Lapponia inariensis 7708 3518 23 28

^National coordinate system grid 27°E; N coordinate refers to the distance from the equator (in km). Coordinates are given with an accuracy of one km and

refer to the midpoints of the provinces. 1000 km^.

particular, is strongly influenced by the legacy of Pleistocene

glaciations [23]. The latest glacial maximum (Weichselian)

took place about 18 000 years ago and only a small part

of Fennoscandia was free of ice some 1 1 000 years ago

[6, 23]. Based on the distribution of plant taxa [24],

proportions of short-winged carabids (Coleoptera) [25, 26],

and fossil evidence [27] ,
it has been suggested that the highest

mountain tops (nunataks) and islands along the Norwegian

cost were free of ice and some taxa were able to “overwinter”

there during the Weichselian maximum. However, within

Finnish borders, all terrestrial biota must have colonized

the area during the last circa 10 000 years. Because of this

recent origin of Finnish biota, endemic species (i.e., taxa only

present in Fennoscandia and nowhere else) are exceptions

(e.g., [28]). In general, Finnish biota could perhaps be

classified into three different colonization groups. Firstly,

European, or West Palaearctic, species currently present

in Finland are descendants of populations from separated

glacial refugia [29-31]. Secondly, in addition to southern

biota, Finnish fauna has a strong taiga element, that is, boreal

species of eastern origin, and thirdly, an arctic element, that

is, circumpolar species (e.g., [32-35]).

Finland is part of the Holarctic biome called the boreal

zone, that is, a belt of coniferous forests. Southernmost parts

of the country are hemiboreal, with mixed broad-leaved and

coniferous stands, whilst northernmost Finland is character-

ized by mountain birch {Betula puhescens ssp. czerepanovii)

forests and treeless fells. Because of this latitudinal variation.

Finland is an optimal region for biogeographic studies. In

addition, such large-scale studies are made possible by the

long faunistic and floristic tradition practiced there. For

over 100 years, Finnish fauna and flora have been mapped
according to 21 biogeographical provinces (e.g., [36-38],

Table 1, Figure 1). Despite the fact that the boundaries of the

provinces follow historical and/or current Finnish political

municipalities, occurrence data mapped as such has been

successfully analyzed in several biogeographic studies (e.g.,

[13, 39]). One of the advantages of provincial approach

to biodiversity studies is that old data from the literature

or museum specimens with inaccurate labeling can be

taken into account. It allows one to examine large-scale

trends in species richness and distribution of taxa, but

finer scale variation will of course be hidden. To conclude,

the composition and species richness of Finnish fauna and

flora are mainly driven by latitudinal variation and local

environmental factors [39-44]. The impact of latitude is not

surprising, given the long, over 1100 km, gradient from south

to north. To some extent, plant assemblages reflect increase

of continentality from western to northeastern Fennoscandia

[45, 46] , but among insects longitude is a poor biogeographic

predictor in NW Europe [39].

1.3. Crane Flies (Diptera, Tipuloidea), Finnish Fauna Empha-

sized. Crane flies are very speciose and ecologically diverse.

Over 15 000 valid species are currently known, 3175 of

these are from the Palaearctic region [47]. Most crane fly
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Figure 1: Schematic view of Finland, showing the location of

biogeographical provinces (see Table 1 for abbreviations). Squares

represent north boreal, triangels middle boreal and diamonds hemi

and south boreal ecoregions. North co-ordinates are kilometers

from the Equator. SWE = Sweden, NOR = Norway, RUS = Russia.

larvae prefer moist environments and eat detritus or prey

upon other invertebrates [46]. There are also saproxylic,

fungivorous, and herbivorous crane flies [48-50]. Adults are

mainly short lived and have nonbiting mouthparts. Globally,

the highest species richness of crane flies is encountered

in the tropics and perhaps a notable number of tropical

tipuloids still await their description. However, crane flies

may occur abundantly in the boreal and arctic biomes

[51], thus comprising an important component of food

webs (e.g., [52]). The phylogeny of Tipuloidea is not yet

fully resolved [53], but the monophyly of Tipulomorpha

(Tipuloidea + Trichoceridae) in relation to other Diptera

seems to be solid [54]. Most European authors follow Stary’s

[55] classification, that is, families Limoniidae, Tipulidae,

Pediciidae, and Cylindrotomidae are recognized.

A short historical review of the Finnish crane fly

taxonomy, ecology, and faunistics was provided by Salmela

[56]

. In short, Carl Lundstrom was the first who studied

Finnish fauna seriously, roughly one hundred years ago. After

that, Finnish crane flies were studied especially by Bern-

hard Mannheims (1950s-1960s) and Olavi Rautio (1980s).

However, during those decades, the general faunistic and

ecological knowledge remained poor. Spatially representative

Malaise trapping and other sampling of adult crane flies

performed during the years 2000-2011 have substantially

improved knowledge on regional fauna ([57-63], Table 1).

During the last 12 years, 53 species (16% of the observed

species richness) have been found for the first time from

Finland and hundreds of new provincial records have been

accumulated.

The aim of this paper is to examine patterns in species

richness, assemblage composition, and occupancy of crane

flies, based on data pooled into biogeographical provinces.

The bulk of this data is extracted from one of the largest

Malaise trap samples ever collected (see Section 2). I also

studied proportions of four main distribution types (Trans-

Palaearctic, West Palaearctic, Holarctic, Fennoscandian)

within ecoregions (hemi, and south boreal, middle boreal,

and north boreal). Species richness patterns were examined

for all species and for two ecological groups, mire-dwellers

and saproxylic/fungivorous species.

2. Material and Methods

2.1. Study Area and Data Sets. Finland is located between

59°30'N and 70°05'N and 19°07'E and 3r35'E, being

part of the boreal zone, that is, zone of coniferous forests.

Finland is divided into four major ecoregions or vegetation

zones, namely, (from south to north) hemiboreal, south

boreal, middle boreal, and north boreal and these zones

are further divided into subzones (Figure 1). This zonation

is mainly controlled by climate (e.g., decreasing mean
annual temperature towards the north, differences in the

length of the growing season, duration of snow cover,

and continentality in a northeast-southwest gradient) and

also topographic relief. Differences in vegetation structure

between neighboring zones are not clear-cut but gradual

changes take place along a latitudinal gradient (e.g., change

of mire massif types from peat bogs to aapamires across the

border of the southern and middle boreal regions). Finnish

bedrock is mainly composed of acidic silicaceous rocks,

intermediate (e.g., mica schist, amphibolite) or calcareous

(marbles, dolomite) rocks are generally rare. For further

information, see for example [45, 64, 65].

A traditional way to map species’ occurrences in Finland

is to use biogeographical provinces (see, e.g., [37], Figure 1).

There are a total of 21 such provinces, their surface areas

range from 1500 to 25 500km^ (Tablet). In the present

study, the very small province Kl (Karelia ladogensis) was

merged to Sa (full names of the provinces are given in

Table 1). Boundaries of the provinces mainly follow border-

lines of Finnish municipalities and are thus administrative

in nature. Because the provinces were unequal in size, the

number of species in each province was corrected using

formula:

where Scor is the corrected number of species. Sobs the

observed number of species in a province, A is the area of

a province, and z is a constant taken from the species-area

relationship (0.15 was chosen, see [13, 40]).

Observed and corrected provincial species numbers were

calculated for (i) all species, (ii) mire-dwelling species, and

(iii) saproxylic/fungivorous species. Ombrotrophic bogs and

poor-rich fens, mostly open or sparsely wooded, are the

principal habitats for the mire-dwelling species as defined

here. Spring-dwelling taxa were neglected, although most

springs fall to mire types in Finnish mire ecology [65]. Some
of the mire dwellers may also occur in swampy lake shores

(such as Molophilus hihamatus, Prionocera turcica), but they

are generally core species of peatlands. Subjective assessment
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is unavoidable here, but it is based on careful consideration

by the author. Less subjective is the classification of crane

flies into saproxylic/fungivorous species. Some genera are

strictly fungivorous (e.g., Metalimnohia, Ula) or dependent

on decaying wood (e.g., Gnophomyia, Lipsothrix) [66-68].

Classification of some species as saproxylic is based on

the author’s personal observations {Limnonia badia, Tipula

pseudoirrorata, and T. stenostyla). Because some species are

both saproxylic and fungivorous (i.e., larvae feeding on

wood-decaying polyporous fungi), their combination here is

justified. A total of 51 species were classified as mire dwellers

and 42 as saproxylic/fungivorous (Table 6).

The occurrence of crane flies in Finnish provinces

mainly follows Salmela [56]. However, after that publication,

three species have been recorded as new for the regional

fauna [Dicranomyia klefbecki, Ormosia hederae, and Tipula

pauli), one species was described as new for science {Tipula

recondita, [69] ) and some provincial occurrences were added

and corrected. The Finnish list of crane flies now consists of

335 species, of which only one {Tipula peliostigma, doubtful

species) lacks provincial data (see [56]).

Biogeographical provinces were further classified into

three groups, roughly corresponding to ecoregions or veg-

etation zones: (i) hemiboreal and south boreal (Al, Ab,

N, Ka, Ta, Tb, Sa, St, and Sb), (ii) middle boreal (Oa,

Kb, Ok, Om, Oba, and Obb), and (hi) north boreal

(Ks, Lkoc, Lkor, Le, Li). For each zone, (a) total species

richness of crane flies, (b) number of species present in

only one of the zones, (c) number of species present in all

three zones, and (d) numbers of species representing four

different distribution types were calculated. The distribution

types used are Holarctic, Trans -Palaearctic, West Palaearctic,

and Fennoscandian [47]. Holarctic species occur in both

Nearctic and Palaearctic realms, Trans-Palaearctic species

are recorded from both the eastern and the western part

of the Palaearctic region. West Palaearctic species occur

west of Ural mountains, and Fennoscandian species are not

recorded outside Finland, Sweden, Norway, Kola Peninsula,

and Russian Karelia. Further, numbers of crane flies that

are absent from Central Europe (occurrence in the Baltic

countries was allowed) were recorded for the three zones.

All available data dealing with the Tipuloidea fauna of

Finland was compiled for the first time in 2006. Data from

the literature, Finnish museum specimens, and the author’s

personal observations were entered into a database, which

includes locality data and ecological information, if available.

This database has since been updated and by the end of

March 2012 it included 14 782 entries for the families

Limoniidae, Tipulidae, Pediciidae, and Cylindrotomidae

(entry = data from a museum specimen or an observation

from a single locality). Between the years 2000 and 2011,

crane flies have been collected quite intensively in Finland,

especially by Malaise traps and sweep netting. Most of this

material has been collected by me, but also material collected

by several other persons was identified and tabulated. In

total, 476 Malaise trapping sites, circa 1670 Malaise trapping

months, form the core of this new material; this collecting

effort yielded 101081 crane fly specimens and 301 species

and is perhaps the largest Malaise trapping so far performed.

One trap per locality was used in the majority of study sites,

rarely three or more (maximum 15 traps in a study site).

Malaise trapping was performed across a wide spatial scale,

ranging from Aland Islands to the northernmost Finland

(Table 1). Further, important material was collected from

decaying trees using trunk-emergence traps (e.g., Halme

et al. submitted ms). However, it must be stressed that

some provinces are far better sampled than others (Table 1)

and some habitats are rather well (headwater streams, and

springs, northern aapamires), some rather poorly (meadows,

shores of large rivers, and Baltic coastal meadows south of

Oba) represented in the Malaise trapping material. In spite of

that, collecting effort has not been substantially different in

the south, middle, and north boreal zones and the variation

in species richness and faunistic composition should reflect

real phenomena, not artifacts due to differing sample sizes

(see below for details).

2.2. Statistical Methods. The faunistic composition of

provincial crane fly assemblages was examined using non-

metric multidimensional scaling (NMS) ordination. NMS is

an ordination method, in which the original ranked distances

(based on distance measure) of the sample units in the

p-dimensional species space are forced to a reduced, k-

dimensional ordination [70, 71]. The Jaccard coefficient was

used as a distance measure. Spearman’s correlation coeffi-

cient was calculated between the ordination’s coordinates of

the provinces and latitudinal and longitudinal coordinates.

McCune and Grace [71, pages 107-108] questioned whether

it is appropriate to present P values in this connection

because coordinate points of the sampling units along the

dimensions are not independent variables. By calculating

correlation, however, it is possible to interpret the geograph-

ical variation of provincial assemblages.

The Mantel test was used to examine the relationship

between the faunistic dissimilarity and the geographical

distance of the provinces. The Mantel test is used to test

the null hypothesis of no relationship between two distance

matrices, that is, the test evaluates linear correlation between

two distance matrices. Each matrix is calculated from a

different set of variables, measured for the same sample units

(here provinces) [70, 71]. The test value rM is analogous

to the Pearson correlation coefficient (range -1 and 1).

Statistical significance is calculated by permutation (9000

permutations were used). The Jaccard coefficient was used

as a distance measure for crane flies and Euclidean distance

for geographic coordinates of the provinces.

Occupancy of crane flies in the provinces was calculated

(i.e. number of species present in one, two, three,..., 20

provinces). No statistical fitting of occupancy frequency

distribution was applied (e.g., [72]), and the shape of the

distribution was assessed based on visual examination.

In order to analyze relationship with latitude and species

richness (observed and corrected richness, see above), Spear-

man’s {Rs) correlations were calculated. However, because

observed species richness correlated positively with Malaise

trapping effort {Rs = 0.54, P = 0.014), a partial correlation

was also applied. This method can be defined as the

correlation ofthe residuals after regression on the controlling
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Table 2; Observed and corrected species richness of crane flies (Diptera, Tipuloidea) in Finnish biogeographical provinces for all species,

mire-dwellers, and saproxylic/fungivorous species.

All

Observed

species

Corrected Observed

Mire species

Corrected

Saproxylic species

Observed Corrected

A1 117 110.1 19 17.9 14 13.2

Ab 237 164.3 30 20.8 31 21.5

N 204 149.3 22 16.1 33 24.2

Ka 95 80.6 10 8.5 13 11.0

St 152 101.8 18 12.1 21 14.1

Ta 230 141.5 30 18.5 35 21.5

Sa 140 87.8 13 8.1 22 13.8

Oa 162 109.0 26 17.5 20 13.5

Tb 188 120.9 32 20.6 30 19.3

Sb 176 111.5 29 18.4 28 17.7

Kb 168 104.3 25 15.5 30 18.6

Om 91 56.2 19 11.7 10 6.2

Ok 139 86.0 23 14.2 26 16.1

Oba 145 96.6 29 19.3 16 10.7

Obb 120 74.3 32 19.8 16 9.9

Ks 178 115.4 40 25.9 21 13.6

Lkoc 160 108.9 44 29.9 22 15.0

Lkor 95 60.2 32 20.3 7 4.4

Le 127 92.1 34 24.7 10 7.3

Li 136 85.0 34 21.2 13 8.1

variable. In other words. correlation between observed Table 3: Spearman’s correlations between provincial species rich-

species richness (all species, saproxylic/fungivorous species,

and mire-dwellers species) and latitude was controlled for

Malaise trapping effort. Furthermore, Malaise trapping effort

was taken into account by using sample-based rarefaction.

Malaise trapping sites were compiled to a single sites X

species matrix and were arranged according to ecoregions.

The aim of this analysis was to evaluate whether rarefaction,

that is, a method to standardize trapping effort, yields similar

results as raw species richness counts for the ecoregions. It

was thus predicted that hemi- and south boreal ecoregions

have the highest rarefied richness, followed by middle and

north boreal regions. NMS, Mantel test, correlations, and

rarefaction were computed using the program PAST 2.14

[73].

ness (observed and corrected) and latitude (N coordinates of

the provinces). Correlation coefficients and associated P values

are given for all species, mire-dwelling species, and saprox-

ylic/fungivorous species. Partial correlation coefficients and P val-

ues are given for observed species richness and latitude, controlling

for per province Malaise trapping effort (see Table 1).

Rs P Partial P

All species
Observed

Corrected

-0.352 0.128 -0.628 0.004

-0.521 0.018

Mire species
Observed

Corrected

0.705 0.001 0.731 <0.001

0.557 0.011

Saproxylic species
Observed

Corrected

-0.522 0.018 -0.646 0.003

-0.614 0.004

3. Results

Species richness of all species is the highest in the southern

provinces Ab, Ta, and N (237-204 spp., Table 2), and

both observed and corrected species richness were in

negative relation with latitude (Table 3). The correlation

is statistically significant for corrected species richness and

partial correlation between latitude and observed species

richness (controlling for Malaise trapping effort) (Table 3).

Saproxylic/fungivorous species richness also follows the same

pattern as that of all species, but mire-dwellers species have a

reversed species richness pattern, that is, increasing number
of species with increasing latitude (Tables 2 and 3). A total

of 31 species occupied a single province and 11 species

were present in all provinces (Figure 2); mean occupancy per

species was 9.2 (SD 5.9). The obtained occupancy frequency

distribution (Figure 2) resembles unimodal with a satellite

mode.

NMS ordination (Figure 3) indicated that provincial

crane fly assemblages are separating along a latitudinal

gradient. Distribution of provinces along the first NMS axis

is positively correlated with latitude {Rs = 0.904, P <

0.0001), but neither the first nor the second axis is correlated

with longitude {Rs = 0.354-0.099, P = 0.125-0.677). In

parallel to the NMS ordination, the faunistic similarity of

the provinces decreases with increasing geographic distance

(Mantel test Mr = 0.737, P < 0.001, Figured). Pairwise
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Provinces occupied (%)

Figure 2; Occupancy frequency distribution of Finnish crane flies

(Diptera, Tipuloidea, 334 spp.) in the biogeographical provinces

(n = 20).

Figure 3: Two-dimensional NMS ordination ofprovincial (Diptera,

Tipuloidea) crane fly assemblages (stress value 0.1105).

Jaccard distances ranged from 0.182 (Ab-Ta) to 0.786 (Le-

Ka), the average being 0.54 (SD ± 0.121).

Almost half (48%) of the Finnish crane fly fauna is com-

posed of wide-ranging, Trans-Palaearctic species (Tabled).

Roughly one-third (34%) of the species are West Palaearctic

and only 16 and 2% are Flolarctic and Fennoscandian,

respectively. Considering regional faunae (i.e., hemi- and

south, middle, and north boreal), proportions of different

distribution types remain roughly similar (Tabled). There

is, however, a trend that the proportion of West Palaearctic

species decreases from south to north. Correspondingly,

the proportion of Holarctic and Trans-Palaearctic species

increases from south to north (Table 4). The proportion of

Fennoscandian species is low, roughly 1 or 2%, in each zone.

Pooled species richness is the highest in the hemi-

and south boreal zone (278 spp.), being lower, but of

similar magnitude in the middle boreal (244) and north

boreal (235) zones (Figure 5). Based on rarefied Malaise

trapping data, ecoregions are ranked similarly as raw species

richness (Figure 6(a)). Rarefied richness at the level of 101

Figure 4; Correlation between provincial crane fly (Diptera,

Tipuloidea), assemblage dissimilarity (1 -Jaccard coefficient), and

geographical distance (km) of the provinces.

Table 4: Total numbers and proportions of different distribution

types among crane flies (Diptera, Tipuloidea) in Finland and in

the ecoregions (hemi and south boreal, middle boreal, and north

boreal).

FIN
Hemi- and

south bor.
Middle bor. North bor.

HOV 54 (16%) 37 (13%) 40 (16%) 41 (17%)

Tr-PAD 161 (48%) 137 (49%) 124 (51%) 124 (53%)

WPAD 113 (34%) 102 (37%) 77 (31%) 65 (28%)

FENSCA^ 6 (2%) 2 (1%) 3 (1%) 5 (2%)

^Holarctic, ^Trans-Palaearctic, ^West Palaearctic, '^Fennoscandian.

trapping sites (the number of trap sites in the middle boreal

ecoregion) is 220 (SD ± 4.9) for the hemi- and south boreal

region, 195 (SD ± 4.8) and 186 (SD ± 4.2) for the middle

and north boreal zones, respectively. Flowever, standard

deviations of the two latter zones are overlapping, indicating

similar level of species richness (Figure 6(b)).

The hemi- and south boreal zone harbors 45 species that

are only recorded there, only six species are restricted to the

middle boreal zone, and 30 species occur only in the north

boreal zone. A total of 170 species are far ranging, known
from all boreal zones within Finland. 56 (17% out of total)

Finnish crane fly species are absent from Central Europe and

the number of such species clearly increases from the hemi-

and south boreal (20 spp.) to the north boreal zone (47 spp.)

(Figure 5).

4. Discussion

4.1. Regional Species Richness and Its Variation. In general,

the species richness and assemblage composition of Finnish

crane flies correlated strongly with latitude, a result that is

highly concordant with studies on other insects [41, 44],

plants [40], and birds [74]. The diversity gradients are

not explained by latitude itself, but environmental variables

correlated with it [3] . In Fennoscandian scale, those variables
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boreal

Figure 5: Pooled species richness (white bars) of crane flies

(Diptera, Tipuloidea) and numbers of species not occurring in

Central Europe (slashed bars) in the hemi- and south, middle, and

north boreal zones. See the text for the delineation of the zones.

are mostly associated with climate [75-77], for example,

length of growing season and monthly mean temperatures.

In addition to climate, historical and ecological factors may
also account for the observed patterns [75, 78]. Within

vascular plants, for example, north of latitude 64°N the

species richness of plants ceases to decrease; a potential

explanation is the ancient, postglacial colonization of the

land area from both northern and southern species pools

[75]. Colonization in general is faster in favorable climatic

conditions and slower in the ecological tolerance limits of a

species [75]. Hence, at least some species, initially exapnding

their ranges either from the south or the north, are now in

their climatic equlibrium. It still must be stressed that recent

range extensions of Finnish crane flies are unknown, because

of the lack of long-term monitoring.

Firstly, I found that richness of all species and saprox-

ylic/fungivorous species decreased with increasing latitude.

Most species rich provinces lie in southwestern Finland

(Ab, Ta, and N), and most species poor in southern,

central, and northern Finland (Ka, Om, and Lkor). With no

doubt, this result is partly explained by unequal sampling

efforts between the provinces: it is highly unlikely that

neighboring provinces N and Ka differ almost 50% in

their species richness. There are differences in the recent

provincial sampling efforts (Table 1), but there are also

historical differences. Although there has been modest and

nonsystematic sampling prior to the 2000s in Finland [56],

some regions have gained more faunistic interest than others.

For example, the southwestern part of the province Ta

was sampled by T. Brander and others in the 1960s [79,

80] yielded numerous new records for that province. The

northeastern province Ks also received special attention [81],

as did Li [82] . The southern provinces Ab and N are the most

densely populated in Finland and have also harbored most

professional and amateur entomologists during past decades;

even occasional collecting by these persons has accumulated

the number of observed species in south Finland (see.

Number of Malaise trapping sites

(a)

Rarefied number of species

(b)

Figure 6: Rarefied regional species richness of Finnish crane

flies (Diptera, Tipuloidea) based on Malaise trapping data (see

Table 1), here arranged according to ecoregions, (a) Sample-based

rarefaction curves, dot line = hemi- and south boreal, dashed line =

middle boreal, and solid line = north boreal. Standard deviations

are not shown, (b) Rarefied species richness at the level of 101 traps,

means, and SDs. H and S B = hemi- and south boreal, M B = middle

boreal, and N B = north boreal ecoregion.

e.g., [83] for a bias in mapping data). However, regional

differences in species richness are not solely explained by

sampling artifacts. Local species richness is usually correlated

with regional richness (type I relationship, [84]). That is,

local assemblages embedded in species rich regions harbor

more species than those in less diverse regions. Salmela [85]

compared three sampling localities, which were considered

the most species rich crane fly sites so far studied in southern

and northern Finland. Those sites, headwater streams with

similar sampling effort, were situated in the provinces N, Ta,

and Li. Using raw data and individual-based rarefaction, it

was noted that species richness was the highest in the south

(N, Ta) and the lowest in the north (Li). Even though the

data set was small, this may be used as implicit evidence

of the general latitudinal gradient. In parallel, sample-based

rarefaction of the nation-wide Malaise trapping data also

indicated the decrease in species richness from south to

north, although middle boreal and north boreal ecoregions

seemed to harbor similar level of rarefied species richness.

Considering saproxylic and fungivorous species, the

observed pattern was expected since the number of tree
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species decreases toward the north (e.g., [45]). In north-

ernmost Finland, large districts are treeless fells or mainly

covered by one species, mountain birch, whereas there is

a much richer assortment of deciduous and coniferous

trees in southernmost Finland, It should be noted that

some of the saproxylic crane flies, such as Elephantomyia

edwardsi and Gnophomyia acheron, are confined to, or at least

preferring, old-growth forests. Due to the human influence,

such forests are rare especially in southern and western

Finland, being isolated patches within a matrix of managed

stands [64] . Reflecting this habitat degradation, many forest-

dwelling beetles have vanished from southern and western

parts of the country [86]. Furthermore, restoration success,

measured as numbers of pyrophilous and saproxylic species

after prescribed burning, differs between eastern and western

Finland [87]. Thus, regional differences in the management

history of Finnish forests have already affected species’

ranges, but there is no data to evaluate regional extinctions

among forest-dwelling crane flies.

Secondly, even though a general decrease of provincial

species numbers from south to north was observed, this

decline is not very large. Pooling the provinces into three

zones, roughly corresponding to the boreal ecoregions

(Figure 4), an absolute difference of 43 species between

hemi- and south boreal and north boreal zones was found.

Furthermore, there is also a true turnover in the Finnish

fauna; this is evidenced by the provincial assemblage vari-

ation (see below for further discussion) and also by the

numbers of species restricted to respective zones. Over 40

species are truly southern, not occurring in the middle or

north boreal zones, and 30 north boreal species display an

opposite pattern. The middle boreal zone harbors few (6

spp.) species recorded only there, which implies that this

zone is a mixture of northern and southern elements. In

other words, there is true turnover, not just a gradient created

by regional differences in alpha diversity (e.g., [88]).

Thirdly, there was a reversed latitudinal species richness

pattern among mire-dwelling crane flies. A similar increase

in species numbers has been observed among the avifauna

of Finnish mires [16]. In general, Finland is a land of mires:

about one-third of the land area was originally covered by

peatlands [65]. Mires prevail in the Finnish landscape in

central and northern Finland, especially in provinces such

as Om, Oba, Lkoc, and Lkor [65]. Finnish mires can be

roughly divided into two major types, ombrotrophic (raised

bogs) and minerotrophic (aapamires, fens). The former are

typical in the south boreal zone, the latter dominate in the

middle and north boreal zones [65], Compared to bogs,

aapamires are rather heterogeneous in their surface patterns

and vegetation. By definition, bogs receive only rain water

and are thus poor in cations and characterized by low pH
values. Aapamires vary from poor to rich fens and have

diverse plant communities driven by pH and availability of

nutrients [89]. Within aapamires, there is a tendency that

shallow, inundated pools called flarks are more common
in the north compared to the south [16, 65]. The large

surface area of flark fens in the north provides plentiful insect

food for waders and other insectivorous birds [15], partly

explaining the reversed gradient among peatland birds. It is

likely that sheer area effect (total surface area of mires) and

environmental heterogeneity (amount of flark fens, presence

of calcareous bedrocks) account for the high species richness

of mire-dwelling crane flies in the northern provinces. As

with the forests discussed above, human impact on Finnish

mires is higher in the south than in the north. About 60%
of Finnish mires have been drained in order to improve

timber growth, and most of the pristine or lightly affected

mires lie in the north boreal zone [65] , In a nationwide scale,

the importance of this large-scale deterioration in habitat

quality and diminishing area is practically unknown for

crane flies.

Fourthly, occupancy of crane fly species in the provinces

was dominated by rare species, and the obtained occupancy

frequency distribution resembles unimodal with a satellite

mode [72], However, no statistical distribution was fitted to

the observed one. If an ad hoc threshold value close to 25%
(quartile) is applied here (see [90]), 104 Finnish crane fly

species are known from four or fewer provinces (<20%) and

could be regarded as rare. On the other end, 52 species are

common, known from 17 to 20 provinces.

4.2. Provincial Variation ofCrane Fly Assemblages. Provincial

crane fly assemblages were highly correlated with latitude.

That is, crane fly assemblages differentiate along a south-

north gradient. This result is in accordance with the result

that faunistic similarity decreases with increasing geographic

distance. Based on visual inspection of the NMS ordination

(Figure 3), there are no clear clusters of provinces; rather, we
see a continuum-like faunal differentiation along the latitu-

dinal gradient. It must be noted that the distance measure

used, 1-Jaccard coefficient, is based on incidence data only.

The pair-wise provincial similarities take no information

on abundances of species, which may have effects to the

results obtained [91]. I hypothesize that differences between

provinces would be greater if abundance data had been used.

For example, Tipula excisa is among the most numerous

species in northernmost Finland, in Li and Le (e.g., [61]),

becoming a low-abundance species south of the subalpine

fell district. The range of this species extends as far south

as Oba (the record from Oa is dubious, [56]) and, despite

differences in abundance, the species has the same weight

in all pair-wise calculations. However, good abundance data

is hard to achieve [92], and such data for crane flies is far

beyond the horizon. Even though I have Malaise trapping

data that is spatially extensive, this trapping method seriously

underestimates abundances of certain species (J. Salmela,

unpublished).

The notion that provincial assemblages are greatly

affected by latitude is not surprising [39, 76] . As noted above

(Sections 1 and 2), zonation of ecoregions is principally

controlled by the climate. Along this climatic gradient

habitats gradually change, partly explaining faunal differ-

ences. Perhaps more importantly, however, climate itself

must play a crucial role as a determinant of species’

ranges, regulating, for example, respiration and life cycles

of ectothermic animals (e.g., [93]). Among Fennoscandian

insects, longitude is a poor predictor of species composition

[39], but it explains floristic composition better [40, 46],
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Table 5: “Endemic” Fennoscandian crane fly (Diptera, Tipuloidea) species occurring in Finland, their current and predicted ranges and

notes on taxonomic status of each species. See the text for details.

Occurrence Taxonomy True range

Dicranomyia lulensis FINbSWE^ OK Palaearctic, boreal, and hemiarctic?

Limonia messaurea m. FIN, SWF OK, separate ssp. in the Russian Far East Palaearctic, boreal?

Rhabdomastix parva FIN, SWF, NOR3, ICE4 Parthenogenetic Arctic?

Symplecta lindrothi FIN, SWF OK Palaearctic, boreal, and temperate?

Tipula fendleri FIN Perhaps a syn. of T. nigrolamina Boreo-montane, Trans-Palaearctic?

Cylindrotoma borealis FIN, NOR, RKar^ Perhaps intraspecific variation of C. distinctissima Holarctic?

^Finland, ^Sweden, ^Norway, “^Iceland, ^Russian Karelia.

In this study, no significant correlations between ordination

axes and longitude were found. However, in Fennoscandian

scale, some species are indeed eastern taiga species and have

not been found from Sweden or Norway (e.g. Phylidorea

umhrarum, Gnophomyia acheron, and Tipula octomaculata)

.

Western, or oceanic, crane fly species may be hard to be

distinguished from southern species.

As discussed above, there is a turnover of crane fly

species from south to north, not merely a decreasing number
of species along this gradient. The observed patterns lead

to the following predictions: (i) the composition of local

communities is partly determined by latitude and (ii) local

communities should be richer in species in the south

than in the north (open bogs and fens showing opposite

pattern). I refrain from delineating any biogeographic zones

based on the occurrence of crane fly species, mainly due

to the fact that the data used is perhaps not satisfactory

(incidence, not abundance) for such purposes. It seems that

invertebrate assemblages in Finland are rather different in

the apices of the latitudinal gradient, but the transition

of species composition is gradual, not strictly defined by

vegetation zones [13, 44]. However, despite the gradual

change of species compositions, there seemingly are zones

where biotic turnover is more pronounced than elsewhere

[74, 94]. As evidenced by diversity differentiation derived

from Shannon-Wiener H' index values of land birds [74, 94]

and TWINSPAN classification of spring-dwelling aquatic

macroinvertebrates [44], one such zone is on the border of

middle and north boreal Finland. I leave it here open whether

the border of middle and north boreal ecoregions is also an

important transition zone for local crane fly assemblages.

Nevertheless, it appears that the number of species not

occurring in Central Europe is highest in the north boreal

zone. Such species are generally circumpolar and eastern,

having their origin in the arctic or boreal areas.

4.3. Distribution Types of Finnish Crane Flies. Almost half

of the Finnish crane flies are Trans-Palaearctic species.

Proportion of these species is the highest in the north boreal

zone (53%), the lowest in the hemi- and south boreal zone

(49%). The difference, however, is not drastic. This group

of Trans-Palaearctic species contains crane flies that are

ubiquitous and wide spread, such as Nephrotoma scurra [95]

.

On the other hand, there are also species such as Tipula

kaisilai and Tipula subexcisa that are rare, disjunct species

known from northern Fennoscandia and the mountains of

the eastern Palaearctic region [47]. In general, due to the

rather poor knowledge of crane flies outside Europe, the

designation of species here as wide ranging does not refer

to their area of occupancy, that is, the number of grid cells

occupied, and thus Trans-Palaearctic (and Holarctic) species

may be anything from common to rare.

Western Palaearctic species total about one-third (34%)

of the Einnish crane fly fauna, and the proportion of these

species is clearly higher in the south (37%) than in the

north (28%). It is very likely that species of European

lowlands, that are mainly associated with deciduous broad-

leaved forests [96], are in Eennoscandia restricted by habitat

and climate to the southern areas. Nevertheless, the group

of western Palaearctic species also encompasses crane flies

that are boreo-alpine or boreo-montane [97], that is, species

not associated with nemoral forests (e.g., Tipula pallidicosta

and T cinereocincta). Holarctic species, covering 16% of

the fauna, are chiefly northern species with a circumpolar

range (e.g., Arctoconopa forcipata, Prionocera ringdahli).

Some of the Holarctic species are “western arctic”, that is,

only known from the Nearctic region and Fennoscandia

(e.g., Dicranomyia intricata, D. moniliformis). However, as

noted above, not too much weight should be given to the

current faunistic knowledge of crane flies, since occurrences

of species are still poorly mapped. In addition, there may
still be taxonomic problems and some presently Holarctic

species may actually consist of separate species in the

Nearctic and Palaearctic realms, or vice versa. According to

Mikkola et al. [32] , truly Holarctic noctuid species are mainly

arctic (inhabitants of tundra) and species living in the taiga

(boreal forests) are mainly Nearctic/Palaearctic species pairs.

This pattern is apparently caused by the legacy of the last

glaciation (Beringean refugia of Holarctic species) and an

earlier (6mya) split of Holarctic forests [32].

A small proportion, 2%, of Finnish crane flies is

Fennoscandian, that is, only known from Finland and/or

neighboring areas (Norway, Sweden, Kola Peninsula, and

Russian Karelia). These species are problematic, because

Fennoscandia generally lacks endemic animal species. I will

shortly discuss these species separately, given their potential

historical and evolutionary interest (summarized in Table 5).

Dicranomyia lulensis is known from northern Sweden and

Finland [56] . The species maybe locally abundant in swampy
mires. The flying season is rather late, starting in mid-August
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Table 6: List of Finnish crane fly (Diptera, Tipuloidea) species, supplied with information on regional and global range size.

Saproxylic/fungivorous and mire-dwelling species are indicated. Nomenclature follows Oosterbroek [47].

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

Limoniidae

Achyrolimonia decemmaculata 8 Sb, Mb 0.5 WPAL 1

Adelphomyia punctum 3 Sb, Mb 1.2 Tr-PAL

Antocha vitripennis 4 Sb, Mb, Nb n.p. Tr-PAL

Arctoconopa forcipata 1 Nb n.p. HOL 1

A. obscuripes 1 Nb n.p. HOL 1

A. zonata 11 Sb, Mb, Nb 2.9 Tr-PAL

Atypophthalmus inustus 6 Sb 2.1 Tr-PAL 1

Austrolimnophila (Archilimnophila) harperi 5 Mb,Nb 1.9 HOL 1 1

A. unica 12 Sb, Mb, Nb 11.9 HOL 1

Cheilotrichia (Cheilotrichia) imhuta 10 Sb, Mb, Nb 2.6 Tr-PAL

C. (Empeda) areolata 8 Mb,Nb 5.7 HOL 1 1

C. (Empeda) cinerascens 15 Sb, Mb, Nb 24.7 WPAL
C. (Empeda) neglecta 10 Sb, Mb 3.3 WPAL
Chionea (Chionea) araneoides 6 Sb, Mb, Nb 0.5 WPAL
C. (C.) crassipes 3 Mb,Nb n.p. Tr-PAL 1

C. (Sphaeconophilus) lutescens 6 Sb, Mb, Nb 0.2 WPAL
Crypteria limnophiloides 11 Sb, Mb, Nb 5.2 WPAL
Dicranomyia (D.) aperta 6 Sb, Mb, Nb 3.8 HOL 1

D. (D.) autumnalis 13 Sb, Mb, Nb 4.3 WPAL
D. (D.) consimilis 11 Sb, Mb, Nb 3.6 Tr-PAL

D. (D.) didyma 11 Sb, Mb, Nb 3.3 Tr-PAL

D. (D.) distendens 18 Sb, Mb, Nb 41.6 HOL 1

D. (D.) frontalis 17 Sb, Mb, Nb 4.8 HOL
D. (D.) halterata 9 Sb, Mb, Nb 1.7 HOL
D. (D.) handlirschi 5 Sb, Mb 0.5 Tr-PAL

D. (D.) hyalinata 12 Sb, Mb, Nb 6.4 HOL 1 1

D. (D.) longipennis 3 Mb,Nb 0.7 HOL 1

D. (D.) mitis 12 Sb, Mb, Nb 1.2 Tr-PAL

D. (D.) modesta 20 Sb, Mb, Nb 26.1 HOL
D. (D.) moniliformis 2 Nb 0.5 HOL 1 1

D. (D.) omissinervis 3 Mb,Nb 1.0 Tr-PAL

D. (D.) patens 13 Sb, Mb, Nb 2.4 Tr-PAL

D. (D.) radegasti 1 Sb 0.2 WPAL
D. (D.) sera 4 Sb, Mb 1.2 HOL
D. (D.) terraenovae 17 Sb, Mb, Nb 18.8 HOL 1

D. (D.) ventralis 11 Sb, Mb, Nb 5.5 Tr-PAL 1

D. (D.) zernyi 4 Sb, Mb 0.5 Tr-PAL

D. (Glochina) liberta 5 Sb, Mb n.p. HOL 1

D. (G.) tristis 6 Sb,Nb 1.0 Tr-PAL

D. (Idiopyga) danica 3 Sb n.p. Tr-PAL

D. (L) esbeni 1 Mb 0.2 Tr-PAL 1

D. (L) halterella 15 Sb, Mb, Nb 14.0 HOL
D. (L) intricata 4 Mb,Nb 1.7 HOL 1 1

D. (I.) klefbecki 1 Sb n.p. HOL 1 1

D. (L) lulensis 3 Nb 2.9 FENNSC 1 1

D. (L) magnicauda 11 Sb, Mb, Nb 0.5 HOL 1

D. (L) murina 3 Nb 0.5 HOL 1

D. (L) ponojensis 9 Sb, Mb, Nb 11.4 HOL 1 1
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Table 6: Continued.

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

D. (I.) stigmatica 15 Sb, Mb, Nb 20.0 Tr-PAL 1

D. (Melanolimonia) caledonica 3 Nb 2.9 Tr-PAL

D. (M.) morio 15 Sb, Mb, Nb 1.7 Tr-PAL

D. (M.) occidua 5 Mb,Nb 2.9 Tr-PAL 1

D. (M.) rufiventris 15 Sb, Mb, Nb 26.4 Tr-PAL 1

D. (M.) stylifera 3 Nb 0.7 WPAL
D. (Numantia) fusca 8 Sb, Mb 4.8 HOL
Dicranoptycha cinerascens 2 Sb n.p. WPAL
D. fuscescens 2 Sb n.p. Tr-PAL

Dicranophragma (Brachylimnophila) separatum 20 Sb, Mb, Nb 52.3 WPAL
Discobola annulata 16 Sb, Mb, Nb 12.8 HOL 1

D. Caesarea 14 Sb, Mb, Nb 5.9 Tr-PAL 1

Elephantomyia (E.) edwardsi 3 Sb 0.5 WPAL 1

E. (E.) krivosheinae 11 Sb, Mb, Nb 1.4 Tr-PAL 1

Eloeophila maculata 15 Sb, Mb, Nb 16.2 Tr-PAL

E. submarmorata 4 Sb, Mb 1.7 WPAL
E. trimaculata 18 Sb, Mb, Nb 19.2 WPAL
E. verralli 1 Sb n.p. WPAL
Epiphragma (E.) ocellare 12 Sb, Mb 10.2 HOL 1

Erioconopa diuturna 12 Sb, Mb, Nb 10.2 WPAL 1

E. trivialis 13 Sb, Mb 1.9 WPAL
Erioptera (E.) beckeri 13 Sb, Mb, Nb 2.6 Tr-PAL 1

E. (E.) divisa 6 Sb, Mb 2.1 WPAL
E. (E.) flavata 20 Sb, Mb, Nb 24.5 Tr-PAL 1

E. (E.) griseipennis 2 Sb n.p. WPAL
E. (E.) lutea 19 Sb, Mb, Nb 32.3 Tr-PAL

E. (E.) nielseni 12 Sb, Mb, Nb 4.3 WPAL 1

E. (E.) pederi 4 Sb 1.2 Tr-PAL

E. (E.) sordida 19 Sb, Mb, Nb 17.6 Tr-PAL

E. (E.) squalida 6 Sb, Mb, Nb 1.9 WPAL
E. (E.) tordi 1 Sb 0.2 Tr-PAL 1

Euphylidorea dispar 5 Sb 1.7 WPAL
E. meigenii 14 Sb, Mb, Nb 12.4 WPAL 1

E. phaeostigma 20 Sb, Mb, Nb 28.5 WPAL
Eutonia barbipes 4 Sb 0.2 WPAL
Gnophomyia acheron 2 Sb, Mb 0.2 Tr-PAL 1 1

G. lugubris 5 Sb, Mb 0.5 Tr-PAL 1

G. viridipennis 3 Sb 0.2 Tr-PAL 1

Gonempeda flava 1 Sb 0.2 WPAL
Gonomyia (G.) abscondita 6 Sb, Mb 1.9 WPAL
G. (G.) bifida 2 Sb 0.2 WPAL
G. (G.) dentata 5 Sb, Mb 0.5 Tr-PAL

G. (G.) simplex 7 Sb, Mb 1.9 WPAL
G. (G.) stackelbergi 7 Mb,Nb 8.6 Tr-PAL 1

G. (G.) tenella 3 Sb 0.2 WPAL
G. (Teuchogonomyia) edwardsi 2 Sb n.p. Tr-PAL

Helius (H. ) flavus 6 Sb 1.2 Tr-PAL

H. (H.) longirostris 17 Sb, Mb, Nb 7.4 WPAL
H. (H.) pallirostris 1 Sb n.p. Tr-PAL

Hexatoma (H.) fuscipennis 7 Mb,Nb 0.2 WPAL
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Table 6: Continued.

Range

Prov.^ FIN^ Mal%3 Glob^ No C EUR5 Sx6

Hoplolabis (Parilisia) areolata 4 Sb,Nb 0.2 WPAL
H. (P. ) vicina 9 Sb, Mb, Nb 1.0 Tr-PAL

Idioptera linnei 15 Sb, Mb, Nb 12.8 Tr-PAL

1. pulchella 19 Sb, Mb, Nb 23.5 Tr-PAL

Libnotes (Afrolimonia) ladogensis 3 Sb, Mb 0.5 Tr-PAL 1

Limnophila (L.) pictipennis 1 Sb n.p. Tr-PAL

L. (L.) schranki 16 Sb, Mb, Nb 8.3 Tr-PAL

Limonia badia 6 Sb, Mb n.p. HOL 1 1

L. flavipes 13 Sb, Mb, Nb 12.1 WPAL
L. macrostigma 18 Sb, Mb, Nb 11.9 Tr-PAL

L. maculicosta 1 Nb n.p. HOL 1

L. messaurea 1 Mb n.p. FENNSC 1

L. nubeculosa 8 Sb, Mb 1.0 HOL
L. phragmitidis 15 Sb, Mb, Nb 6.2 Tr-PAL

L. stigma 4 Sb, Mb 0.2 WPAL
L. sylvicola 16 Sb, Mb, Nb 10.5 Tr-PAL

L. trivittata 17 Sb, Mb, Nb 5.0 Tr-PAL

Lipsothrix ecucullata 11 Sb, Mb, Nb 9.5 WPAL 1

L. errans 1 Sb 0.5 WPAL 1

Metalimnobia (M.) bifasciata 19 Sb, Mb, Nb 22.1 Tr-PAL 1

M. (M.) charlesi 11 Sb, Mb, Nb 4.3 WPAL 1

M. (M.) quadrimaculata 20 Sb, Mb, Nb 11.9 HOL 1

M. (M.) quadrinotata 20 Sb, Mb, Nb 33.5 Tr-PAL 1

M. (M.) tenua 12 Sb, Mb, Nb 11.4 Tr-PAL 1

M. (M.) zetterstedti 20 Sb, Mb, Nb 50.1 Tr-PAL 1

Molophilus (M.) appendiculatus 12 Sb, Mb, Nb 8.3 Tr-PAL

M. (M.) ater 18 Sb, Mb, Nb 12.8 Tr-PAL

M. (M.) bifidus 4 Sb, Nb 0.7 WPAL
M. (M.) bihamatus 10 Sb, Mb, Nb 7.1 WPAL
M. (M.) cinereifrons 7 Sb, Mb 2.6 WPAL
M. (M.) corniger 7 Sb,Mb 6.9 WPAL
M. (M.) crassipygus 18 Sb, Mb, Nb 17.3 WPAL
M. (M.)flavus 19 Sb, Mb, Nb 50.4 WPAL
M. (M.) griseus 11 Sb, Mb, Nb 4.0 WPAL
M. (M.) medius 8 Sb, Mb 6.7 WPAL
M. (M.) obscurus 1 Sb n.p. WPAL
M. (M.) occultus 1 Sb 0.2 WPAL
M. (M.) ochraceus 11 Sb, Mb 5.9 WPAL
M. (M.) propinquus 16 Sb, Mb, Nb 9.0 Tr-PAL

M. (M.) pullus 2 Sb 0.7 WPAL
Neolimnomyia (N. ) batava 3 Sb 1.0 WPAL
Neolimnophila carteri 8 Sb, Mb 6.4 WPAL
N. placida 8 Sb, Mb 0.2 Tr-PAL

Neolimonia dumetorum 11 Sb, Mb 8.1 WPAL 1

Orimarga (0.) attenuata 8 Sb, Mb, Nb 8.6 Tr-PAL

0. (0.) juvenilis 2 Mb,Nb 0.2 WPAL
Ormosia (Oreophila) sootryeni 8 Sb, Mb, Nb 2.4 Tr-PAL 1

0. (Ormosia) brevinervis 1 Nb n.p. WPAL 1

0. (0.) clavata 6 Sb, Mb 5.9 WPAL
0. (0.) depilata 15 Sb, Mb, Nb 33.7 WPAL
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Table 6: Continued.

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

0. (0.) fascipennis 6 Sb,Nb 0.7 HOT
0. (0.) hederae 1 Sb n.p. Tr-PAL

0. (0.) lineata 12 Sb, Mb 10.0 WPAL
0. (0.) loxia 4 Sb 1.2 WPAL
0. (0.) pseudosimilis 16 Sb, Mb, Nb 13.3 WPAL
0. (0.) ruficauda 20 Sb, Mb, Nb 67.7 WPAL
0. (0.) staegeriana 18 Sb, Mb, Nb 11.6 WPAL
Paradelphomyia (Oxyrhiza) fuscula 9 Sb, Mb 14.7 WPAL
P. (0.) nigrina 3 Sb,Nb 1.9 WPAL 1

P (Macrolabina) nigronotata 2 Sb,Nb n.p. Tr-PAL

P (Paraphylidorea) fulvonervosa 19 Sb, Mb, Nb 41.1 Tr-PAL

Phylidorea (P ) abdominalis 16 Sb, Mb, Nb 7.4 WPAL 1

P (P ) bicolor 14 Sb, Mb, Nb 3.6 WPAL
P (P) ferruginea 14 Sb, Mb, Nb 10.2 Tr-PAL

P (P ) heterogyna 16 Sb, Mb, Nb 11.4 WPAL 1

P (P ) longicornis 18 Sb, Mb, Nb 11.9 Tr-PAL

P (P ) nervosa 7 Sb, Mb 1.7 WPAL
P (P ) squalens 19 Sb, Mb, Nb 37.8 Tr-PAL 1

P (P ) umbrarum 4 Nb 5.9 Tr-PAL 1 1

Phyllolabis macroura 4 Sb,Nb 1.7 WPAL
Pilaria decolor 19 Sb, Mb, Nb 8.6 WPAL
P discicollis 13 Sb, Mb, Nb 2.6 WPAL
P meridiana 18 Sb, Mb, Nb 12.4 HOL
P nigropunctata 4 Sb, Mb 0.5 WPAL
P scutellata 3 Sb 0.2 Tr-PAL

Pseudolimnophila (P ) lucorum 4 Sb, Mb 1.2 Tr-PAL

Rhabdomastix (R.) borealis 1 Nb n.p. HOL 1

R. (R.) laeta 8 Sb, Mb, Nb 3.1 Tr-PAL

R. (unplaced) parva 1 Nb 0.5 FENNSC 1

Rhipidia (R.) maculata 20 Sb, Mb, Nb 25.7 HOL
R. (R.) uniseriata 16 Sb, Mb, Nb 3.3 Tr-PAL 1

Rhypholophus haemorrhoidalis 16 Sb, Mb, Nb 13.1 WPAL
R. varius 5 Sb 1.9 WPAL
Scleroprocta pentagonalis 2 Mb 1.0 Tr-PAL

S. sororcula 16 Sb, Mb, Nb 16.6 WPAL
Symplecta (Psiloconopa) lindrothi 7 Sb, Mb, Nb 1.0 FENNSC 1

S. (P ) meigeni 7 Mb,Nb 3.1 Tr-PAL

S. (P ) stictica 8 Sb,Mb 1.7 Tr-PAL

S. (S.) chosenensis 1 Sb n.p. Tr-PAL

S. (S.) hybrida 16 Sb, Mb, Nb 4.5 HOL
S. (S.) scotica 5 Sb, Mb, Nb 0.5 HOL
S. (S.) mabelana 2 Nb 0.2 HOL
S. (Trimicra) pilipes 2 Sb n.p. HOL
Tasiocera (Dasymolophilus) exigua 10 Sb, Mb, Nb 10.5 WPAL
T (D.) fuscescens 2 Sb 1.2 WPAL
T (D.) murina 4 Sb,Nb 1.7 WPAL

Tipulidae

Angarotipula tumidicornis 7 Sb, Mb, Nb 6.2 Tr-PAL 1 1

Ctenophora (C.) flaveolata 2 Sb n.p. WPAL 1

C. (C.) guttata 11 Sb,Mb 0.2 Tr-PAL 1
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Table 6: Continued.

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

C. (C.) nigriceps 1 Mb 0.2 WPAL 1

C. (C.) pectinicornis 2 Sb n.p. WPAL 1

Dictenidia bimaculata 18 Sb, Mb, Nb 12.4 Tr-PAL 1

Dolichopeza (D.) albipes 9 Sb, Mb, Nb 2.9 WPAL
D. (D.) bifida 4 Sb, Mb, Nb 1.0 Tr-PAL

Nephrotoma aculeata 12 Sb, Mb 1.7 Tr-PAL

N. analis 10 Sb, Mb 4.0 Tr-PAL

N. appendiculata 9 Sb, Mb 0.7 WPAL
N. cornicina 14 Sb, Mb 1.2 HOL
N. crocata 11 Sb, Mb n.p. Tr-PAL

N. dorsalis 10 Sb, Mb, Nb 1.7 Tr-PAL

N. fiavescens 11 Sb, Mb 1.4 HOL
N. lundbecki 1 Nb n.p. HOL 1

N. lunulicornis 11 Sb, Mb 3.1 Tr-PAL

N. pratensis 5 Sb n.p. Tr-PAL

N. quadristriata 7 Sb,Nb n.p. Tr-PAL

N. relicta 1 Nb n.p. Tr-PAL 1

N. scurra 19 Sb, Mb, Nb 1.4 Tr-PAL

N. submaculosa 1 Mb n.p. WPAL
N. tenuipes 12 Sb, Mb, Nb 1.4 Tr-PAL

Nigrotipula nigra 14 Sb, Mb, Nb 1.4 Tr-PAL

Phoroctenia vittata 6 Sb, Mb, Nb 1.0 Tr-PAL 1

Prionocera abscondita 2 Nb 1.0 Tr-PAL 1 1

P chosenicola 11 Sb, Mb, Nb 3.3 HOL 1

P pubescens 16 Sb, Mb, Nb 14.0 HOL 1

P recta 4 Nb 1.2 HOL 1 1

P ringdahli 6 Mb,Nb 3.6 HOL 1 1

P serricornis 7 Sb,Nb 5.5 Tr-PAL 1 1

P subserricornis 19 Sb, Mb, Nb 13.5 HOL 1

P turcica 18 Sb, Mb, Nb 13.5 HOL 1

P woodorum 4 Mb,Nb 1.4 HOL 1 1

Tanyptera (T) atrata 19 Sb, Mb, Nb 10.9 Tr-PAL 1

T (T) nigricornis 14 Sb, Mb, Nb 3.3 Tr-PAL 1

Tipula (Acutipula) fulvipennis 13 Sb, Mb, Nb 6.4 Tr-PAL

T. (A.) maxima 5 Sb 1.7 WPAL
T. (Arctotipula) salicetorum 4 Nb 0.5 Tr-PAL 1

T. (Beringotipula) unca 17 Sb, Mb, Nb 4.0 Tr-PAL

T (Dendrotipula) flavolineata 5 Sb 1.2 Tr-PAL 1

T. (Emodotipula) obscuriventris 3 Mb,Nb 1.0 WPAL
T (Lindnerina) bistilata 9 Sb, Mb, Nb 0.2 Tr-PAL

T. (L.) subexcisa 5 Nb 0.5 Tr-PAL 1

T (Lunatipula) ajfinis 12 Sb, Mb, Nb 0.5 Tr-PAL

T. (L.) circumdata 14 Sb, Mb, Nb 1.7 Tr-PAL

T (L.) fascipennis 13 Sb, Mb 4.5 WPAL
T (L.) humilis 9 Sb, Mb, Nb 0.7 Tr-PAL

T. (L.) laetabilis 12 Sb, Mb, Nb 1.9 Tr-PAL

T (L.) limitata 16 Sb, Mb, Nb 11.2 Tr-PAL

T. (L.) lunata 15 Sb, Mb, Nb 3.1 Tr-PAL

T (L.) recticornis 2 Sb 0.2 Tr-PAL

T. (L.) selene 9 Sb, Mb n.p. WPAL 1
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Table 6: Continued.

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

T. (L.) trispinosa 5 Mb,Nb 5.9 Tr-PAL 1

T. (L.) vernalis 10 Sb, Mb, Nb 0.5 WPAL
T. (Odonatisca) nodicornis 10 Sb, Mb, Nb 0.2 Tr-PAL

T. (Platytipula) luteipennis 18 Sb, Mb, Nb 8.6 Tr-PAL 1

T. (P. ) melanoceros 19 Sb, Mb, Nb 20.7 Tr-PAL 1

T. (Pterelachisus) cinereocincta 4 Sb,Nb 0.5 WPAL
T. (P ) crassicornis 1 Mb n.p. HOL
T. (P ) irrorata 16 Sb, Mb, Nb 17.3 Tr-PAL

T. (P) judandica 1 Sb n.p. Tr-PAL

T (P ) kaisilai 1 Nb n.p. Tr-PAL 1

T. (P ) laetibasis 5 Sb, Mb, Nb 0.7 Tr-PAL

T. (P ) luridorostris 4 Sb,Nb 1.0 Tr-PAL

T. (P) matsumuriana pseudohortensis 3 Sb 0.5 WPAL 1

T. (P ) mutila 13 Sb, Mb, Nb 1.4 Tr-PAL 1

T (P ) octomaculata 3 Sb, Mb, Nb 0.5 WPAL 1

T. (P) pahulina 1 Sb 0.2 WPAL
T. (P) pauli 1 Sb 0.2 Tr-PAL

T. (P) pseudoirrorata 5 Sb, Mb, Nb 1.2 WPAL 1

T. (P ) recondita 1 Nb 0.2 Tr-PAL 1

T. (P ) submarmorata 16 Sb, Mb, Nb 2.4 WPAL
T. (P ) stenostyla 4 Sb,Nb 0.7 Tr-PAL 1 1

T (P ) truncorum 13 Sb, Mb, Nb 1.0 Tr-PAL

T. (P ) varipennis 20 Sb, Mb, Nb 4.8 Tr-PAL

T. (P ) wahlgreni 7 Sb, Mb, Nb 2.4 Tr-PAL 1

T (P ) winthemi 8 Sb, Mb, Nb 1.7 Tr-PAL

T (Savtshenkia) alpium 2 Sb 0.2 HOL
T. (S.) benesignata 6 Sb, Mb, Nb 1.0 Tr-PAL

T. (S.) confusa 6 Sb, Mb 0.7 WPAL
T (S.) gimmerthali 6 Mb,Nb 11.2 WPAL 1

T. (S.) grisescens 17 Sb, Mb, Nb 27.3 Tr-PAL

T. (S.) interserta 11 Sb, Mb, Nb 4.5 Tr-PAL 1

T. (S.) invenusta 4 Nb 6.2 HOL
T. (S.) limbata 15 Sb, Mb, Nb 16.9 Tr-PAL 1

T. (S.) obsoleta 6 Sb,Nb 0.2 WPAL
T. (S.) pagana 9 Sb, Mb, Nb 0.7 WPAL
T. (S.) signata 10 Sb, Mb, Nb 0.7 Tr-PAL

T. (S.) subnodicornis 18 Sb, Mb, Nb 43.7 Tr-PAL 1

T (Schummelia) variicornis 18 Sb, Mb, Nb 48.7 Tr-PAL

T. (Tipula) paludosa 13 Sb, Mb 2.6 HOL
T (T) subcunctans 12 Sb, Mb, Nb 1.2 Tr-PAL

T. (Vestiplex) excisa 8 Mb,Nb 13.5 Tr-PAL

T. (V.) hortorum 4 Sb 0.2 WPAL
T. (V.) laccata 4 Nb 0.5 Tr-PAL 1

T. (V.) montana verberneae 4 Nb 2.6 Tr-PAL 1

T. (V.) nubeculosa 18 Sb, Mb, Nb 24.2 Tr-PAL

T. (V.) pallidicosta 4 Mb,Nb n.p. WPAL
T. (V.) scripta 18 Sb, Mb, Nb 14.7 Tr-PAL

T. (V.) sintenisi 11 Sb, Mb, Nb 4.8 Tr-PAL 1 1

T (V.) tchukchi 2 Nb 1.0 Tr-PAL 1

T. (Yamatotipula) chonsaniana 3 Mb,Nb 1.2 Tr-PAL 1
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Table 6: Continued.

Prov.^ FIN^

Range

Mal%3 Glob^ No C EUR5 Sx6 Mi^

T (Y) coerulescens 13 Sb, Mb, Nb 3.6 WPAL
T (Y) couckei 10 Sb, Mb, Nb 1.0 Tr-PAL

T. (Y) fendleri 4 Nb 1.9 FENNSC 1

T (Y) freyana 4 Mb,Nb 1.9 Tr-PAL 1

T. (Y) lateralis 14 Sb, Mb, Nb 2.6 Tr-PAL

T. (Y) marginella 7 Sb, Mb 0.2 Tr-PAL

T (Y) moesta 3 Nb 4.8 Tr-PAL 1

T. (Y) montium 9 Sb, Mb, Nb 1.2 Tr-PAL

T. (Y) pierrei 13 Sb, Mb, Nb 0.5 Tr-PAL

T. (Y) pruinosa 15 Sb, Mb, Nb 4.5 Tr-PAL

T (Y) quadrivittata 9 Sb, Mb, Nb 1.4 WPAL
Pediciidae

Dicranota (D.) bimaculata 15 Sb, Mb, Nb 18.3 Tr-PAL

D. (D.) crassicauda 1 Nb n.p. Tr-PAL 1

D. (D.) guerini 17 Sb, Mb, Nb 22.3 Tr-PAL

D. (Paradicranota) gracilipes 11 Sb, Mb, Nb 5.0 WPAL
D. (P) pavida 16 Sb, Mb, Nb 8.6 WPAL
D. (P ) robusta 4 Nb 1.2 WPAL
D. (P ) subtilis 3 Nb 0.5 WPAL
D. (Rhaphidolabis) exclusa 17 Sb, Mb, Nb 16.6 Tr-PAL

Pedicia (Crunobia) straminea 13 Sb, Mb, Nb 24.0 WPAL
P (P ) rivosa 20 Sb, Mb, Nb 55.8 Tr-PAL

Tricyphona (T.) immaculata 19 Sb, Mb, Nb 77.2 Tr-PAL

T (T) livida 13 Sb, Mb, Nb 18.5 WPAL
T (T) schummeli 17 Sb, Mb, Nb 13.1 WPAL
T (T) unicolor 17 Sb, Mb, Nb 26.6 WPAL 1

Ula (U.) bolitophila 11 Sb, Mb, Nb 4.3 Tr-PAL 1

U. (U.) kiushiuensis 9 Sb, Mb, Nb 2.9 Tr-PAL 1 1

U. (U.) mixta 16 Sb, Mb, Nb 28.7 WPAL 1

U. (U.) mollissima 7 Sb, Mb, Nb 2.4 WPAL 1

U. (U.) sylvatica 19 Sb, Mb, Nb 35.9 HOL 1

Cylindrotomidae

Cylindrotoma borealis 7 Sb, Mb, Nb 0.7 FENNSC 1

C. distinctissima 17 Sb, Mb, Nb 16.2 HOL
C. nigriventris 6 Sb, Mb 0.7 Tr-PAL 1

Diogma caudata 10 Sb, Mb, Nb 7.6 Tr-PAL 1

D. glabrata 13 Sb, Mb, Nb 14.3 Tr-PAL

Phalacrocera replicata 19 Sb, Mb, Nb 16.9 HOL 1

Triogma trisulcata 8 Sb, Mb, Nb 2.9 Tr-PAL 1

^Number of occupied provinces in Finland. ^Range in Einland, Sb: hemi- and south boreal, Mb: middle boreal, and Nb: north boreal zone. ^Occupancy

frequency in Finnish Malaise trapping data (out of 421 sites; some closely laying sites were combined to the sites x species matrix, that is why a smaller

figure than 476 is given in the text), n.p. : not present. '^Global range, HOL: FFolarctic, Tr-PAL: Trans-Palaearctic, W PAL: West Palaearctic, and FENNSC:

Fennoscandian. ^Species not occurring in1 Central Europe. ^Saproxyltx and fungivorous species. ^Mire-dwelling species.

(J. Salmela, pers. obs.). It is likely that the species occurs east pattern, not by male genitalia [98]. Both subspecies are per-

of Fennoscandia, even though so far it has not been recorded haps associated with pine bogs [98, 99] . Given the ambiguous

there. Limonia messaurea messaurea is known from Sweden nature of subspecies in crane fly taxonomy [100], it is likely

and Finland [56], apparently only from two localities. that L. messaurea is a wide-ranging but disjunct Palaearctic

The species has a subspecies L. m. horeoorientalis that is

known from Kamchatka, Russia [98]; this eastern Palaearctic

subspecies differs from the nominotypical form only in color

species, not a Fennoscandian endemic. Rhabdomastix parva

is a parthenogenetic species, males are unknown [101, 102].

The species is arctic, dwelling in northernmost Fennoscandia
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and Iceland. Evaluation of the status of the species is

difficult because taxonomy of crane flies is heavily based on

male genitalia. Molecular data and comparison with other

Holarctic species would perhaps be fruitful in order to clarify

the taxonomy of the species. Symplecta lindrothi is known
from Sweden and Finland, in the latter country mainly

around small lotic waters from south to north [56]. Due to

its large range in Finland, it is perhaps a species occurring

in but not yet collected from areas east of Fennoscandia.

Tipula fendleri is known only from Finland, collected in the

vicinity of springs and cold headwater streams [56]. Some of

the collecting sites are very close to Sweden and Russia, thus

the species is likely to be present also outside of the Finnish

borders. The species may be a synonym of T. nigrolamina,

a species known from Russian Far East [103] and Altay

[104]. Finally, Cylindrotoma borealis, originally described as

a subspecies of Holarctic C. distinctissima, is known from

Norway, Finland, and Russian Karelia [105]. This is the only

of the six Fennoscandian species discussed here that is hard

to distinguish from its closest (sympatric) relative, in this

case C. distinctissima. Based on mtDNA sequences (COI, ca.

658 base pairs), the species pair is separated by a distance of

only ca. 0.5%, a figure that is usually typical for intraspecific

distances (e.g., [106]). It may be that C. borealis is an

eastern haplotype within C. distinctissima (J. Salmela and N.

Paramonov, in prep.), and these haplotypes Cborealis"' and

European C. distinctissima) occur in sympatry in Finland.

To conclude, most of the Fennoscandian “endemic” crane

flies are valid species, that is, there are no problems in

their morphological identification from sympatric species.

However, based on their current ranges in Finland, these

species may well occur in Russia, but currently overlooked

there (see summary in Table 5).

5. Conclusions

The current number of Finnish crane fly species is 335. In

practically all cases, the spatial scale being local or regional,

the observed number of species is lower than estimated

“true” richness (e.g., [107]). It is likely that there are crane

fly species living within Finnish borders which are not yet

collected and recorded. A total of 356 species are known
from Sweden, a neighbor of Finland, and at least some

Swedish (and Norwegian) species should occur in Finland

too. However, geographic area of Sweden is larger than that

of Finland, and it extends farther south than Finland, to

the nemoral zone (more area, more heterogeneity = more

species). Despite the potential occurrence of undetected

species, it may be concluded that the general trends reported

here are most likely genuine and will not change if additional

species are discovered.

Finnish crane fly fauna is strongly influenced by latitude.

Thus, one may predict that both species composition and

richness of local assemblages are in a large scale determined

by geographical position alone. Focal environmental factors,

such as bedrock composition, vegetation type, and moisture

then finally filter the inhabitants from the regional pool of

species (e.g., [61]).
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In spite of playing an important ecological role as pollinators of tropical ecosystems, orchid bees are still poorly known regarding

their floral resources. Aiming at a better comprehension of the importance of different plants visited by the Euglossini and,

consequently, their role in the maintenance and reproduction ofplant species in tropical ecosystems, this study aimed at identifying

the flowers visited by those bees in two different areas of the Atlantic Forest in the northern coast of the state of Sao Paulo,

Brazil. Sampling was carried out from August 2007 to July 2009 in two coastal ecosystems in Ubatuba, Brazil. In order to obtain

information on flower resources collected by Euglossini bees in loco, aU bees observed on flowers were collected, pollinaria of

Orchidaceae occasionally attached to the body of males were identified, and the pollinic analysis of 68 females was carried out. One
hundred twelve bees from 14 species were associated to 105 plant species which represented pollen, nectar, resin, and fragrances

sources. These data reinforce the relevance of orchid bees to the maintenance and reproductive success of many tropical plants.

1. Introduction

There is evidence that Euglossini bees play an important

ecological role in the maintenance and reproductive success

of a wide range of plant species in tropical ecosystems [1-

3]. Females visit the plants to collect resin, which is used for

nest building as well as nectar and pollen, which are used for

provisioning brood cells [4-10]. They have specific foraging

routes, known as “traplines,” which are followed for several

days such that the same flowering plant specimens are visited

in a particular sequence. This behaviour implies fidelity to

collection sites, and Janzen [11] reported that the females

can fly considerable distances quickly, which ensures that a

given foraging route can cover a large area. This observation

by Janzen [11] is related to the fact that the plants producing

food are often widely dispersed in a given area and produce

few flowers per day, offering high-quality resources over long

periods. Similar to females, Euglossini males are also able to

fly quickly and over long distances in search of resources to

meet their needs [11-13] and may feed on nectar from the

same plants utilised by females [4].

It is estimated that approximately 10% of the 600

to 700 species of the Orchidaceae family are pollinated

exclusively by male orchid bees, who visit them to col-

lect floral fragrances [14-17]. These aromatic substances

are also collected from plants of several other families,

such as Gesneriaceae [18]; Araceae [19]; Euphorbiaceae

[20]; Haemodoraceae [21]; Apocynaceae, Eoganiaceae, and

Malvaceae [22]; Solanaceae [23]; Pentaphylacaceae [24];

Eecythidaceae [25]; Clusiaceae [26]; Amaryllidaceae [27],

Bromeliaceae [28], Annonaceae [29], and Plantaginaceae

[30], and are stored by males in their modified hind tibias

[31, 32] to be released later, presumably to attract females for

mating [33, 34].

Plant species from several families have Euglossini as

their primary pollinators due to the morphological, ecolog-

ical, and behavioural characteristics of these bees, including

their long tongue, the use of resin for nest construction, the
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female behaviour of buzz-pollination, and the collection of

floral fragrances by males [35-40].

Information on the flora visited by the Euglossini is

based on direct observations made in loco [35, 41] that

are dispersed among bee surveys and studies on plant

reproductive biology, many of which are gathered in com-

pilations of data such as the study by Ramirez et al. [42].

It is notable that techniques such as pollen analysis that

provide information about the floral resources collected by

bees through indirect evidence have been little explored in

studies involving Euglossini species [43-45]. Knowledge of

the floral resources utilised by the orchid bees enables a better

understanding of the importance of the different plants

visited during the life cycle of these bees and, consequently,

their role in the reproductive biology and maintenance of

plant species in tropical ecosystems.

Interaction networks between plants and insects have

been used to represent plant-pollinator relationships and

to describe the processes, structure, and generalisations of

these networks [46, 47]. According to Bezerra et al. [48],

the ecological service of pollination is composed of a mosaic

of different subservices with a hierarchical structure, of

networks within networks, which is particularly evident

in phylogenetic groups. Thus, the present study aimed to

identify the floral resources collected by Euglossini bees in

two Atlantic Eorest areas on the northern coast of Sao Paulo.

2. Materials and Methods

2.1.

Study Areas. Samplings were conducted monthly

between 9:00 and 15:00 in the period from August 2007

to July 2009 in two areas: the Picinguaba area of Parque

Estadual da Serra do Mar (PESM) and Parque Estadual da

Ilha Anchieta (PEIA).

The PESM (23°2r51.7"S, 44°49'56.9"W) has a total

area of 47,500 ha, which contains practically all of the ecosys-

tems that are representative of the Atlantic Eorest biome,

from mangroves and highly diverse coastal plain vegetation

to small areas of high altitude grasslands at its highest

elevations, such as the “Pedra do Espelho” (1670 m) and the

peaks of Corcovado (1150 m) and Cuscuzeiro (1275 m) in

Ubatuba. The Picinguaba area is the only stretch ofthe PESM
that reaches sea level, thus protecting coastal ecosystems.

The PEIA (23°32'25.0"S, 45°04'15.5"W) covers a total

area of 828 ha, which corresponds to the full extent ofAnchi-

eta Island, which is separated by approximately 600 m from

the mainland. Many ecosystems of the Atlantic Eorest are

also present on the island, and the vegetation of these areas

was described by Guillaumon et al. [49] and follows Rizzini

[50]: anthropic fields (Campo antrdpico), whose dominant

vegetation is herbaceous and most commonly found families

are Poaceae, Melastomataceae, and some ferns; rocky shore,

characterised by the predominance of herbaceous and thin

vegetation, with high indices of humidity and luminosity,

and whose most common families are Araceae, Marantaceae,

Sapindaceae, Rubiaceae, Piperaceae, Bromeliaceae, Eabaceae,

Cactaceae, and Arecaceae; Atlantic Eorest: dense Atlantic

Eorest in the northeast sector of the island and thin Atlantic

Eorest in the southwest, which are predominantly composed

of the families Eabaceae, Arecaceae, Rubiaceae, Melastomat-

aceae, Meliaceae, Salicaceae, Clusiaceae, Araceae, Malvaceae,

Bignoniaceae, Piperaceae, Polypodiaceae, and Urticaceae;

Gleichenia areas: dense patches of vegetation consisting of

individuals of the Gleicheniaceae family; mangroves: vege-

tation that is not very substantial, with some individuals of

AvicenniaL. (Acanthaceae) emd Acrostichum L. (Pteridaceae);

restinga: a coastal vegetation that varies from sparse to

transitional broadleaf forest, and whose most commonly
observed families are Bromeliaceae, Myrtaceae, Anacar-

diaceae, Gyperaceae, Araceae, Gactaceae, Poaceae, Eabaceae,

Arecaceae, Polypodiaceae, and Gleicheniaceae [51].

2.2. Samplings of Bees. Three sampling methods were used

in order to identify the floral sources visited by orchid

bees: sampling of males using scent baits, observations, and

collections of both females and males on flowers and the

pollen analysis of females collected both on flowers, in flight

or at scent baits.

Male bees’ samplings by scent baits were performed

along two distinct trails: the “Picadao da Barra” Trail

(23°2r51.7"S, 44°49'56.9"W, altitude 3 m), which was used

in the first year of study between August 2007 and July 2008,

and the “Guanambi” Trail (23°2r37.0"S, 44°50'52.9"W,

altitude 3 m), where censuses were conducted in the second

year, between August 2008 and July 2009. As in the Picin-

guaba area, two trails were utilised for the census of males

with scent baits: in the first year, the “Praia das Palmas”

Trail (23°32'25.0''S, 45°04G5.5"W, sea level) and, in the

second year of samplings, the “Represa” Trail (23°32'27.3"S,

45°03'58.9"W, altitude 18 m).

To obtain information on the floral resources collected

by both females (pollen, resin, and nectar) and males (nectar

and floral fragrances), all of the flowering species present

within 50 m of the trails used for the collection of males with

scent baits were observed, monitored, and identified. The

collection behaviour ofbees as well as the resources collected

was also recorded.

2.3. Pollinaria. During the screening of the collected mate-

rial, Orchidaceae pollinaria that were occasionally found

attached to the bodies of the males were removed and placed

in individual vials containing 70% alcohol for preservation

and identification.

2.4. Pollen Analysis. Due to the scarcity of pollen grains in

males, pollen analysis was performed only for the 68 col-

lected females, which were distributed among nine species:

Eufriesea dentilahris (Mocsary, 1897) (N = 2), Eufriesea

smaragdina (Perty, 1833) {N = 1), Eufriesea surinamensis

(Einnaeus, 1758) {N = 1), Euglossa cordata (Linnaeus, 1758)

{N = 8), Euglossa stellfeldi (Moure, 1947) {N = 5), Euglossa

townsendi (Cockerell, 1904) {N = 1), Eulaema cingulata

(Eabricius, 1804) (N = 4), Eulaema helvola (Moure, 2003)

{N = 4), and Eulaema seabrai (Moure, 1960) {N = 46).

The contents ofthe corbiculae ofthese females were removed

with forceps and placed in vials containing absolute glacial
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acetic acid for subsequent mounting on slides for light

microscopy according to the acetolysis protocol described by

Erdtman [52]. After the process of acetolysis, pollen grains

were placed in test tubes containing 50% glycerine for at

least 24 hours. Small amounts of acetolysed material were

deposited on slides containing glycerol gelatine.

To identify the types of pollen on the slides, samples

were collected from the anthers of herbarium specimens

deposited at the Herbarium of the Universidade Estadual

de Campinas (UEC), the Herbarium Rioclarense (HRCB),

and the Herbarium of the Departamento de Biologia da

Eaculdade de Eilosofia, Ciencias e Letras de Ribeirao Preto

(SPER). The identification of the pollen grains as pollen,

resin, or nectar sources was carried out based on the

occurrence ofthe pollen types at the slides and also according

to the floral morphology and the available floral resources of

the plant species. The morphology of orchid bee species and

literature information concerning their collection behaviour

on flowers were also considered. Many of these herbarium

specimens came from floristic surveys and/or collections

conducted in Ubatuba, around Picinguaba and on Anchieta

Island, and were accessed through the SpeciesLink network

database [53]. The slides made with the anthers removed

from herbarium specimens as well as those with anthers

collected locally, were deposited at the Laboratorio de Pali-

noecologia of the Departamento de Biologia da Eaculdade de

Eilosofia, Ciencias e Letras de Ribeirao Preto.

2,5. Interaction Networks. Interaction networks were con-

structed using qualitative interaction matrices for Euglossini

males and females and the plants that these bees used as

resources. In the matrices, the rows represented plant species

and the columns represented the bee species. The matrices

recorded the presence (1) or absence (0) of an interaction

between a given plant and a bee species. Collections of resin

and fragrance were also considered interactions. Networks

representing the interactions established between bees and

pollen sources (females only) and nectar (males and females)

were also analyzed to better assess the types of interactions

established. Resin and fragrance were not plotted because

both resources occurred in a few interactions and they were

only represented at Eigure 1. The significance of NODE
was estimated using a Monte Carlo procedure with 1000

randomizations using the null model Ce in the computer

software ANINHADO 3.0 [54]. The interaction networks

were constructed in the form of bipartite graphs by the

bipartite package of the R program [55]. Connectance was

also calculated using the same package. Because collections

were carried out in the same biome (Atlantic Eorest) using

the same methodology and sampling effort, the data were

analysed together.

3. Results

3.1.

Observations in Flowers. In the Atlantic coastal ecosys-

tems studied, 112 bees were collected belonging to 14

species, which were associated with 105 species of plants.

Ten Euglossini species, represented by 79 individuals, were

sampled in a total of 21 plants in the Ubatuba region

(Table 1). In Picinguaba, ten bee species were sampled: Ef.

dentilabris, Ef. surinamensis, Euglossa iopoecila Dressier, 1982,

Eg. stellfeldi, Eg. townsendi, El. cingulata, and El. seabrai,

whereas on Anchieta Island, the species Ef smaragdina, Eg.

cordata. Eg. stellfeldi, El. cingulata, El. helvola, and El. seabrai

visited the flowers of ten plants. In addition to the two

areas studied, there is also a record of El. seabrai males

on inflorescences of Anthurium andraeanum at the base of

the Instituto Oceanografico da Universidade de Sao Paulo-

lO/USP, located near the “Saco da Ribeira” marina, which is

the point of access for Anchieta Island.

Regarding the floral resources collected, five species of

flowers were visited exclusively by females to collect pollen,

and 15 plants were used as sources of nectar for both males

and females (Table 1). On Anchieta Island, in addition to

the native species of the Atlantic Eorest biome, exotic plants

were also visited by Euglossini bees to collect floral resources.

These exotic species included ornamental Alpinia zerumbet,

Thunbergia alata, and Impatiens walleriana as well as papaya,

Carica papaya.

3.2. Pollinaria. Of the 1503 males collected in artificial

baits [56], only 32 (2.13%), represented by eight species,

carried pollinaria of ten Orchidaceae species (Table 2), Ten

orchid species from eight genera were identified, and only

the pollinaria of Catasetum hookeri and Cirrhaea fuscolutea

were found in males from more than one Euglossini species

(Table 2). With the exceptions of Catasetum hookeri, Catase-

tum socco, Cirrhaea dependens, and Cirrhaea fuscolutea, all

other orchids were found exclusively in one study area

(Table 2). All species of Orchidaceae found in the present

study provide only floral fragrances as a resource for male

Euglossini visiting their flowers (R. B, Singer, pers. comm.).

3.3. Pollen Analysis. Of the 68 females whose pollen grains

were collected for pollen analysis, only four of them (all Eg.

stellfeldi) carried no pollen grains. With the exception of

females collected in scent baits {15 El. seabrai females and one

Eg. cordata) or captured in flight (a female of El. cingulata

and one of El. seabrai), the other 46 samples were from

females that visited flowers. Most of the material analysed

was collected at Anchieta Island, which included 50 samples

from six species {Ef. smaragdina. Eg. cordata. Eg. stellfeldi, El.

cingulata, El. helvola, and El. seabrai); only 14 samples of four

species {Ef dentilabris, Ef surinamensis. Eg. townsendi, and

El. seabrai) were obtained from Picinguaba.

In total, 87 pollen types were identified belonging to 68

species from 24 families and 19 unidentified taxa. These 19

taxa were found in pollen samples from Ef surinamensis (two

taxa). Eg. cordata (four taxa). Eg. stellfeldi (two taxa). Eg.

townsendi (one taxon), El. seabrai (12 taxa), El. helvola, and

El. cingulata (one taxon each). Eour of the unidentified taxa

were found in pollen samples from eight bee species. Of the

15 plant species in which females were collected on flowers,

only pollen grains of Alpinia zerumbet, Ipomoea tiliacea, and

Temnadenia odorifera were not found in the samples, whereas

pollen from Canistropsis seidelii, a species that was visited by
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Figure 1 ; Network of interactions between plants and bees ofthe Euglossini tribe in two areas ofthe Atlantic Forest: Picinguaba and Anchieta

Island, Ubatuba, SR Bee species: El.sea

—

El. seabrai; Eg.cor

—

Eg. cordata; El.cin

—

El. cingulata; El.hev

—

El. helvola; Ef.sur

—

Ef. surinamensis;

Eg.ste

—

Eg. stellfeldi; Eg.tow

—

Eg. townsendi; Ef.den

—

Ef. dentilabris; Ef.vio

—

Ef. violacea; Eg.iop

—

Eg. iopoecila; Ef.sma

—

Ef. smaragdina;

Eg.rod

—

Eg. roderici; Eg.sap

—

Eg. sapphirina; Ex.sma

—

Ex. smaragdina. Plant species abbreviations are given at Table 3.
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Table 1: Plant species visited and flower resources collected by Euglossini bees around Ubatuba between August 2007 and July 2009.

Eamilies Plant species Resources Areas

Acanthaceae Thunbergia alata Bojer ex Sims Nectar Anchieta Island

Apocynaceae
Mandevilla hirsuta (A.Rich.) K.Schum. Nectar Picinguaba

Temnadenia odorifera (Veil.) J.EMorales Nectar Picinguaba

Araceae Anthurium andraeanum Linden Eragrance lO/USP

Balsaminaceae Impatiens walleriana Hook.f. Nectar Anchieta Island

Bignoniaceae
Adenocalymma comosum (Cham.) DC. Nectar Anchieta Island

Jacaranda puberula Cham. Nectar Picinguaba

Bromeliaceae Canistropsis seidelii (L.B.Smith and Reitz) Leme Nectar Picinguaba

Caricaceae Carica papaya L. Nectar Anchieta Island

Commelinaceae Dichorisandra hexandra (Aubl.) Kuntze ex Hand.-Mazz. Pollen Picinguaba

Convolvulaceae Ipomoea tiliacea (Willd.) Choisy Nectar Picinguaba

Eabaceae Clitoria fairchildiana R.A.Howard Nectar Anchieta Island

Marantaceae
Calathea cylindrica (Roscoe) K.Schum. Nectar Anchieta Island

Calathea monophylla (Veil.) Korn. Nectar Picinguaba

Melastomataceae
Tibouchina clavata (Pers.) Wurdack

Tibouchina regnellii Cogn.

Pollen

Pollen

Picinguaba

Picinguaba

Pentaphylacaceae Ternstroemia brasiliensis Cambess. Pollen Anchieta Island

Rubiaceae Sabicea cinerea Aubl. Nectar Picinguaba

Solanaceae Solanum insidiosum Mart. Pollen Anchieta Island

Verbenaceae Stachytarpheta cayennensis (Rich.) Vahl Nectar Anchieta Island

Zingiberaceae Alpinia zerumbet (Pers.) B.L.Burtt and R.M.Sm. Nectar Anchieta Island

Table 2: Species of Orchidaceae whose pollinaria were found attached to the bodies of male Euglossini collected in Picinguaba and Anchieta

Island, Ubatuba, SR P: Picinguaba, A: Anchieta Island.

Orchids species Euglossine species Areas N = 32*

Bifrenaria harrisoniae (Hook.) Rchb.f. Ef. violacea (IcT) A 1*

Catasetum hookeri Lindl. Eg. cordata (2cr), Eg. stellfeldi (7cr) Ai,p2 9

Catasetum socco (Veil.) Hoehne Eg. stellfeldi (ScT) A\P^ 5

Cirrhaea dependens (Lodd.) Loudon Eg. cordata (llcT) A5,P6 11

Cirrhaea fuscolutea Lindl. Ef. violacea {Id'), Eg. iopoecila {2d) A^P8 3*

Gongora bufonia Lindl. Ef. violacea (Icf

)

A 1*

Huntleya meleagris Lindl. El. cingulata (Icf

)

P 1

Notylia sp. Eg. sapphirina (IcT) P 1

Promenaea stapelioides (Link, and Otto) Lindl. Ex. smaragdina (IcT) P 1

Warmingia eugenii Rchb.f. Eg. roderici (Icf

)

P 1

* Only one individual of Ef. violacea was collected, which carried pollinaria of Bifrenaria harrisoniae, Cirrhaea fuscolutea, and Gongora bufonia.

^5 Eg. stellfeldi males and 1 Eg. cordata male, ^2 Eg. stellfeldi males and 1 Eg. cordata male, ^2 males, '^3 males, ^1 male, ^10 males, Ef. violacea male and 1

Eg. stellfeldi males, ®2 Eg. iopoecila males.

only one male of Eg. stellfeldi, was identified from the slides.

Among all of the species of Euglossini, El. seabrai showed the

greatest number of pollen types (51) followed by Eg. cordata

(21) and El. cingulata (16).

Pollen was collected from 33 species represented by eight

families: Myrtaceae {N = 9 species), Clusiaceae {N =

1), Pentaphylacaceae {N = 1), Malpighiaceae {N = 3),

Solanaceae {N = 3), Melastomataceae {N = 11), Fabaceae

(subfamily Caesalpinioideae) (N = 3), and Commelinaceae

{N = 2). Dalechampia ficifolia was the only source of

resin identified in the samples from Eg. cordata and Eg.

stellfeldi. The 34 species of plants identified as nectar sources

were distributed among the families Acanthaceae {N = 2),

Amaranthaceae {N = 1), Apocynaceae (AT = 3), Asteraceae

{N = 2), Balsaminaceae {N = 1), Bignoniaceae (AT = 5),

Bromeliaceae {N = 6), Caricaceae {N = 1), Costaceae
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Table 3: Abbreviated plant names used to construct the interactions

are given. The 19 unidentified taxa were abbreviated as Ty. spl, Ty.

sp2, and so on.

Families/species Abbreviations

Acanthaceae

Thunbergia alata Bojer ex Sims Th.ala

Thunbergia grandiflora Roxb. Th.gra

Amaranthaceae

Hebanthe eriantha (Poir.) Pedersen Hb.eri

Apocynaceae

Mandevilla hirsuta (A.Rich.) K.Schum. Mn.hir

Mandevilla sp. 1 Mn. spl

Temnadenia odorifera (Veil.) J.F.Morales Te.odo

Type 1 Ap. spl

Araceae

Anthurium andraeanum Linden An.and

Asteraceae

Type 1 As. spl

Vernonanthura sp.l Ve. spl

Balsaminaceae

Impatiens walleriana Hook.f. Im.wal

Bignoniaceae

Adenocalymma comosum (Cham.) DC. Ad.com

Jacaranda puberula Cham. Ja.pub

Lundia cordata (Veil.) DC. Lu.cor

Stizophyllum perforatum (Cham.) Miers Si.per

Tabebuia sp. 1 Ta. spl

Type 1 Bi. spl

Type 2 Bi. sp2

Bromeliaceae

Aechmea organensis Wawra Ae.org

Aechmea pectinata Baker Ae.pec

Billbergia pyramidalis (Sims) Lindl. Bl.pyr

Canistropsis seidelii (L.B.Sm. and Reitz) Feme Cn.sei

Quesnelia arvensis (Veil.) Mez Qu.arv

Type 1 Br.spl

Caricaceae

Carica papaya L. Cc.pap

Clusiaceae

Kielmeyera petiolaris Mart. Ki.pet

Commelinaceae

Dichorisandra hexandra (Aubl.) Kuntze ex
Di.hex

Hand.-Mazz.

Dichorisandra thyrsiflora J.C.Mikan Di.thy

Convolvulaceae

Ipomoea tiliacea (Willd.) Choisy Ip.til

Costaceae

Costus arabicus L. Co.ara

Euphorbiaceae

Dalechampia ficifolia Lam. Da.fic

Fabaceae

Andira sp. 1 An. spl

Clitoria fairchildiana R.A.Howard Cl.fai

Crotalaria vitellina Ker Gawl. Cr.vit

Table 3: Continued.

Families/species Abbreviations

Inga marginata Willd. In.mar

Senna pendula (Humb. and Bonpl. ex Willd.)

H.S.Irwin and Barneby
Se.pen

Senna sp.l Se. spl

Type Chamaecrista Ch. spl

Gesneriaceae

Nematanthus fissus (Veil.) L.E.Skog Ne.fis

Heliconiaceae

Heliconia angusta Veil. Hl.ang

Lamiaceae

Hyptis sp.l

Malpighiaceae

Hy. spl

Heteropterys sp.l He. spl

Type Banisteriopsis Ba. spl

Type 1 Ma. spl

Malvaceae

Type 1 Ml. spl

Marantaceae

Calathea cylindrica (Roscoe) K.Schum. Ca.cyl

Calathea monophylla (Veil.) Korn. Ca.mon

Melastomataceae

Tibouchina clavata (Pers.) Wurdack Ti.cla

Tibouchina gaudichaudiana (DC.) Baill. Ti.gau

Tibouchina cf. pulchra Cogn. Ti.pul

Tibouchina regnellii Cogn. Ti.reg

Tibouchina sp. 1 Ti. spl

Type 1 Me. spl

Type 2 Me. sp2

Type 3 Me. sp3

Type 4 Me. sp4

Type 5 Me. sp5

Type 6

Myrtaceae

Me. sp6

Corymbia citriodora (Hook.) K.D.Hill and

L.A.S.Johnson
Cy.cit

Eucalyptus saligna Sm. Eu.sal

Eugenia cf. fusca O.Berg Eg.fus

Eugenia cf monosperma Veil. Eg.mon

Eugenia sp.l Eg. spl

Eugenia sp.2 Eg. sp2

Plinia edulis (Veil.) Sobral Pl.edu

Psidium sp.l Ps. spl

Syzygium jambos (L.) Alston Sy.jam

Orchidaceae

Huntleya meleagris Lindl. Hu.mel

Notylia sp. No. spl

Promenaea stapelioides (Link, and Otto) Lindl. Pr.sta

Warmingia eugenii Rchb.f Wa.eug
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Table 3: Continued.

Families/species Abbreviations

Pentaphylacaceae

Ternstroemia brasiliensis Cambess.

Rubiaceae

Randia armata (Sw.) DC.

Sabicea cinerea Aubl.

Type 1

Solanaceae

Solanum americanum Mill.

Solanum insidiosum Mart.

Solanum sp.l

Verbenaceae

Stachytarpheta cayennensis (Rich.) Vahl

Zingiberaceae

Alpinia zerumbet (Pers.) B.L.Burtt and

R.M.Sm.

(N = 1), Fabaceae (subfamilies Mimosoideae (N = 1) and

Faboideae {N = 3)), Gesneriaceae (AT = 1), Heliconiaceae

(iV = 1), Lamiaceae (N = 1), Malvaceae (N = 1), Rubiaceae

{N = 3), and Verbenaceae (iV = 1).

Samples of pollen removed from females from Anchieta

Island revealed the presence of exotic species such as Thun-

bergia alata, Thunbergia grandiflora, Corymbia citriodora,

and Eucalyptus saligna, as well as Impatiens walleriana and

Carica papaya, which were exploited as sources of nectar.

3.4. Interaction Networks. A total of 153 qualitative inter-

actions between 105 species of plants and 14 Euglossini

species were identified in the present study. The interaction

network was nested (NODF 15.46, P > 0.05), the network

connectance was relatively high (0.106), with the asymmetry

of the interaction network evident in the bipartite graphical

representation (Figure 1), where a few species had many
interactions and many species were attributed with a single

interaction. Generally, plants had few interactions, with

Sabicea cinerea connected to five Euglossini species and

Carica papaya, Mandevilla sp., Eugenia ci.fusca, and Solanum

insidiosum to four species. Seventy-two plant species showed

only one network interaction. Bees, on the other hand,

showed a much higher number of interactions, with El.

seabrai being connected to 55 plant species, representing

35% of interactions. Euglossa cordata and El. cingulata also

stood out in their numbers of interactions with 24 and 20

interactions, respectively. Eufriesea smaragdina. Eg. roderici.

Eg. sapphirina, and Ex. smaragdina showed only a single

network interaction each. All ofthe types of resources offered

by plants to male and female Euglossini are included in the

interactions described.

Most of the observed interactions were based on two

types of resources, pollen and nectar, which were responsible

for 46% and 45% of interactions, respectively. Fragrance

resources were responsible for 8% of the interactions, and

resin contributed to only 1% of the total interactions.

Only three instances were recorded of males and females

sharing the same plant species in search of the same type

of resource, nectar. These instances were Eg. stellfeldi x

Impatiens walleriana, El. seabrai x Impatiens walleriana, and

El. cingulata x Clitoria fairchildiana.

The interaction networks grouped by nectar (Figure 2)

was also nested (NODF 23.24, P > 0.05), whereas the pollen

network (Figure 3) was not significantly nested (NODF
22.36, P = 0.38). Analyzing the interactions of bees with

the type of resource, nectar and pollen, offered by the plants,

it is possible to observe alternation in plant species that

offer each type of resource, and in both cases there is a

marked predominance of one plant species. Regarding bees

it is possible to observe in both types of floral resources

the dominance of some bee species by the offered resource.

The species El. seabrai interacted with the largest number of

nectar resources (22), followed by El. cingulata (12) and Eg.

cordata (11) (Figure 2). The bee species that had the highest

number of interactions with plants that provide pollen as

floral rewards were Ef. dentilabris (21), Ef. surinamensis (6)

and. Eg. cordata (6).

4. Discussion

As reported for other Euglossini species [35, 39, 43, 44, 57,

58] ,
the species sampled in Ubatuba can also be characterised

as polylectic. This conclusion is supported not only by the

records of male and female bees on flowers but also the

analysis of pollen loads from the corbiculae and other parts

of the bodies of females, from which more than 100 plant

species exploited as sources of pollen, nectar, resin, and floral

fragrances were identified.

Results from the present study support findings from

previous studies that report that species of plants from

the Solanaceae, Fabaceae, and Melastomaceae families are

among the most important sources of pollen for Euglossini

species [44, 57-60]. This information strongly suggests that

Euglossini females exhibit certain consistency in collect-

ing pollen, particularly from species whose flowers have

poricidal anthers. According to Roulston et al. [61], the

protein content of pollen from these plants can reach up

to 48%, a substantial value that lies within the range of the

percentage of protein, 12-61%, found in grains of pollen

usually collected by bees.

In addition to species of the families Solanaceae,

Fabaceae, and Melastomaceae, Myrtaceae species are also

visited to obtain pollen, as observed in the present study and

reported by Bittrich et al. [62] for Euglossa sp., by Torezan-

Silingardi and Del-Glaro [63] for El. nigrita, and Falcao et

al. [64] for Eulaema mocsaryi (Friese, 1899). Euglossini bees

pollinate species lacking anthers with poricidal dehiscence

through a process of vibrating the anthers, known as “buzz-

pollination.” The Euglossini are also important pollinators of

species of Kielmeyera Mart. & Zucc. (Guttiferae) [65, 66],

which, like the Myrtaceae, also have flowers with numer-

ous stamens and longitudinal anthers. “Buzz-pollination”

behaviour allows for a smaller number of visits by bees to

these flowers in addition to being a more efficient method
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Figure 2; Interaction networks between plants and bees of the Euglossini tribe, grouped by the nectar resources that were exploited both

by females and males in two areas of Atlantic Forest, Picinguaba and Anchieta Island, Ubatuba, SP. Bee species: El.sea

—

El seabrai; El.cin

—

El cingulata; Eg.cor

—

Eg. cordata; El.hev

—

El helvola; Ef.sur

—
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—

Eg. stellfeldi; Eg.tow

—

Eg. townsendi; Ef.den
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—

Ef. smaragdina; Eg.iop

—

Eg. iopoecila. Plant species abbreviations are given at Table 3.
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Figure 3; Interaction networks between plants and bees from the Euglossini tribe, grouped by the pollen resources that were exploited solely

by females in two areas of Atlantic Forest: Picinguaba and Anchieta Island, Ubatuba, SR Bee species: Efden

—

Ef. dentilabris; Ef.sur

—

Ef.

surinamensis; Eg.cor

—

Eg. cordata; Eg.ste

—

Eg. stellfeldi; Eg.tow

—

Eg. townsendi; El.cin

—

El. cingulata; El.hev

—

El. helvola; El.sea

—

El. seabrai.

Plant species abbreviations are given at Table 3.



10 Psyche

to obtain pollen, as a greater number of stamens are joined

and more anthers are vibrated at once [65]. According to

Buchmann [36], there are rare cases where the pollen is

collected through sonication in flowers with anthers lacking

poricidal openings; there are, as yet, no definite causes for

this, which could also be a “side effect” of the behaviour of

the bees.

Although the stems of some species, such as Protium

Burm.f. (Burseraceae), Anacardium L., and Spondias L.

(Anacardiaceae), can be scraped by Euglossini females to

obtain resin [4, 57], species of Clusia L. (Clusiaceae) are

also visited for the collection of that resource, which is

used in the construction of nests and brood cells [67, 68].

However, Dalechampia flowers (Euphorbiaceae) are most

commonly cited as major sources of resin for diverse species

of Eufriesea, Euglossa, and Eulaema [20, 38, 44, 58, 69, 70].

In the present study, the only identified source of resin was

a species of the genus Dalechampia, showing, once again,

the association of Euglossini species with a species of that

genus.

Analysing the pollinaria present in males collected at

Picinguaba, Singer, and Sazima [71] identified 11 species of

orchids belonging to nine genera. This result is similar to that

shown in the present study, in which the pollinaria of ten

species of Orchidaceae from eight genera were obtained. The

data of the present study added to the information obtained

from the region of Picinguaba by Singer and Sazima [71, 72],

Pansarin et al. [73], and Pansarin and Amaral [74] increase

the total numbers of Euglossini species and orchid species

present in that area to 15 and 14, respectively. Only 2.13% of

the 1503 males collected in Ubatuba for the present study

showed evidence of association with orchids. Similarly, in

the south of Minas Gerais State, Peruquetti et al. [45] found

pollinaria attached to males in only 0.58% of individuals

collected. These low percentages of males carrying pollinaria

corroborate the observations of Ackerman [22] that such

an occurrence is very uncommon in the males collected in

surveys.

Although orchids are the primary sources of floral

fragrances used by Euglossini males, plants of other families

are also visited to obtain this resource, such as Anthurium

andraeanum, from which males of El. seahrai were collected.

Sazima et al. [75], also in Ubatuba, observed males of

Euglossa mandihularis Eriese, 1899 collecting fragrances in

the flowers of Solanum diploconos (cited as Cyphoman-

dra diploconos), and Soares et al. [23] recorded males

of the same species in Solanum latiflorum Bohs (cited

as Cyphomandra calycina) in Minas Gerais. Gracie [76]

observed that male Eufriesea convexa (Eriese, 1899) and

Eufriesea elegans (Lepeletier, 1841) visited the flowers of

Solanum endopogon (Bitter) Bohs (cited as Cyphomandra

endopogon var. endopogon) to collect aromatic compounds.

Not only the flowers but also leaves, fruits, sap, fungi

that grow on rotting logs, mushrooms, and terrestrial bird

droppings are also sources of aromatic compounds exploited

by males [16, 77]. This information, together with the

low numbers of pollinaria found in males collected in

artificial baits [22], has led some authors [35, 39, 78]

to question the mutualism between male Euglossini and

orchids. Pemberton and Wheeler [79] showed that males of

a species introduced in Elorida, Euglossa viridissima Eriese,

1899 did not depend on orchids, as they collected aromatic

oils in the leaves of cultivated species such as basil, Ocimum
basilicum L. (Lamiaceae), and allspice, Pimenta dioica (L.)

(Myrtaceae).

The collection of floral resources from exotic plants on

Anchieta Island could be a reflection of the long history

of human intervention on the island, which resulted in the

degradation of forest areas and the introduction of plant

species of economic interest such as coconut. Cocos nucifera

L. (Arecaceae), coffee, Coffea arabica L. (Rubiaceae), and

sugar cane, Saccharum officinarum L. (Poaceae), which were

cultivated during the period when the Correctional Colony

was active [49].

The network formed by oil-producing flowers (Malpighi-

aceae) and their pollinating bees was considered by Bezerra

et al. [48] as a “tiny world” within another small world of

pollination networks. In the present study, the “small world”

would be the study of plants visited by Euglossini bees. The

connectance found in the present study was superior to large

networks [80, 81] and very similar to that found in relatively

small networks [82, 83]; Biesmeijer et al. [84] showed a large

variation (7.2% to 37.1%) in the connectance of 27 networks

of social bees and their plants.

The asymmetry of the interactions in the present study,

whereby a few species have many interactions and many
species have few interactions in the network, was also found

by Vazquez and Aizen [85] as a trait of the system. However

Bascompte et al. [86] propose that community coexistence

is supported by the architecture of quantitative mutualistic

networks which is characterized by the low number of strong

dependences, their asymmetry, and the high heterogeneity in

species strength. However, Stang et al. [87] noted that the

availability of floral resources may direct interactions in a

community where the population density and the amount

of available flowers are also responsible for structuring the

network of interactions.

The Euglossini species explored an impressive diversity of

nectar sources in Ubatuba, especially plants with long, tubu-

lar corolla flowers. Elowers with corolla of this kind, which

have a light colouring and produce nectar in large quantities

with difficult access for floral visitors, may be classified as

euglossophilous, that is, plants that have characteristics of

a pollination syndrome called euglossophily [88]. Euglossini

are endowed with elongated glossa and can therefore utilise

a wide range of flowers, even those that have a long and

narrow corolla, which are only accessible to other bees if they

pierce the base, acting as robbers that are unable to pollinate

the plant [35]. Roubik et al. [89] noted that Euglossini bees

visit flowers that produce nectar with a high concentration of

sugars to satisfy their physiological needs, because when they

are active, their body temperature becomes high, requiring

a high energy diet [90]. In addition to euglossophilous

plants, flowers lacking tubular corolla, such as species of

Eabaceae, Amaranthaceae, Lamiaceae, and Malvaceae, were

also visited by bees in Ubatuba, which highlights the broad

spectrum of plant species that are exploited by the Euglossini
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bees.

These bees are one of the most important groups of

pollinators in tropical regions, not only due to interactions

with different plants that produce pollen, nectar, resin, and

floral fragrances but also for their role as pollinators with a

wide flight radius that are able to support the reproductive

biology of plants that are scattered and have low densities

[
1 1, 35] . By achieving greater diversity in tropical rain forests,

which is the type of ecosystem that suffers most from the

fragmentation of habitats, deforestation, and human actions

[91], the Euglossini become especially vulnerable to these

processes [39], which makes conservation and management

essential for the preservation of these bees and their floral

resources.
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Based on evidence that ants are population regulatory agents, we examined their efficiency in predation of fruit fly larvae

Anastrepha Schiner, 1868 (Diptera: Tephritidae). Hence, we considered the differences among species of fruit trees, the degree

of soil compaction, and the content of soil moisture as variables that would explain predation by ants because these variables affect

burying time of larvae. We carried out the experiment in an orchard containing various fruit bearing trees, of which the guava

{Psidium guajava Linn.), jaboticaba {Myrciaria jaboticaba (Veil.) Berg.), and mango trees (Mangifera indica Linn.) were chosen for

observations of Anastrepha. We offered live Anastrepha larvae on soil beneath the tree crowns. We observed for 10 min whether

ants removed the larvae or the larvae buried themselves. Eight ant species were responsible for removing 1/4 of the larvae offered.

The Pheidole Westwood, 1839 ants were the most efficient genus, removing 93% of the larvae. In compacted and dry soils, the rate

of predation by ants was greater. Therefore, this study showed that ants, along with specific soil characteristics, may be important

regulators of fruit fly populations and contribute to natural pest control in orchards.

1. Introduction

The fruit fly Anastrepha spp., together with some rarer

Rhagoletis Loew, 1862, and Ceratitis capitata (Wiedeman,

1824) (Tephritidae), cause damage to fruit crops in Brazil.

Tephritids directly damage the fruit, because the orifice made
to lay the eggs causes the fruit to rot and fall prematurely, and

the larvae feeding destroy the fruit pulp
[ 1 ] . Ants, a group of

efficient insect predators that regulate populations of general

insects [2-8], can be considered as agents of biological pest

control in agroecosystems [9-11]. The predation by ants on

fruit flies occurs when the larvae leave the fruit in order

to bury themselves in the soil and transform into pupae.

Solenopsis geminata (Fabricius, 1804) ants, for example, were

responsible for predation of 95% of the Anastrepha ludens

(Loew, 1873) larvae during the warm months in Mexico [7].

In Guatemala, these ants attacked 21.6% of the C. capitata

larvae in orange groves and 9.3% in coffee plantations

[
8 ].

Predation is strongly and indirectly influenced by the

physical properties of the soil, because the larvae took longer

in burying themselves in very dry soil, increasing the time in

which they remained exposed and consequently the rate of

ant predation [12]. In this study, we analyzed which factors

were present and how they influenced the predation of fruit

flies by ants, considering the different species of fruit trees,

and the degree of soil compaction and moisture content.

2. Material and Methods

We conducted the experiment in a grove of the Universidade

Federal da Grande Dourados (UFGD) (Mato Grosso do

Sul state, Brazil, 22°13'16"S and 54°48'20"W), on the 8th,

10th, 11th, 14th, 18th and 21st of February 2007. The local
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Table 1: Number and total percentage of larvae removed by ants beneath the crowns of 60 trees of three species of fruit, in a grove of

the Universidade Federal da Grande Dourados, during an experiment offering groups of three larvae under each crown. Guava is Psidium

guajava, jaboticaba Myrciaria jaboticaba, and mango Mangifera indica.

Subfamilies Species or morphospecies Guava (30 trees and 90 larvae)

Fruit trees

Jaboticaba (11 and 33) Mango (19 and 57)
Total

(%)

Pheidole oxyops Forel, 1908 7 6 16 67.44

Pheidole gertrude Voxel, 1886 4 — — 9.30

Myrmicinae
Pheidole sp. 1 2 2 — 9.30

Pheidole sp. 2 1 1 — 4.65

Pheidole sp. 3 1 — — 2.32

Dolichoderinae Dorymyrmex sp. 1 — — 1 2.32

Ponerinae
Odontomachus chelifer

(Latreille, 1802)
1 — — 2.32

Ectatomminae
Ectatomma brunneum Smith

E, 1858
— — 1 2.32

Total 16 9 18 100

soil is red latosol eutrophic alic [13], and the climate is

subtropical humid [14]. In the grove of 4 ha, there are

various fruit trees, such as Psidium guajava Linn. (Myrtaceae)

(popular name guava), Myrciaria jaboticaba (Veil.) Berg.

(Myrtaceae) (popular name jaboticaba), Mangifera indica

Linn. (Anacardiaceae) (popular name mango), which we
used in this experiment, as well as all fruit trees of grove

are arranged in blocks according to species, and only the

guava trees had fruit at the time of the experiment. Sixty fruit

trees were randomly chosen for the experiment: 30 guavas, 1

1

jaboticabas, and 19 mangoes. This number is referent to 50%
of total individuals of these species of grove.

Beneath the trees’ canopies, we delimited an area of

1 m^ (quadrant) and we removed all vegetal biomass one

day before the experimentation to facilitate observation and

capture of ants. In each quadrant, we offered simultaneously

three last instar larvae Anastrepha ssp., obtained from

infested guava fruits in the same area of study. We released

larvae individually from a height of ~30cm above the

ground, simulating the larva falling from a fruit. During

10 min, from the moment at which the larvae reached the

ground, we recorded the time in which the larvae buried

themselves, if the larva was attacked and removed by ants

(larvae removed), and the time taken by ants to remove

them (removal time). All experiments were done at the

same period of the day (between 7:00 and 11:00 am),

corresponding to the period ofthe highest incidence oflarvae

leaving the fruit. Our sampling unit consisted in each larva

offered.

After the observations, we collected all ants active in

removal of larvae and identified the species according to the

dichotomous key of Bolton [15]. Then we stored the ant

species in the Laboratorio de Mirmecologia ofUFGD.

To determine the degree of soil compaction, we used

the measure of soil density. We collected 60 soil samples

under the canopy of tree after each day of observation. The

samples were oven-dried at 110°C for three days. Samples

were collected using a metallic cylinder of 4.2 cm in diameter

and 5 cm in height. We obtained soil density dividing the dry

weight of soil (after 3 days) by the volume of the sample. To

determine the soil moisture, we weighed the samples before

and after three days in the dryer. The ratio between the

initial and final weight multiplied by 100 corresponds to the

percentage of moisture. During the days of field study, we
recorded the weather conditions, such as daily temperature,

relative moisture, and wind speed.

We performed the analysis of covariance (ANCOVA)
to verify whether the removal time was dependent on the

species of trees, the number of larvae removed, and the

interaction between these variables. We used a multivariate

analysis of variance (MANOVA) to test the difference in

soil compaction and moisture in tree species. We also used

models of multiple regression to evaluate if the average

time to bury and rate of predation were related to soil

moisture, soil compaction, or the interaction between these

two variables.

The interaction between the soil characteristics and the

species of fruit trees was considered as independent variables.

We used multiple regression test to verify whether the time

of larvae spent in burying themselves was related to soil

moisture and compaction. For this test, we used 30 samples

in which the larvae were not predated by ants.

3. Results

From 180 fly larvae used in the experiment, 43 (24%) were

removed by ants, 88 (49%) buried themselves, and 49 (27%)

did not bury themselves and were not removed by ants.

Eight ant species in four genuses and four subfamilies were

recorded removing larvae. Pheidole (Myrmicinae) accounted

for 93% of predation upon larvae (40 records of removal),

and individuals of Pheidole oxyops Forel, 1908 were the

most efficient, removing 67.44% of the larvae (Table 1).
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Figure 1: Relationship between amounts of fruit fly larvae (Tephri-

tidae) removed by ants and average time for removal of each larva

beneath the crowns of three species of fruit trees. Empty points

are samples without larvae burying themselves. Guava is Psidium

guajava, jaboticaba Myrciaria jaboticaba, and mango Mangifera

indica.

The ants removed 16 of these larvae under the canopy of

guava trees (all bearing fruit), nine under jaboticabas, and

18 under mangoes. The average time for the larvae to bury

themselves was only obtained from 45 samples (26 guavas,

six jaboticabas, and 13 mangos), because the larvae in 15

samples did not show this behavior. In 33 samples, there was

no attack by ants and the mean of removal time was obtained

Figure 2: Soil moisture and compaction beneath of crowns the

fruit trees. Open circles: guava {Psidium guajava); filled circles:

jaboticaba {Myrciaria jaboticaba); stars: mango {Mangifera indica).

only from 27 samples (12 guavas, five jaboticabas, and 10

mangos).

The mean time required to remove a larva decreases

as the number of larvae attacked and removed increased

{F = 7.356; P = 0.013; gl = 1; Figure 1). This significant

effect is more evident among samples in which the larvae

did not bury themselves (open circles in Figure 1). Moreover,

ANCOVA results showed that the removal time was indepen-

dent of the tree species {F = 0.894; P = 0.424; gl = 2) and

the interaction between number of larvae removed and tree

species {F = 0.449; P = 0.644; gl = 2). The presence of fruit

only in guava did not affect the removal time of the larvae.

Climatic data showed that weather conditions were con-

stant throughout the study. The average daily temperature

ranged between 23.7 and 25.5° C, relative moisture varied

between 72.4 and 89.6%, and wind speed between 0.8 and

1.6 ms-1. It rained only on the nights of 7th (29.5 mm), 12th

(0.3 mm), and 16th ( 14.2 mm).

The predation rate of larvae was affected by the differ-

ent soil characteristics, as the larvae take longer to bury

themselves in dry soil. Soil compaction and moisture were

dependent on tree species (MANOVA: Pillai trace value =

1.195, P < 0.001, df = 6 and 112, Figure 2), being that the

soil under the jaboticaba canopy had the highest compaction

and lower moisture. The average time for burying itselfunder

the different species of fruit trees was significantly related to

the soil moisture {F = 3.803; P = 0.037; gl = 2; Figure 3),

but not related to soil compaction {F = 1.052; P = 0.366;

gl = 2), nor to the interaction between these two variables

{F = 0.553; P = 0.582; gl = 2).

Soil characteristics affected the rate oflarvae predation by

ants (Figure 4). In soils with higher moisture, the predation

was lower {F = 4.753, P = 0.021, df = 2), and in more

compacted soil, the rate of predation was greater {F = 5.989,

P = 0.010, df = 2). Interaction between these two indepen-

dent variables also explained the predation rate {F = 6.163,

P = 0.009, df = 2). In other words, ants were more efficient

in preying on larvae on drier and more compact soil, despite

compaction having no effect on the larvae burying time

(Figure 5).
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Figure 3: Average time until fruit fly larvae bury themselves through gradient of water content of soil beneath the crowns of three species

of fruit trees. Only larvae that were not predated by ants were included. Partial residuals were obtained from a multiple-linear model that

included compaction of soil (no significant effect). Guava is Psidium guajava, jaboticaba Myrciaria jahoticaba, and mango Mangifera indica.

4. Discussion

We observed that ants removed approximately 1/4 of the

fruit fly larvae released on soil. This value is similar for

biological control levels [3, 16, 17] and high for predation

of the fruit flies by ants in most studies [8, 12]. Among
the predatory ants genus, Pheidole individuals were more

efficient, accounting for 93% of the larvae removed. The

predominance of attacks by these ants evidenced their role

as efficient predator, which is also due to their wide distri-

bution, high species richness, and good adaptation to the

physical conditions of the environment [18]. Its aggressive

behavior and efficient and massive recruitment increment

this efficiency [19]. The potential performance of Pheidole

as agents of biological pest control was also demonstrated

in the fight against Anthonomus grandis Boheman, 1843

(Coleoptera: Curculionidae) in cotton fields in Brazil [10].

Strategies for predation and defense of organisms are

among the most discussed topics in ecology and evolution

[20, 21]. These relationships determine the survival or

extinction ofpopulations and the structure and maintenance

of communities. Thus, if in the case of fruit flies, the rapid

penetration into the soil is the best strategy to prevent their

predation [7, 12], then the soil characteristics as well as the
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Figure 4: Ant predation on fruit fly larvae through gradients of water content and compaction of soil beneath the crowns of fruit trees of

three species. Partial residuals obtained from multiple-linear model. Guava is Psidium guajava, jaboticaba Myrciaria jaboticaba, and mango

Mangifera indica.

larvae ability of bury themselves are determinants for their

survival. However, in this study, we found that larvae which

were dropped on compacted and uncompacted soil took the

same time to penetrate the soil. Although the time to drill

the soil by larvae was not directly related to compaction,

it was significantly associated with soil moisture, another

determinant factor for the success of the burying behavior

[22, 23] and for the development of pupae [24]. The lack of

moisture in the soil can cause mortality of a large number of

larvae, because the soils become more difficult to be bored

[22]. Wet soils have greater tension between the particles

resulting in larger particles and larger spaces among them

[25] . Thus, wet soils are more easily bored by fruit fly larvae,

as evidenced in this study.

Here we have evidence that both soil tilling and tree

species influence the efficiency of ants in attacking the larvae.

Several studies have shown that the abundance, not only

of ants, but of other predators such as carabid beetles and

spiders, increases with farming practices that reduce soil

turnover [26, 27] . This fact should be related to environment

complexity and colony stability. Tillage systems in which the

soil is not turned have a higher plant biomass on the soil

surface [28], and this increases the availability of nutrients

and shelter for many organisms. Thus, these communities

have more local biodiversity [29, 30]. In addition, soil distur-

bance could have caused the death of various ant colonies,

decreasing the number of individuals foraging for resources.

Moreover, the tree species may also have influenced the soil

characteristics through their complex canopy structure and

root density.

Here we showed that rate of ant predation on fruit fly

larvae was affected by soil, because larvae took longer to

bury themselves in dry and compacted soil. Therefore, the

moisture and compaction level of soil, resulting from the

type of tillage and tree species, has a profound influence on

the burying of larvae influencing the efficiency of ant

predation (Figure 5). Nevertheless, the presence of fruit was

not a determinant factor in the predation oflarvae among the
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Removed larvae
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Figure 5: Effects’ diagram for predation of fruit fly larvae by ants. Evidences for effects are in the indicated figures. Dashed lines: no statistical

evidence; (+): positive effect; (-): negative effect.

fruit trees. This result was also evidenced by Aluja et al.
[ 12]

.

Although we would expect that ants were more abundant in

locations with higher density of fruit, for example, [31], due

to the greater number of larvae, only guava trees were bearing

fruits at the time of study, which could have masked the effect

of fruit.

In this study, we showed that ants, mainly of Pheidole

genus, are important predators of Anastrepha larvae, and

can contribute to regulate this crop pest population. Fur-

thermore, we also evidenced that the rate of ant predation

depends on soil characteristics and fruit tree species. Thus,

ants may have a beneficial impact on fruit growing and,

together with other control methods, can reduce cost with

insecticides and act as an important tool in integrated pest

management.
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The floral sources used by bees can be identified by analyzing pollen grains obtained from their bodies, feces, brood cells, or

storage pots in the nests. In addition to data on resource availability, this information enables the investigation on the selection of

food resource by bees. We assessed the foraging patterns of Scaptotrigona aff. depilis in an urbanized area with seasonal availability

of food resources. The species visited a percentage of 36.60% of the available flora, suggesting that these bees are selective at

spatiotemporal scale. When many types of resources were available, the workers concentrated their collection activities on a limited

group of sources. In contrast, more plant species were exploited during periods of lower number of flowering plants. A monthly

analysis of the foraging patterns of the studied colonies revealed that Syzygium cumini (88.86%), Mimosa sp.l (80.23%), Schinus

terebinthifolius (63.36%), and Eucalyptus citriodora (61.75%) were the most frequently used species and are therefore important

for maintaining S. aff. depilis at the study area. These plants are close to the colonies and exhibit mass flowering. This study is one

of few works to quantify natural resource availability and to analyze the effects of flowering seasonality on the selection of food

sources by bees.

1. Introduction

The Meliponini, popularly known as stingless bees, are highly

social organisms that occur in tropical and subtropical areas

throughout the world [1]. One of the many important

activities performed by workers is the collection of nectar (an

important source of carbohydrates) and pollen (a source of

protein and vitamins) [2, 3]. These resources are collected

and stored in the colonies to feed adult and immature bees.

The collection of these resources is primarily regulated by

abiotic factors such as environmental temperature, relative

humidity, and wind speed [4, 5]. Among the biotic factors

that can influence foraging are the morphological and phys-

iological characteristics of the bee species, resource avail-

ability, and the reproductive status of the colony [6, 7].

While collecting pollen and/or nectar from flowers, bees

usually stay with pollen grains adhered to various parts of

the body besides those pollen stored into the corbicula. As

a result, on subsequent visits, the bees may unwittingly per-

form pollination [8]. Bees, along with other animals, polli-

nate up to 94% of angiosperms in tropical areas [9]. Sev-

eral species of stingless bees have been considered good can-

didates as commercial pollinators because they can easily be

kept in hives, have numerous workers per colony, and are

nonaggressive [10, II]. In addition to nine crops pollinated

by stingless bees and related by Heard [11], studies made

after that publication showed that stingless bees are also

effective pollinators of other nine crops [12]. Conservation

of forest fragments around such crops can provide resources
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for the bees, maintaining pollinator populations and thereby

improving crop pollination rates [13, 14].

Stingless bees, which maintain perennial colonies, visit

multiple types of flowers to obtain resources and are thus

considered to be generalists
[ 1 ] . However, they can intensify

collection at certain sources, indicating some degree of

selectivity [15-19], as also observed in specialized solitary

bees [20, 21]. Their focus on a few selected sources can be

explained by optimal foraging theory [22], which proposes

that bees concentrate their visits on the most profitable

sources, that is, those that offer more energy than what spent

to acquire the resource.

The food sources exploited by bees can be identified by

direct observation of the visiting bee at the flower [23, 24]

or by pollen analysis [14, 25, 26]. Pollen analysis enables

quantification of the diversity and frequency of pollen grains

found on the bodies of the bees [14, 27], the nest [28, 29],

and/or feces of adult and immature bees
[ 13]

.

Studies aiming to identify the food sources used by bees

are considered more complete if there is an estimation of

resource availability performed throughout the study period

[27, 30-32]. However, due to the difficulty of evaluating

resource availability under natural conditions, only a few

studies were made with this focus [33]

.

Data on the plant species that bees use as food sources

improve our understanding of their food resources and niche

overlap between species [27]. Furthermore, this information

provides a base for studies on the interactions between the

bees and their preferred plants as well as support for the

elaboration of management plans and the conservation of

both bees and plant species that depend on them for polli-

nation (and, consequently, for reproduction) [14].

This study aimed (i) to identify the floral sources used by

Scaptotrigona aff depilis by analyzing the pollen loads from

returning workers and (ii) to assess the foraging pattern of

this species in relation to the availability of floral resources.

2. Material and Methods

2.1.

Study Area and Bee Species. The study was performed in

the experimental meliponary of the Faculdade de Filosofia,

Ciencias e Letras de Ribeirao Preto (FFCLRP), Universidade

de Sao Paulo (USP) (2ri0'30 S and 47°48'38 W). The

University campus is urbanized but retains areas with plants

that are native to seasonal semi-deciduous forests as well as

exotic plants used in urban landscape projects. There is also

a 75 ha forest area planted with species that are typical of the

original vegetation [34]. The local climate is characterized

by two well-defined seasons: a cool/dry season extending

from May to September and a hot/wet season extending from

October to April.

In Brazil, Scaptotrigona aff. depilis is found at Rio Grande

do Sul, Parana, Mato Grosso do Sul, Sao Paulo, and Minas

Gerais states [35]. The term “affinis” is used when the

identity of a distinct biological species is unknown but it

has a strong similarity with a known species, in this case

Scaptotrigona depilis (Moure, 1942). Nests of S. aff. depilis

are found in tree cavities, its colonies are populous, and

the workers are very aggressive defending the nest by flying

around and biting invaders. For this study, four strong col-

onies with similar population sizes and distant from each

other by up to 15 m were selected.

2.2. Spatiotemporal Distribution of Floral Resources. The

spatiotemporal distribution of floral sources was evaluated

from an area of 500 m radius from the place where the nests

of S. aff. depilis were maintained. Monthly surveys were con-

ducted within this area from March 2010 to February 2011,

and species of flowering plants were identified across the

vertical strata (trees, shrubs, herbaceous plants, and vines)

[14]. The surveys were made during five days per month,

totaling 480 hours along the year. The number of individual

plants in flower was used to assess the availability of

resources. Samples were collected from flowering plants and

deposited in the Herbario SPFR (Herbarium of the Depart-

amento de Biologia-FFCLRP-USP). Flower buds of the same

species were also collected, the pollen grains were removed

and, after acetolysis, mounted on reference slides, which were

subsequently deposited in the palynotheca of the Laboratory

of Pollen Ecology of FFGLRP-USP.

2.3. Pollen Samples. To assess pollen loads content, 40

returning foraging workers were collected monthly from

each colony {n = 4) for a total of 160 samples per month.

Gollections were performed between 7:30 am and 1:30

pm, depending on climatic conditions and pollen foraging

activity. This activity was evaluated by counting the number
of workers who returned to the colony with pollen load,

through observation during the morning (5-minute scans

at 30-minute intervals) and afternoon (5-minute scans at

60-minute intervals) one day per month. This method was

adopted because pollen collection by workers is known to

diminish considerably in the afternoon [36, 37].

Corbicula pollen loads were removed using pincers,

placed in Falcon tubes containing 2 ml of 70% ethanol and

fixed for at least 24 h [14]. The tubes were then centrifuged

for 15 min, and the ethanol was discarded. Glacial acetic acid

(4 mL) was added to the remaining pollen material, which

was then acetolysed [38] and placed on slides prepared with

Kisser gelatin and deposited in the palynotheca at FFGLRP-

USP. The pollen grains were identified by comparison with

other materials deposited in the palynotheca.

2.4. Data Analysis. Pearson’s correlation coefficient (r) [39]

was calculated to examine the relationship between the mean
number of returning pollen workers from the four colon-

ies and the temperature, relative air humidity, and wind

speed. This coefficient was also used to examine the relation-

ship between the number of different pollen types collected

and the numbers of species and individuals in flower. These

analyses were conducted using R (version 2.13.1, R Develop-

ment Core Team 2009).

The climatic data used in the analysis were obtained from

a weather station located next to the meliponary (available at:

http://www.b-lab.at/B-Lab-Research/B-Lab-Research.html).

The spatiotemporal distribution of floral resources was

evaluated by a circular analysis implemented with Oriana 4.0

[40]. This analysis was performed for both the number of
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Figure 1; Circular analysis of resource availability during one year (March 2010 to February 2011) in the University campus, (a) Number
of species in bloom, (b) Number of individuals in bloom. Each month represents 30° of the circle, and each bar represents the number of

flowering species and individuals, respectively. The line at the top of the vector indicates the standard deviation.

species and number of individuals in flower in the study area.

Circular analysis was also used to evaluate the number of S.

aff. depilis workers performing pollen collection activities.

Analysis of the pollen collected by the bees was per-

formed using a binocular microscope with up to 2560x mag-

nification. Digital images of the pollen grains were taken

using a camera attached to the microscope. Qualitative ana-

lysis was used to assess the richness of the visited species

and was supplemented by a quantitative analysis of the first

400 pollen grains from each sample [41]. The monthly per-

centages and the following occurrence classes were then

determined: dominant pollen (>45% of the total number
of grains on the slide), supplementary pollen (15 to 44%),

important isolated pollen (3 to 14%), and occasionally iso-

lated pollen (<3%) [42-44].

An analysis of the Sorensen similarity coefficients using

UPGMA clustering was made to examine the overlap in

resource use between the four colonies. These analyses were

conducted using R (version 2.13.1, R Development Core

Team 2009).

3. Results and Discussion

A total of 3285 individuals were distributed in 235 species

and flowered in the studied area. The mean date of flowering

species was significant (z = 20.60; P < 0.001), with a

concentration of species occurring around April (r = 0.16)

(Figure 1(a)). The highest numbers of flowering species were

observed during March and April 2010, with 97 and 98

species, respectively. The mean date was also significant for

the flowering individuals (z = 167.50; P < 0.001) with a con-

centration of them in May (r = 0.23). The majority of the

plant individuals flowered in July {n = 450) (Figure 1(b)).

Figure 2: Circular analysis of the mean number of pollen foraging

workers of Scaptotrigona aff. depilis. Each month represents 30° of

the circle, and each bar represents the number of returning pollen

workers. The line at the top of the vector indicates the standard

deviation.

The number of returning pollen workers differed across

the study period, with a significant peak in December (z =

1171.24; P < 0.001), revealing an accentuated seasonal

pattern (r = 0.45) (Figure 2). Out of all the climatic vari-

ables evaluated on the collection days, only temperature was

positively correlated with the number of workers returning

with pollen loads (Table 1). This result could explain the

lower mean number of workers returning with pollen

loads observed in June, as this collection day had the
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Figure 3: Mean number of pollen foraging workers of Scaptotrigona afif depilis related to the average temperature.

Table 1: Pearson coefficients (r) between the mean number of

returning foraging workers and climatic factors and between pollen

collected and resource availability.

r P

Mean number of returning pollen

workers x mean temperature
0,754 0,00464

Mean number of returning pollen

workers x relative air humidity
0,174 0,5888 (ns)

Mean number of returning pollen

workers x wind speed
-0,012 0,9713 (ns)

Pollen types x number of flowering species -0,479 0,1154 (ns)

Pollen types x number of flowering

individuals
-0,346 0,2698 (ns)

*ns: not significant.

lowest mean temperature (16.6°C) recorded over the year

(Figure 3). The reduced number ofworkers observed in June

was apparent when the colonies were analyzed separately

(Figured). Temperature is an important determining factor

for the normal activity of bees, being perhaps the most

important factor for regulating the onset of flight [45-48].

Low temperatures reduce metabolic rates, thereby impeding

flight activity and other movements in bees [49].

Eighty-six pollen types belonging to 66 genera in 36

botanical families were identified in the samples. From this

total, 83.72% were identified to the species level, while

the others were identified to the family or genus level or

remained unidentified (Table 2).

The families with the highest number of visited species

were Fabaceae, Malvaceae, and Myrtaceae, accounting for

36.04% of the total species visited (Figure 5). Species of

Fabaceae and Myrtaceae were considered as important

sources of pollen due to frequency of occurrence of different

pollen types (dominant, supplementary, or important iso-

lated pollen). Malvaceae, on the other hand, considering

the frequency of occurrence was important source of nec-

tar (occasionally isolated pollen), including Basiloxylon

brasiliensis (Allemao) K. Schum. which was also important

as a source of pollen (Table 2). Eusocial bees, such as those

of the Meliponini tribe and Apis mellifera L. (Apini), were

previously reported to most commonly visit Fabaceae and

Myrtaceae species [28, 50, 51].

Ferreira et al. [52] ,
who examined pollen loads ofworkers

of Scaptotrigona depilis over one year in an urban area in

Dourados (Mato Grosso do Sul, Brazil), reported that a total

of 42 species were visited and that the Myrtaceae and Fab-

aceae-Mimosoideae families were the most highly repre-

sented. Similarly, Marques-Souza et al. [53], who studied the

pollen loads of Scaptotrigona fulvicutis (Moure 1964) in an

old regrowth forest in Manaus (Amazonas, Brazil), showed

that these bees collected pollen from the flowers of 97 plant

species distributed across 73 genera and 36 families, with the

most frequently visited species belonging to the Fabaceae-

Mimosoideae, Myrtaceae and Sapindaceae families.

Ramalho et al. [51] proposed that it is not unexpected

that social bees should most frequently visit plant families

containing many Neotropical species, such as the Fabaceae,

Malvaceae and Myrtaceae, for both pollen and nectar,

with possible regional differences. Additionally, species of

Myrtaceae commonly hold open flowers with many stamens

and anthers opening lengthwise, exposing the pollen grains,

and facilitating visits by bees [52]

.

Notably, of all the plant species visited, S. aff. depilis

concentrated its collection on only a few sources along the

year. Based on the monthly percentage, the most frequently

visited species were Syzygium cumini (L.) Skeels (Myrtaceae)

(in October), Mimosa sp. 1 (Fabaceae) (in January), Schinus

terebinthifolius Raddi (Anacardiaceae) (in February), and

Eucalyptus citriodora Hook. (Myrtaceae) (in May) (Figure 6)

once their pollen grains were classified as dominant in

the samples (Table 2). Eucalyptus species are often cited as

commonly used by Meliponini. Ramalho [54] attributes

this loyalty to the high concentration of pollen in the

crowns of these trees, which serve as a visual display for the

bees. This pattern was also observed by Cortopassi-Laurino

and Ramalho [28], who studied Trigona spinipes (Fabricius,

1793) and Apis mellifera.
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Colony 1 Colony 2

Colony 3

December January

Colony 4

November

October /

.

February

September

March

April

August

Figure 4; Circular analysis of the number of pollen foraging workers of Scaptotrigona aff depilis for each colony. Each month represents

30° of the circle, and each bar represents the number of returning pollen workers. The line at the top of the vector indicates the standard

deviation.

Figure 5: Number of species visited by Scaptotrigona aff. depilis per

plant family during one year (March 2010 to February 2011) in the

University campus.

Ricinus communis L., Leucaena leucocephala (Lam.) de

Wit, Eucalyptus moluccana Roxb., Eugenia uniflora L., and

Muntingia calabura L. were also important in the study area

because they provided food to the colonies for a period of at

least six months (Table 2).

Species of the genus Scaptotrigona forage in groups

[55] and exhibit recruitment mechanisms, for example,

scent trails and source marking [56, 57], that result in

the concentration of workers on few sources of pollen.

Scaptotrigona aff. depilis also behaves aggressively and can

therefore dominate certain resources [58]. Factors such as

proximity to the colony, high protein content, and mass

flowering may also explain the high frequency with which

certain plants are used by bees [6]

.

Of the 235 species of flowering plants sampled in

the meliponary and its surrounding area, S. aff. depilis
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(b) (d)

Figure 6: Photomicrographs of pollen grains of the most used species by Scaptotrigona afif depilis. (a) Schinus terebinthifolius Raddi

(Anacardiaceae) in polar and equatorial view and detail of the exine. (b) Mimosa spl (Fabaceae), a polyad. (c) Eucalyptus citriodora Hook.

(Myrtaceae) in polar and equatorial view, (d) Syzygium cumini (L.) Skeels (Myrtaceae) in polar and equatorial view and detail of the exine.

Months

Species in bloom

Number of pollen types

Figure 7: Number of flowering species and species used by

Scaptotrigona afif. depilis during one year (March 2010 to February

2011) in the University campus.

used 36.60% of the available resources. Other stingless bees

species also obtain most of their food from a small number of

sources [16, 18, 50]. Antonini et al. [59] found that Melipona

quadrifasciata Lepeletier, 1836, visited only 19.30% of the

flowering plants in its habitat. This preference may be related

to the fact that social bees, even when classified as generalists,

focus their collection activities on the sources that are most

profitable and nearest to the colony, as predicted by optimal

foraging theory [22, 27].

The number of pollen types collected by bees and the

number of species and individuals in flower were not cor-

related (Table 1). However, an analysis of the ratio between

the number of flowering species and species used each month

revealed that in November, S. aff. depilis used 65.91% of

the available sources in the study area (Figure 7). Besides

those species, two others unidentified species were also used

by the bees (Table 2). Certainly, these species were growing

out of the study area. Thus, in November, the resource

collection radius had been expanded. According to Eltz et al.

[27], when there are few resources available in the environ-

ment, workers are forced to forage at more distant sources,

and the larger the radius of the foraged area, the higher

the probability that workers from different colonies will visit

different food sources. The reverse was also true, as dur-

ing the months ofMarch, April, and May, which were periods

of greater resource availability, workers harvested propor-

tionately fewer pollen types as compared with other months.

In periods with a greater amount of resource availability,

the bees could switch from less profitable to more profitable

resources, which could lead the colonies to concentrate on

particular sources [27].

Cluster analysis showed a high overlap among the

colonies, with the distance (Sorensen similarity coefficients)

between them being small. The largest distance (0.294)

occurred between colonies 1 and 4 (Figure 8). This high

overlap of resource use among the colonies was expected, as

they belong to the same species and share morphophysiolog-

ical constraints and possibly the pheromone trails marking

the sources. Additionally, as the four colonies were located

relatively close together within the meliponary, they share the

same foraging area. More detailed studies may show whether
intraspecific resource sharing occurs at the same or different

times of day, which would allow them to avoid competi-

tion.
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0.2 0.21 0.22 0.23 0.24 0.25 0.26

I I I I I I I

Colony 1

Colony 2-

Colony 3

Colony 4

Figure 8; Dendrogram based on qualitative similarity of the pollen

collected by 4 colonies in the study period. Distances are Sorensen

Index; clustering was done with UPGMA.
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Sterols are essential molecules in the membrane lipid composition and precursors of important sterol hormones that regulate

many developmental processes. Insects are unable to synthesize sterols de novo and, thus, all phytophagous insects depend on an

exogenous source of sterols for growth, development, and reproduction. The sterol requirements of social bees are not fully known
due to the fact that there is no well-defined diet available throughout the year with regard to floral resources. Our study aimed

to characterize the sterols present in pollen stored in Melipona marginata and Melipona scutellaris colonies, as well as evaluating

their presence in the mandibular, hypopharyngeal, and cephalic salivary gland secretions. We analyzed the chemical composition

of pollen stored in the colonies and the composition of the cephalic glands of workers in three adult functional phases (newly

emerged, nurses, and foragers) by gas chromatography and mass spectrometry. The results showed that the pollen analyzed

contained campesterol, stigmasterol, sitosterol, isofucosterol, lanosterol, and small amounts of cholesterol. The glands showed

the same compounds found in the pollen analyzed, except lanosterol that was not found in M. scutellaris glands. Surprisingly,

cholesterol was found in some glands with relative ratios greater than those found in pollen.

1. Introduction

Sterols are essential molecules in cell membrane, they are

precursors of sterol hormones and other important reg-

ulators of developmental processes. However, insects are

unable to synthesize them and have to purchase sterols from

their diet [1]. The dietary needs for sterols in insects were

firstly reported by Hobson [2] in the blowfly Lucilia sericata.

Moreover, in 1959, Clark and Bloch [3] showed the inability

of insects to synthesize sterols de novo, so that they need to

purchase these compounds for auxotrophy (from the Greek

“to increase” and “nutrition”). Auxotrophic individuals are

unable to synthesize organic compounds necessary for its

growth. These authors showed the importance of sterols as

structural (cholestanol) and metabolic (cholesterol) compo-

nents in insects. Further studies showed that ecdysteroids

derivatives from cholesterol participate in the control of

insect growth and maturation [4].

Furthermore, the necessity of sterol ingestion by

insects has been demonstrated in different orders includ-

ing Orthoptera, Hemiptera, Diptera, Lepidoptera, and

Hymenoptera [5]. Indeed, all phytophagous insects studied

to date rely on exogenous sterol for growth, reproduction and

development [6, 7]. Many phytophagous insects are able to

convert phytosterols in cholesterol through the dealkylation

of compounds containing 28 to 29 carbon atoms, such

as desmosterol, campesterol, brassicasterol, fucosterol, and

sitosterol [8-10]. However, honeybees are unable to perform

this conversion [11, 12]. Other phytophagous insects that

donot have the mechanism of dealkylation of phytosterols

include two species of Hemiptera {Oncopeltus fasciatus, [13];

Dysdercusfasciatus, [ 14] ) and one species of Coleoptera {Tro-

goderma granarium, [15]), The ability to convert phytosterols

in cholesterol was not verified in other groups of bees.

The sterol requirements ofbees are not assessable because

their diet and pollen sources remain unknown. The main
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sterol present in the pollen of plants is 24-niethylenecholes-

terol [16-18]. However, other studies reported that besides

the 24-methylenecholesterol, the pollen presents phytos-

terols as desmosterol, campesterol, fucosterol, sitosterol, and

even small quantities of cholesterol [17].

Steroidal compounds might be incorporated and stored

in different organs of a bee. Queens and workers of honey

bees have a significant amount of 24-methylenecholesterol

in their body [19]. Svoboda et al. [1] showed that the 24-

methylenecholesterol, isofuscosterol, sitosterol, and campes-

terol are present in hypopharyngeal and in mandibular

glands of honeybee nurses. The size of cephalic glands

(mandibular, hypopharyngeal, and labial) in eusocial bees

vary according to the age of individuals [20]. In Apis

mellifera, the mandibular and the hypopharyngeal glands

reach a higher peak of development in nurse bees and they

are related with food supply to larvae [20]. We hypothesized

that, like in Apis mellifera, the cephalic glands of stingless

bees play a role as storage organs of phytosterols. Our study

aimed to characterize the sterols present in pollen stored in

Melipona marginata and M. scutellaris colonies, as well as to

evaluate their presence in the mandibular, hypopharyngeal,

and cephalic salivary gland secretions.

2. Material and Methods

We used two colonies of Brazilian stingless bee species:

Melipona marginata and Melipona scutellaris. The colonies

were kept at the meliponary of Universidade de Sao Paulo,

Ribeirao Preto. For each species, we collected 10 newly

emerged workers, 10 nursing workers, 10 foragers, and two

samples (1 g) of pollen storage in pots, all on the same day.

We marked the new cells produced in the comb that day for

later collection of newly emerged workers. The mandibular

(MAN), hypopharyngeal (HYP), and labial glands (LAB)

(cephalic section) were dissected under stereomicroscope

and put individually in 30 pL of hexane. The pollen samples

were put in methanol (4mL/lg) and the extracts were

centrifuged (for removal the proteins). The aqueous phase

was removed and dried under N2 and resuspended in 400 mL
of hexane. The samples were injected in a combined gas

chromatography-mass spectrometry (GC-MS: SHIMADZU,
model QP2010). Separation was achieved on a DB-5MS
column 30 m, and the gas carrier was helium at 1.0 mL
min“L The oven temperature was initially set to 50° C (held

for 1 min) and increased by 10°C min“^ until it reached

300°C (held for 15 min). Analyses were performed in splitless

mode. The mass spectra were obtained by 70 eV ionization.

The data were analyzed with GCMS solutions for Windows
(Shimadzu Gorporation), and the chemical compounds were

identified based on their mass spectra by comparison with

Nist Library data and with a standard solution of different

synthetic phytosterols (Sigma-Aldrich).

We analyzed the pollen as described in Silva et al. [21].

The protein fractions of pollen were kept in alcohol 70% and

after 24 hours the alcohol was discarded. The samples were

placed in vials containing 4 mL of absolute glacial acetic acid

(24 hours) according to the acetolysis protocol described by

Erdtman [22]. Following acetolysis, the pollen was placed on

slides for light microscopy with 50% glycerin. We identified

pollen types by comparison with pollen grains deposited on

Palinoteca of Faculdade de Filosofia, Giencias e Letras de

Ribeirao Preto, Universidade de Sao Paulo, using a Leica DM
4000B microscope, with an increase of up to 2.560x.

3. Results

Results of sterol analyses of pollen, hypopharyngeal glands

(HYP), labial glands (LAB), and mandibular glands (MAN)
of Melipona marginata and Melipona scutellaris are sum-

marized in Tables 1 and 2. The pollen samples collected

in pots of the two Melipona species showed the same

ratios of cholesterol, campesterol, stigmasterol, sitosterol,

isofucosterol, and lanosterol. In general, the gland secretions

showed the same sterols as pollen, with some variations

according to the age of workers and the gland type. The only

exception was the absence of lanosterol in the glands of M.
scutellaris bees, even though it is present in pollen collected in

pots. In M. marginata, sitosterol was the main sterol present

in pollen and glands (except for the mandibular glands of

nurse bees) while in M. scutellaris campesterol and sitosterol

had the highest proportions. Cholesterol in pollen samples

had lower relative percentage (0.53% and 0.33%) than others

sterols. There was no pattern of increasing or decreasing of

the relative percentages of phytosterols present in glands in

relation to the age of individuals. The sterols were obtained

from Angiosperms as Arecaceae (M. scutellaris, 1 species),

Fabaceae (M. marginata, 4 species; M. scutellaris, 3 species),

Melastomataceae (M. marginata, 1 species) and Myrtaceae

(M. marginata, 1 species; M. scutellaris, 3 species), according

to pollen type (Table 3).

3.1. Newly Emerged Workers. The main sterol found in M.
marginata glands was sitosterol, followed by cholesterol

(HYP and LAB) and isofucosterol (MAN). In M. scutellaris

glands, the main compounds were sitosterol (HYP and

MAN) and campesterol (LAB) followed by isofucoterol

(HYP) and cholesterol (MAN). In M. marginata workers,

stigmasterol was found only in mandibular glands and

lanosterol was found in mandibular and hypopharyngeal

glands. The hypopharyngeal gland and the labial gland

of newly emerged workers showed a higher proportion of

cholesterol when compared with the pollen in M. marginata

(26.62%, 47.7% and 0.53%, resp.). InM. scutellaris, all glands

of newly emerged workers showed a higher percentage of

cholesterol when compared with pollen (HYP = 11.20%,

MAN = 19.96%, LAB = 20.79%, and Pollen = 0.33%).

3.2. Nurse Workers. Sitosterol was the main steroidal com-

pound found in the glands of nurse bees, except for man-
dibular glands ofM. marginata (stigmasterol) and hypopha-

ryngeal glands in M. scutellaris (campesterol). Campesterol

was the second major sterol found in this class of workers

(HYP and MAN in M. marginata, MAN in M. scutellaris).

Only the labial gland ofM. scutellaris showed isofucosterol as

the second main compound. In M. marginata, the glands of
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Table 3: Pollen types found in food pots ofMelipona marginata and

Melipona scutellaris colonies.

Families/species M. marginata M. scutellaris

Arecaceae

Archontophoenix alexandrae

(F. Muell.) H. Wendl. and Drude
— +

Fabaceae

Anadenanthera macrocarpa

(Benth.) Brenan
+ +

Anadenanthera peregrina (L.)

Speg.
+ +

Leucaena leucocephala (Lam.)

de Wit
— +

Mimosa sp. + —

Senna macranthera

(DC. ex Collad.) H. S. Irwin and

Barneby

+ —

Melastomataceae

Tibouchina granulosa (Desr.

)

Cogn.
+ —

Myrtaceae

Eucalyptus grandis W. Mill

ex Maiden
+ —

Eucalyptus moluccana Roxb. — +

Eugenia involucrata DC. — +

Eugenia pyriformis Cambess. — +

Presence: (+) and absence: (-).

nurse bees showed a higher proportion of stigmasterol when
compared with pollen (HYP = 23.08, MAN = 54.41%, LAB =

14.07%, and Pollen = 2.01%). In M. scutellaris, all glands of

nurse bees showed a higher relative proportion of cholesterol

when compared with pollen (HYP = 2.31%, MAN = 20.43%,

LAB = 14.30%, and Pollen = 0.33%).

3.3. Forager Workers. Cholesterol and lanosterol were absent

in M. marginata forager workers. Stigmasterol was present

only in labial glands ofthe two analyzed species. M. scutellaris

also lacked lanosterol, and sitosterol was the main compound
found in the glands, except for hypopharyngeal glands

(campesterol). M. marginata forager workers showed great

relative amounts of campesterol and cholesterol in HYP and

MAN gland secretions, and M. scutellaris workers presented

higher relative concentrations of these same compounds in

MAN and LAB glands secretions. In M, marginata, the glands

of foragers showed a higher proportion of stigmasterol when
compared with pollen (LAB = 34.40% and Pollen = 2.01%).

Mandibular glands and labial glands ofM. scutellaris foragers

showed a higher percentage of cholesterol when compared

with pollen (MAN = 28.43%, LAB = 28.10%, and Pollen =

0.33%).

4. Discussion

This study shows that once sterols are ingested they are

distributed among different glands of two stingless bee

species. As phytosterols play an important role in sterol

metabolism and ecdysteroid production [8, 10, 23-26], the

ingestion of exogenous sterols is essential for structural and

metabolic components. Sterols seem to be absorbed mainly

in the midgut, particularly in phytophagous species [27, 28],

moving quickly through mucosal cells [28].

The analyzed pollen and glands lacked 24-methylene-

cholesterol, differently from results found for Apis mellifera

by Svoboda et al. [1]. The pollen samples collected in pots

of the two Melipona species showed the same ratios of

sterols despite the differences in pollen origin. Patterson

[29] showed that the most abundant sterols found in

Angiosperms were sitosterol and stigmasterol, but many
species also contain campesterol and dihydrobrassicasterol.

The pollen of most plant species accumulate intermedi-

ates such as 24-methylenecholesterol and 9j3, 19-cyclopropyl

sterols [30]. However, sitosterol can be the main sterol

in some species, as found in Baccharis viminea, Juniperus

uthaensis. Polygonum sp., Hydrophyllum capitatum, Pinus

sylvestris, and other plants [31]. Large amounts of stigmas-

terol and cholesterol were found in the pollen of heather

{Calluna vulgaris) and in cottonwood {Populus fremontii),

respectively.

Among bees, 24-methylenecholesterol is the main sterol

available in natural diet and the dominant tissue sterol,

followed by other phytosterols according to the bee’s host-

plants [32]. We showed in our study that the main sterols

of pollen were present in glands. Moreover, despite the

inability ofsome stingless bees ofdealkylation ofphytosterols

into cholesterol, we found large amounts of cholesterol in

some glands. Indeed, the Apocrita (Hymenoptera) lost the

dealkylation ability [32], and bees use several unmetabolized

sterols. Thus, the accumulation of cholesterol in their glands

remains unexplained.

One ofthe most probable hypotheses to explain the tissue

accumulation of sterols is the selective transfer of sterols

from the adults’ endogenous pools to the offspring [1].

Svoboda et al. [1] showed that sterols of the workers could be

transferred to the developing larvae through the brood food

material secreted from the hypopharyngeal and mandibular

glands and/or the honey stomach of the workers. Tissue

sterol profiles can differ between males and females. Female’s

reproductive organs have higher concentration of cholesterol

in Eurycotis floridana [33] and queen ovaries of Apis mellif-

era have higher concentrations of 24-methylenecholesterol,

campesterol, and sitosterol [34]. Regarding development,

sterol profile is influenced by the stage of development (egg,

larva and adult) in ants, and the eggs presented the lowest

diversity in types of sterol, while the queen had the highest

[35].

Relative concentrations in secretions of workers of the

same group have high deviations, but this can be explained

by the differences in the age of the worker performing a task

in colonies of social bees. Ferreira-Caliman et al. [36] showed

that engagement in tasks on brood comb (nurse bees)
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occurred between 5th and 12th days postemergence and the

foraging activities initiated after 22 days postemergence and

this task can be observed at least for 30 days.

This study is the first report on the participation of

cephalic glands as storage tissues of pollen phytosterols in

stingless bees. We could not assess how the accumulation of

phytosterols occurs throughout life ofthe individual, because

no bioassay using a controlled diet was performed. However,

we showed that the glands of the head of stingless bees are

an important storage tissues for these compounds, although

many studies are still needed to understand how this transfer

occurs and the role of these glands as reservoirs of sterols.
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Global change poses numerous challenges to developing nations and small-island developing states (SIDSs). Among these are the

effects of climate change on honeybees’ provisioning services including honey production. Here we ask two questions. First, what

is the relationship between honey yield and climate in a tropical environment? Second, how does yield vary spatially under current

climate and future scenarios of climate change? Focusing on the island of Puerto Rico, we developed an ensemble of bioclimatic

models that were used in a geographical information system to identify suitable areas for honey production under current and

future scenarios of climate change. A comparison between contemporary (1998-2005) and historical (1910-1974) honey yield

data revealed a reduction in average yield, including variability, over time, with current yields averaging 5.3L/colony. Three

bioclimatic variables were retained by at least three models: temperature seasonality and mean temperature of the wettest quarter

were negatively correlated with honey yields whereas precipitation of the wettest month was positively correlated. The four models

varied in terms of their predictions but showed that both honey yields and areas suitable for honey production will decrease under

scenarios of climate change. These results illustrate the possible impacts of climate change on honey and ultimately honeybees.

1. Introduction

Honeybees {Apis mellifera) and their resource base have been

managed to enhance supporting and provisioning services

to human kind since ancient times [1-3]. In recent years

much emphasis has been placed on the decline of pollination

services provided by honeybees both in natural and managed

ecosystems in response to multiple drivers of change [4].

This is because pollination directly impacts the functioning

of ecosystems and ultimately local and regional economies.

Surprisingly, little attention has been paid to potential

changes in the delivery of provisioning services such as

honey and beeswax production [5, 6]. Understanding these

changes is important because beekeeping is promoted as a

tool for rural development and conservation in developing

nations in the tropics or regions therein (e.g., [7, 8];

http://www.beesfordevelopment.org/).

The importance of honeybees in the delivery of provi-

sioning services is reflected by the widespread introduction

of beekeeping practices by Europeans to their colonies in the

early 1600s [2], In the Caribbean, beekeeping was aimed at

the production of honey and beeswax sometimes to supply

local, and at other times, regional, and international markets

[9-11]. Yet the production of honey and beeswax seems to

have varied greatly across the islands and within them as

illustrated by the island of Puerto Rico where a “boom and

bust” cycle occurred in tandem with a decline in honey yields

(Figure 1(a); supplementary material available online at doi:

10.1155/2012/951215). Such cycles reflect the often complex

dynamics of markets as influenced not only by the social,

political, and technological vagaries of a region, but also

the interactions between honeybees, their resource base, and

environmental factors including meteorological events.
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Figure 1: (a) Historical (1910-1974) and (b) contemporary (1998-2005) honey yields for the island of Puerto Rico illustrating the “boom
and bust” cycle of honey production. Based on historical accounts, it is possible to distinguish four periods in this cycle and the readers

are referred to the supplementary material for details. Average (black diamond) and maximums (asterisks) honey yields, including standard

deviations (boxes). In years for which honey yield data is sparse (<8 municipalities) the standard deviation boxes are in white, otherwise

in gray. The closed circles joined by a line depict the number of farms reporting honeybee colonies. Historical data were compiled from

historical agricultural census data (supplementary material).

Among the environmental factors that may impact the

delivery of provisioning services by honeybees is climate

change as the observed variation in honeybee abundance and

honey yields along climatic gradients suggests [1, 12, 13].

At low latitudes, honeybees remain active throughout the

year whereas at high latitudes they pass through a period of

complete inactivity [1, 5, 14, 15]. Likewise within the tropics,

the activity of honeybees decreases with increasing elevation

[15]. Climate directly influences honeybee behavior given

the strong dependency of bee foraging activity and flight on

temperature, solar radiation, and wind at a variety of time

scales [16, 17]. Climate can indirectly influence honeybees

through its effects on their resource base, including flowering

plants, pathogens, and predators [6, 18, 19]. Temperature

and to a lesser degree precipitation seem to exert a primary

control on honeybee activity, yet the extent to which climate

change will impact honey yields is poorly understood.

This lack of understanding of the effects of climate

change on honey yields, and more broadly speaking the

delivery of provisioning services, is prevalent at regional to

local scales particularly in developing regions and small-

island developing states (SIDSs) [20, 21] . First, there are large

uncertainties regarding the effects of climate change scen-

arios at increasingly smaller scales due to the coarseness of

climate change models and scarcity of climate data [22] . Sec-

ond, ecosystem services are delivered at local scales but are

influenced by processes operating at multiple scales [23].

Lastly, there is an uneven capacity among regions and nations

to develop research and technology that could help cope

adaptively with global change [24]. Developing regions and

SIDS are a point in case. These regions not only face the

greatest uncertainties [25-27] but also the greatest vulnera-

bilities [28] regarding crop production and trade under

scenarios of global change. The general consensus is that the

productivity of agroecosystems, in particular those deliver-

ing the major world food crops, will decrease towards the

tropics and subtropics [29]. Therefore, it remains to be

seen what happens with the vast majority of crops that are

produced, consumed, and traded within regional and local

markets, and at the same time are delivered by agroeco-

systems contributing additional ecosystem services. One
such agroecosystem is honeybees and their resource base.

Here we ask how honey yields will be impacted by climate

change in the island of Puerto Rico, one SIDS within the

Caribbean.

We develop four models describing the relationship

between honey yields and climate taking advantage of avail-

able contemporary (1998-2005) honey yield data for the

island of Puerto Rico. Then we analyze these models spatially

to identify the areas suitable for honey production under

current conditions and future scenarios of climate change.

Our approach is based on the development ofan ensemble of

bioclimatic forecasting models in which the combination of

multiple forecasts increases the robustness of the predictions

[30]. We reasoned that this approach was necessary given

that several regionalized climate change models for the

Caribbean show conflicting scenarios for the island ofPuerto

Rico [31-34]. Therefore, any attempt to evaluate the effects

of climate change on the delivery ofhoney, and more broadly

speaking ecosystem services in this region, needs to account

for these diverse scenarios.

2. Methods

2.1. Study Site. Puerto Rico with its 8,740 km^ is the smallest

island of the Greater Antilles in the Caribbean (Figure 2).

The island has a diverse set of bioclimatic conditions due,

in part, to its complex topography and wide elevation range
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Figure 2: Map of Puerto Rico showing its position within the

Caribbean basin, the centroids of the municipalities with contem-

porary (1998-2005) honey yield data (circles) and the location

of the weather stations (flags) with existing precipitation and

maximum and minimum temperatures for the same period.

(0-1,338 m; [35-39]). This diversity in combination with

available data on contemporary beekeeping activity makes

the island ideal for examining the relationship between

honey yields and climate variability.

The surplus of honey produced per colony or beehive,

that is, honey yields, integrates management and environ-

mental factors that directly and indirectly influence honey-

bee activity [40]. Modeling honey yields as a function of

climate involved two steps: the compilation and creation of

honey yield and climate spatial databases; the modeling of

honey yields as a function of bioclimatic variables. The latter

was generated in BIOCLIM, a predictive system developed

for the purpose of modeling the distribution of animals and

plants, including agriculturally important crops [41, 42].

2.2. Spatial Databases. We used unpublished beekeeping

census data for the period 1998-2005 to calculate honey

yields at the municipality level (Figure 2). These data col-

lected by the Department of Agriculture of Puerto Rico

(DAPR), with some exceptions, mirror the historical agricul-

tural census data (Figure 1(a)). The DAPR collects statistical

data through surveys conducted every two years among bee-

keepers on the location of the beehives or bee colonies, the

number ofbee colonies, the total volume ofhoney produced,

the amount of honey sold, and the income generated from

the sale during the previous and the current year (A. M.

Cruz pers. comm.). These unpublished census data exclude

information on beeswax production. To maintain data con-

fidentiality, DAPR does not disclose the exact location of bee

colonies; instead they report the corresponding municipality.

This may reduce the spatial resolution of the data and

limit the possibility to verify unusual data points with

the beekeepers. Nevertheless, this dataset provides valuable

temporal and spatial information about honey yields on a

regional scale (Figure 2).

For each beekeeper, honey yields were calculated dividing

the total volume of honey produced by the number of col-

onies that they reported. Then for each municipality we aver-

aged honey yields across beekeepers to obtain yearly (1998-

2005 period; the years 2001 and 2003 were excluded because

of incomplete or missing data) and overall (6 years) honey

yields. The mean number of beekeepers per municipality

ranged between 2.4 and 2.8 and the average number of

municipalities with honey yield data was 30 ± 7 out of a total

of 78.

We compiled monthly total precipitation and monthly

average maximum and minimum temperatures from those

weather stations whose records matched the time period

covered by the DAPRs honey yield datasets. A search of

the National Oceanic and Atmospheric Administrations

(NOAA) cooperative weather stations (http://www.ncdc

.noaa.gov/oa/ncdc.html), the Luquillo Long-Term Ecological

Research Site (http://luq.lternet.edu/), and the Atmos Carib

Research Center at the University of Puerto Rico-Mayaguez

Campus (http://atmos.uprm.edu/) databases yielded 126

weather stations of which 21 met closely our criteria

(Figure 2). Five of these 21 stations had continuous monthly

data for the 6 years covered by this study (72 months). The

remaining stations had <19 months with missing data and 2

among these had a full year of missing data (2003 and 2005

for Mayagiiez city and Pico del Este stations). We completed

the monthly missing data as follows: averaging monthly

values across two adjacent years to complete months without

data when daily data did not exist (Case 1), averaging daily

values for a given month when incomplete daily data existed

(Case 2), and predicting missing monthly data using linear

regression models that related climate data from nearby

stations (Case 3) in the case of Mayagiiez city and Pico del

Este stations.

The honey yield and climatic data were added as attri-

butes of point features in a CIS (State Plane Puerto Rico and

Virgin Island PIPS 5200, NAD 83) to create interpolated sur-

faces with a 450m resolution that were needed as input

data in our spatially explicit modeling approach. In ArcGIS

9.2, we used the inverse distance-weighted (IDW) method

with its default values (power = 2 and maximum number
of neighbors = 15) to interpolate the yearly and overall

honey yields added to the centroids of each municipality, the

yearly and overall monthly total precipitation, and averaged

monthly maximum and minimum temperatures added to

each weather station (Pigure 2).

We chose the IDW method over others (splice, kriging,

natural neighbors) because it produced the interpolated

surfaces that most resembled the actual climatic distribution

in the island. IDW is a local, deterministic interpolation

method that estimates unknown point values based on

known neighboring sample points, whose influence decreas-

es with distance according to a negative power function

[43]. The error of the interpolated surfaces can vary with P
and neighborhood characteristics and also with the variable

under consideration [44-46]. We used a cross-validation
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Table 1: Bioclimatic variables calculated by BIOCLIM software and used in the stepwise multiple regressions to produce the four honey

yield predictive models.

BIOCLIM variable Description Type

Bio 1 Annual mean temperature (°C) Annual trend

Bio Mean monthly range (°C) Seasonality

Bio Isothermality (Bio 2/Bio 7) Seasonality

Bio 4i’2'3.4 Temperature seasonality (CV x 100) Seasonality

Bio 5^’^’^’'^ Maximum temperature ofwarmest month (°C) Extreme conditions

Bio 6i’2-3.4 Minimum temperature of coldest month (°C) Extreme conditions

Bio 7 Temperature annual range (Bio5-Bio6) (°C) Seasonality

Bio 81’2'3.4 Mean temperature of wettest quarter (°C) Extreme conditions

Bio Mean temperature of driest quarter (°C) Extreme conditions

Bio 10 Mean temperature ofwarmest quarter (°C) Extreme conditions

Bio 11 Mean temperature of coldest quarter (°C) Extreme conditions

Bio 12 Annual precipitation (mm) Annual trend

Bio 13i’2.3.4 Precipitation of wettest month (mm) Extreme conditions

Bio 14i’2.4 Precipitation of driest month (mm) Extreme conditions

Bio 151’2.3.4 Precipitation seasonality (CV x 100) Seasonality

Bio 16^ Precipitation of wettest quarter (mm) Extreme conditions

Bio 17i’2>3.4 Precipitation of driest quarter (mm) Extreme conditions

Bio 181’2’3.4 Precipitation ofwarmest quarter (mm) Extreme conditions

Bio 19 Precipitation of coldest quarter (mm) Extreme conditions

A quarter represents a 3-month period. The superscripts indicate the variables that were preselected by PCA and VIF analyses based on multicollinearity to

enter the models (see text).

procedure on some selected variables and varied P (1, 2, 3)

and the maximum number of neighbors (10, 15) to examine

their impact on the root mean square errors (RMSEs). We
found that RMSE varied minimally, and therefore kept the

interpolated surfaces created with the IDW default values.

These interpolated climatic maps were used together

with a digital elevation model (DEM; seamless.usgs.gov)

in diva’s BIOCLIM module to generate yearly and overall

bioclimatic variables (Table 1; DIVA version 5.4.0. 1; http://

www.diva-gis.org/).

2.3. Modeling Contemporary Honey Yields. We developed an

ensemble of four models that altogether provide a robust

representation of current and future predicted honey yields

[30]. The models reflected different ways of aggregating the

data (yearly versus overall averages) and handling regions

(all versus subset of municipalities) for which the bioclimatic

data may not fully represent existing conditions. Model 1

included yearly data for all municipalities for which honey-

bee data was available. In model 2, we included yearly data

for all but four municipalities located in eastern Puerto Rico,

namely Ceiba, Naguabo, Luquillo, and Rio Grande. Although

these municipalities encompass coastal areas that are char-

acteristically dry, all operating weather stations in the area

are clustered in the Luquillo Mountains that are character-

istically wet. In Model 3, we averaged yearly values for all the

municipalities for which we had honey yield data. Finally, in

Model 4 we used the average yearly values of all variables as in

Model 3 but excluded the same municipalities as in Model 2.

To characterize each municipality based on honey yields

and bioclimatic conditions, we averaged the pixel values of

the corresponding raster maps and added these averages to

their centroids (Figure 2). For each modeled dataset we run

exploratory data analysis (EDA) to help detect outliers or

anomalies in the data. Subsequently, we ran a principal com-

ponent analysis (PGA) on the correlation matrices both as

a way to handle variables that were in different units and

to preselect variables based on degree of multicollinearity

[47]. To validate this approach, we calculated the variance

inflation factor (VIE), a procedure that quantifies the extent

of multicollinearity among multiple variables that will be

included in regression models [47].

The procedure outlined above helped us eliminate six

variables. The remaining 13 variables were included in step-

wise multiple regressions to explore the relationship between

the log-transformed honey yield and bioclimatic variables

(Table 1). Both the Akaike’s information criterion (AIG) and

the adjusted R-squares are used by Spotfire S+ (TIBCO) to

select the model with the best fit. The AIG takes into account

statistical goodness of fit while penalizing for increasing the

number of variables; low AIG values indicate the model with

the best fit [47]. Subsequently, we validated the models gen-

erated through the stepwise multiple regression analysis by

using the automated model selection function dredge in the

MuMIn package version 1.7.7 of R statistical software. This

function examines all the possible models given the provided

variables and ranks them according to their AIG [48].

2.4. Modeling Honey Yields under Scenarios of Climate

Change. Various modeling efforts to predict climate change

trends in the Garibbean agree in that the temperature will

increase 2°G by 2099 but disagree regarding precipitation
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Table 2: Results of stepwise multiple regressions with predictors retained in each of the four predictive models ofhoney production.

Model parameter
1

(all years and

municipalities)

2

(all years but not

all municipalities)

Model
3

(yearly average and

all municipalities)

4

(yearly average but

not all municipalities)

Intercept 3.6328 4.6138 5.1130 6.3048

Isothermality (Bio 3) — -0.0099 — —
Temperature seasonality (Bio 4) -0.0021 -0.0043 -0.0037 -0.0083

Maximum temperature ofwarmest month (Bio 5) — — 0.1130 —
Minimum temperature of coldest month (Bio 6) — — 0.0715 0.0594

Mean temperature of wettest quarter (Bio 8) -0.0647 -0.0688 -0.2382 -0.1863

Precipitation of wettest month (Bio 13) — 0.0004 0.0039 0.0012

Precipitation seasonality (Bio 15) — — -0.0285 —
Precipitation of driest quarter (Bio 17) — — -0.0033 —
Precipitation ofwarmest quarter (Bio 18) — — -0.0009 —
P <0.001 <0.001 <0.001 <0.001

0.1903 0.1847 0.5276 0.4984

trends [31-34, 49]. For Puerto Rico, in particular, under the

IS92 business as usual scenario (BaU), it was predicted that

precipitation would not change during the dry season (DS;

December-April) but that it would decrease 20mm during

the early rainy season (ERS; May-July) and increase 15 mm
during the late rainy season (LRS; August-November) [32,

50]. In contrast, under the SRES A2 scenario, an ensemble of

models predicted that the precipitation was going to decrease

28, 66, and 50mm during the DS, ERS, and LRS seasons,

respectively [31]. We used these two climate change scenarios

to model honey yields and modified accordingly the original

climate data used as input for BIOCLIM. The new maps

depicting these conditions were used as input data to predict

honey yields.

We used ArcGIS 9.2 software to create the honey yields

and climate spatial databases and to model honey yields

across the island under current and future climate scenarios.

3. Results

3.1.

Honey Yields. Average honey yields for the period

1998-2005 were estimated at 5.3 ± 4.4L/colony (mean ±
SD) whereas for the historical data this figure was 11.3 ±
9.6L/colony (f-test, df = 465, P < 0.05; Figure 1). Con-

temporary honey yields seem to be less variable (smaller

standard deviations (shown above) and have lower max-

imums (20.5 in 2002 versus 78.7L/colony in 1910)) than

the historical values (Figure 1). Honey yields for the period

1998-2005 as well as the historical dataset exhibit a large

intra- and inter-annual variability that may reflect to a large

extent differences among the municipalities and time periods

in terms of their socioeconomic and ecological potential to

sustain honeybee activity. We use the average honey yield

(5.3 L/colony) for the 1998-2005 period as a baseline figure

to compare the behavior of the models that predict honey

yields under current and future scenarios of climate change.

3.2. Modeling Current Honey Yields. The four models dif-

fered in terms of the total variance that they explained

and the bioclimatic variables associated with honey yields

(Table 2). Models 1 and 2 explained the least amount of

variance in the data {R^ ~ 0.18) whereas the opposite was

true for Models 3 and 4 (R^ ~ 0.50). The models also

differed regarding the type and number of variables that

were retained with Model 1 and Model 3 retaining 2 and

8, respectively. Four models retained temperature seasonality

(Bio 4) and mean temperature of the wettest quarter (Bio 8),

three retained precipitation of the wettest month (Bio 13),

and two retained the minimum temperature of the coldest

month (Bio 6) (Table 2). Honey yields were negatively

correlated with temperature seasonality (Bio 4) and mean
temperature of the wettest quarter (Bio 8), and positively

correlated with minimum temperature of the coldest month
(Bio 6) and the precipitation of the wettest month (Bio 13).

Predicted current honey yields varied among the models

(Figures 3 and 4, and Table 3). In Models 1 and 3, these

ranged between 1.0 and 14.0 L/colony whereas in Model 2

and 4 between 2.0 and 67.0 L/colony, more than doubling

the maximum yields predicted by the former (Table 3). The

location and extent of the areas suitable for honey yields

>5.3 L/colony varied among the four models. Models 3 and

4 identified areas suitable for honey production not shown

by the other two, and as a result the degree of overlap

among the four models was 35%; eliminating Model 4, the

most dissimilar model, gave an overlay of 48%. Finally, the

predicted areal extent of areas suitable for honey production

varied among the models and ranged between 1,000 and

2,200 km^ or equivalently between 11 and 25% of the total

area of the island (Model 1 < Model 3 < Model 2 < Model 4;

Table 3).

3.3. Modeling Honey Yields under Climate-Change Scenarios.

Under the two scenarios of climate change, the predicted
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Table 3: Predicted honey yields and areal extents of suitable honey production areas (honey yields > 5.3 L/colony). Under each model the

future climate change scenarios are based on (A) Neelin et al. [31], which follows the A2 scenario, and (B) Angeles et al. [32], the IS92

business as usual scenario.

-ij/T/i \ Predicted areal extents of suitable honey
Predicted honey yields (L/colony)

, . /, 9 ,

production areas (km^)

Model _
Current

Future

Max-min (Mean ± SD)

A

Max-min (Mean ± SD)

B

Max-min (Mean ± SD)

Current

A

Future

B

1 3.5-14.0 (4.6 ± 0.9) 2.6-10.6 (3.5 ± 0.7) 2.6-10.7 (3.6 ± 0.7) 1,012 221 250

2 3.2-32.3 (5.1 ±2.1) 2.3-23.7 (3.7 ± 1.6) 2.4-24.2 (3.9 ± 1.5) 1,538 617 704

3 0.6-12.0 (4.4 ± 1.4) 0.2-10.5 (3.4 ± 1.4) 0.6-11.6 (4.1 ± 1.3) 1,370 917 1,149

4 1.7-67.0 (6.2 ± 6.2) 0.9-39.1 (3.5 ± 3.8) 1.0-39.4 (3.9 ± 3.7) 2,210 782 909

N

A
O 10 20 40km

Honey yield >5.3 L/colony

I I Model 1 I I Model 3

I I Model 2 I I Model 4

Figure 3: Shade relief map of Puerto Rico showing the predicted

current areas suitable for honey yields >5.3 L/colony.

honey yields ranged between 10.5 and 39.4 L/colony, which

are lower than the predicted current values (Tabled). Yet

under the SRES’s A2 scenario the minimum and maximum
honey yields were slightly lower than under the ISP2’s BaU
scenario, a result that becomes obvious when examining the

areas suitable for honey production (Figure 4; Table 3). All

models predicted a reduction in the areal extent of areas

suitable for honey production. In the SRES’s A2 scenario this

reduction ranges between 33% and 78% and under the ISP2’s

BaU scenario between 16% and 75% (Models 3 < 2 < 4 < 1).

4. Discussion

Average annual honey yields in the island of Puerto Rico

were estimated at 5.3 L/colony. The four models developed

to predict honey yields under current and future scenarios

of climate change varied in terms of the predicted honey

yields and the extent and location of areas suitable for

honey production (area suitable for honey production; yields

>5.3 L/colony). The predicted current (minimum and maxi-

mum ranges were 0.6-3.5 and 12-67.0 L/colony, resp.) and

future (0.2-2.6 and 10.5-39.4 L/colony, resp.) honey yields

indicate that climate change has the potential to reduce yields

almost by half. In addition, the predicted areal extents of

the current (minimum and maximum range between 1,000

and 2,200 km^) and future (221-1,149 km^) areas suitable

for honey production show a substantial decrease further

supporting the likely impact of climate change on beekeep-

ing, Overall these results indicate that climate change has the

potential to affect the delivery of provisioning and support-

ing services by honeybees.

4.1. Honey Yields. Current average honey yields are almost

half the historical ones (5.3 versus 11.3 L/colony; Figure 1)

and lower than the world (10.7 and 13.1 L/colony for the

years 1984 and 1998, resp.) and Caribbean (17.3 and 14.6 L/

colony, resp.) estimates ([1]; Food Agricultural Organization

(LAO) 1998 database, http://faostat.fao.org/). The long-

term trends in honey yields and number of farms with

beehives reconstructed from a variety of historical sources

resemble a “boom and bust” cycle in which complex inter-

actions between humans, honeybees, and their resource base

determine fluctuations in the delivery of ecosystem services

(Figure 1; supplementary material). These long-term trends

also resemble a population growth model that overshoots its

carrying capacity and crashes. In Puerto Rico, a reduction

in maintenance research characteristic ofmodern agriculture

[51], in combination with multiple socioeconomic [52, 53]

and environmental factors including food availability, dis-

eases, invasions, and natural meteorological events, such

as hurricanes, explain these long-term trends and contem-

porary low honey yields in the island (supplementary mat-

erial).

Understanding these long-term trends is important

because it raises questions about cycles ofproduction and the

magnitude of climate change impacts depending on the stage

along these cycles. Furthermore, it raises questions about the

characteristics of these cycles in developing regions and SIDS

(Figure 1).

4.2. Modeling Current Honey Yields. We identified a subset

of bioclimatic variables that explains part of the variability

in current honey yields, as well as its spatial variability in a

tropical region. Three temperature- and one precipitation-

derived variables were common to >2 models, highlighting

the influence of temperature on honey yields. Specifically,

honey yields decreased with greater temperature seasonality

(Bio 4) and mean temperature of the wettest quarter (Bio

8) in all four models and increased with precipitation of
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Current Future

A B

Model 1

Model 4

0 >15

Honey yield (L/colony)

Figure 4: Maps showing the calculated estimates of current honey yield (models 1, 2, 3, and 4) and the honey yields predicted under future

climate change scenarios. The future scenarios include a 2°C increase in temperature with a 28, 66, and 50mm decrease in precipitation

during the DS, ERS, and LRS, respectively (Future A) and a 2°C increase in temperature with no change in DS, 20 mm decrease in

precipitation during ERS, and 15 mm increase in precipitation during LRS (Future B).

the wettest month (Bio 13) and the minimum temperature of

the coldest month (Bio 6) in three and two models, respect-

ively. Although there is considerable variability in these and

other bioclimatic variables across the island [35, 37], the

general trend is for the wettest quarter of the year that

runs from July to September to be a period with the high-

est maximum temperatures of the year. Likewise, the coldest

month is January, a month with some of the lowest precipi-

tations, and the wettest month October, a month in which

the high summer temperatures begin to ease. Our results sug-

gest that a combination of extreme temperatures and low

precipitation limits the activity of honeybees in this tropical

setting.

The map of predicted honey yields identifies regions in

eastern Puerto Rico and in the Central Mountains as suitable

for average or above average honey yields, which further

clarifies the interpretation of our results. These mountainous

regions have milder temperatures and are more humid than

the lowlands, in particular the dry, low-laying areas of south-

ern and western Puerto Rico [35-39]. Most likely then, the

observed variability in predicted honey yields reflects ways

in which different life history components of honeybees

vary along the complex bioclimatic gradients observed in

the island. In Costa Rica, for example, honeybees remain

active throughout the year, yet worker brood increased and

honey production decreased along an elevation gradient

(900-2800 m) located in a mesic environment [15]. This

effect, however, was more pronounced during the rainy than

the dry season. In Germany, the weight ofbee colonies varied

across a vast region in Hannover largely in response to the

observed variability in climatic conditions and land use
[ 14]

.

4.3. Modeling Honey Yields under Scenarios of Climate-

Change. Honey yields as well as the area suitable for honey

production decreased under both climate change scenarios.

These results are not surprising given the strong dependency

of honeybees on temperature even in tropical regions

[5, 14, 15]. More interesting were the effects of precipitation

on predicted honey yields. In each of the four models, the

minimum and maximum yields did not differ markedly

between the two climate change scenarios, but the same was

not true for the predicted area suitable for honey production

(honey yields >5.3 L/colony). In a warmer and drier Puerto

Rico, the area will decrease whereas in a warmer and wetter

Island the change will be lessened. In Model 3, the model in

which several precipitation variables were retained, the area

deemed suitable for production was the largest observed.

In the model 3b, where there is an overall precipitation

increase, this effect was more pronounced. One possibility

is that a precipitation increase converts some of the dry
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areas of the island into areas suitable for honey production

(Table 3, Figure 4).

Results of our work mirror those obtained by others

focusing on major food crops delivered by agroecosystems

in developing regions and SIDS [25-27]. Specifically it has

been shown a decrease in yields towards the tropics [54].

Given the long-term and often complex dynamics of agri-

cultural production, we may ask if climate change in inter-

action with socioeconomic and environmental factors will

contribute to further yield declines [55]. Based on Puerto

Rico’s beekeeping history we can speculate that the extent

to which climate change can impact this and similar agro-

ecosystems including the services that we derive from them

may depend upon the stage at which they are found along the

“boom and bust” cycle.

4.4. Future Work. We only included bioclimatic variables in

our modeling efforts, and the fact that the models explained

upto 53% of the variability in honey yields suggests that

other variables should be considered. Topography, wind

speed, colony management, and land use are logical factors

to explore. The first two may influence honeybee behavior

as already outlined in our Introduction whereas the third

might play a minor role in Puerto Rico’s current setting for

reasons already mentioned. Land use on the other hand,

may integrate characteristics of the food resource base utili-

zed by honeybees, including its quality, quantity, and spatial

distribution [6, 14] . It would be worth exploring more mech-

anistic models that could directly assess the impact of raising

temperature and atmospheric CO2 levels on the physiology

of honeybees and their food sources. In particular, raising

atmospheric CO2 levels may impact this agroecosystem in

different ways. First, it may increase plant photosynthetic

activity and water use efficiency [56], thus increasing the

bees’ food source base. Second, in some flowering species

increases in CO2 may cause a reduction in nectar produc-

tion [57], the principal source of food for bees. Lastly, expo-

sure of honeybees to high levels of CO2 for prolong periods

of time can alter insect physiology and behavior, and in some

cases it becomes lethal [58, 59].

4.5. Application and Relevance. Beekeeping is promoted as a

tool for rural development and conservation not only in the

Caribbean but other tropical nations or regions therein ([7,

8]; http://www.beesfordevelopment.org/). Likewise, honey-

bees are valued for the pollination services provided both

to agricultural [4, 60-62] and natural ecosystems, including

endangered species [63, 64]. Therefore, any initiative that

may increase people’s dependency on honeybees in devel-

oping regions and SIDS should take into account the likely

effect of climate change on beekeeping. Already there are

regions where drought is mentioned as the main problem

for beekeeping because it leads to shortages of bees’ food

followed by colony absconding [65]. Equally, shortages of

food may increase negative interactions between native bees

and honeybees due to niche overlap. Our work is an example

of an approach that can provide a better understanding of

the bioclimatic factors that limit honey production, and by

doing so it may help farmers to cope with new environmental

conditions.

5. Conclusions

Contemporary and historical beekeeping records in Puerto

Rico revealed a likely reduction in average honey yields,

including variability, over time. Current honey yields were

used as baseline to compare the behavior of an ensemble of

four spatially explicit models that were developed to predict

honey yields under current and future scenarios of climate

change. The four models varied in their predictions, yet they

all showed that honey yields, as well as the area suitable

for honey production, will decrease under scenarios of cli-

mate change. These results illustrate the possible impacts of

climate change on honeybees and ultimately the essential

services that they provide to us.

Authors’ Contribution

D. L. Delgado Conceived and designed the study, performed

the research, analyzed the data, and wrote the paper; M. E.

Perez Analyzed the data; A. Galindo-Cardona conceived or

designed the study; T. Giray contributed new methods; C.

Restrepo conceived and designed the study, performed the

research, analyzed the data, and wrote the paper.

Acknowledgments

The authors give special thanks to Ana Maria Cruz and Edna

Negron Gorgas of the Department of Agriculture of Puerto

Rico for providing the beekeeping census data, to D. Neelin

and J. Gonzalez for providing climate scenarios data for

Puerto Rico, Reinaldo Caraballo for sharing information on

beekeeping in Puerto Rico, Nivea Santiago for locating his-

torical articles on beekeeping, and Johanna Colon, Andrew
Kerkhoff, Kimberley With, Jess Zimmerman, and several

anonymous reviewers for providing useful comments on the

paper. This project was partially funded through NSF-FIRD-

CREST (CR) and an NSF-PRLSAMP graduate fellowship

(DD).

References

[
1

]
E. Crane, Bees and Beekeeping. Science, Practice, and World

Resources, Comstock Publishing Associates, Ithaca, NY, USA,

1990.

[2] E. Crane, The World History ofBeekeeping and Honey Hunting,

Routledge, New York, NY, USA, 1999.

[3] C. Kremen, N. M. Williams, M. A. Aizen et al., “Pollination

and other ecosystem services produced by mobile organisms:

a conceptual framework for the effects of land-use change,”

Ecology Letters, vol. 10, no. 4, pp. 299-314, 2007.

[4] D. W. Roubik, “Tropical agriculture: the value of bees to the

coffee harvest,” Nature, vol. 417, no. 6890, article 708, 2002.

[5] W. Holmes, “The influence of weather on annual yields of

honey,” Journal ofAgricultural Science, vol. 139, no. 1, pp. 95-

102 , 2002 .

[6] X. Janssens, E. Bruneau, and P. Lebrun, “Prevision des

potentialites de production de miel a I’echelle d’un rucher au



Psyche 9

moyen d’un systeme d’information geographique Apidologie,

vol. 37, no. 3, pp. 351-365, 2006.

[7] J. C. H. Saha, “Beekeeping for rural development, its potential-

ity and beekeeping against poverty-Bangladesh perspective,”

in Proceedings of the 38th Congress Apimondia, Apimondia,

Ljubljana, Slovenia, 2003.

[8] J. B. Shrestha, “Combating desertification with sericulture and

apiculture,” in Agriculture and Environment, pp. 6-13, Mini-

stry of Agriculture and Cooperatives, Kathmandu, Nepal,

2006.

[9] R. De La Sagra, Historia Economica-PoUtica y Estadistica de

la Isla de Cuba o sea de sus Progresos en la Poblacion, la

Agricultura, el Comercio, y las Rentas, Imprenta de las Viudas

de Arazoza y Soler, La Habana, Cuba, 1831.

[10] C. M. Trelles, Biblioteca Cientifica Cubana, Imprenta de J. F.

Olivier, Matanzas, Cuba, 1918.

[11] A. 1. Root Company, Cuba as a Bee Country, A. 1. Root Com-
pany, Medina, Ohio, USA, 1903.

[12] D. van Engelsdorp, J. Hayes, R. M. Underwood, and J. Pettis,

“A survey of honey bee colony losses in the U.S., Fall 2007 to

Spring 2008,” PLoS ONE, vol. 3, no. 12, Article ID e4071, 2008.

[13] Y. L. Conte and M. Navajas, “Climate change: impact on

honey bee populations and diseases,” OIE Revue Scientifique

et Technique, vol. 27, no. 2, pp. 485-510, 2008.

[14] J. Gerlach, “The dependence of honey-bee behaviour on

weather—shown by the results of weighing bee-hives in the

period of 1969 to 1978 in the region of the Beekeepers Asso-

ciation of Hannover,” International Journal ofBiometeorology,

vol. 29, no. 1, pp. 67-85, 1985.

[15] M. Spivak, “The relative success of Africanized and European

honey-bees over a range of life-zones in Costa Rica,” Journal of

Applied Ecology, vol. 29, no. 1, pp. 150-162, 1992.

[16] N. Vicens and J. Bosch, “Weather-dependent pollinator activ-

ity in an apple orchard, with special reference to Osmia cornuta

and Apis mellifera (Hymenoptera: Megachilidae and Apidae),”

Environmental Entomology, vol. 29, no. 3, pp. 413-420, 2000.

[17] Z. Puskadija, E. Stefanic, A. Mijic et al., “Influence of weather

conditions on honey bee visits (Apis mellifera carnica) during

sunflower (Helianthus annuus L.) blooming period,” Poljo-

privreda, vol. 13, no. 1, pp. 230-233, 2007.

[18] N. L. Bradley, A. C. Leopold, J. Ross, and W. Hufifaker,

“Phenological changes reflect climate change in Wisconsin,”

Proceedings of the National Academy of Sciences of the United

States ofAmerica, vol. 96, no. 17, pp. 9701-9704, 1999.

[ 19] A. M. Murilhas, “Varroa destructor infestation impact on Apis

mellifera carnica capped worker brood production, bee popu-

lation and honey storage in a Mediterranean climate,” Apidolo-

gie, vol. 33, no. 3, pp. 271-281, 2002.

[20] S. R. Carpenter, R. DeEries, T. Dietz et al., “Millennium

ecosystem assessment: research needs,” Science, vol. 314, no.

5797, pp. 257-258, 2006.

[21] Millenium Ecosystem Assessment, Ecosystems and Human
Well-Being: Synthesis, World Resources Institute, Washington,

DC, USA, 2005.

[22] UNFCCC, Climate Change: Impacts, Vulnerabilities, and Adap-

tation in Developing Countries, United Nations Eramework

Convention on Climate Change:, Bonn, Germany, 2007.

[23] D. Schroter, W. Cramer, R. Leemans et al., “Ecology: ecosystem

service supply and vulnerability to global change in Europe,”

Science, vol. 310, no. 5752, pp. 1333-1337, 2005.

[24] R. S. J. Tol, T. E. Downing, O. J. Kuik, and J. B. Smith, “Dis-

tributional aspects of climate change impacts,” Global Environ-

mental Change, vol. 14, no. 3, pp. 259-272, 2004.

[25] J. Keane et al.. Climate Change and Developing Country

Agriculture: An Overview ofExpected Impacts, Adaptation and

Mitigation Challenges, and Eunding Requirements, ICTSD-IPC

Platform on Climate Change, Agriculture and Trade, Issue Brief

No. 2, International Centre for Trade and Sustainable Develop-

ment, and International Eood 8c Agricultural Trade Policy

Council, Washington, DC, USA, 2009.

[26] P. G. Jones and P. K. Thornton, “The potential impacts of cli-

mate change on maize production in Africa and Latin America

in 2055,” Global Environmental Change, vol. 13, no. 1, pp. 51-

59, 2003.

[27] P. K. Thornton, P. G. Jones, G. Alagarswamy, and J. Andresen,

“Spatial variation of crop yield response to climate change in

East Africa,” Global Environmental Change, vol. 19, no. 1, pp.

54-65, 2009.

[28] FAO, Small Island Developing States. Agricultural Production

and Trade, Preferenes, and Policy, Eood and Agriculture

Organization of the United Nations:, Rome, Italy, 2005.

[29] M. L. Parry, C. Rosenzweig, A. Iglesias, M. Livermore, and G.

Fischer, “Effects of climate change on global food production

under SRES emissions and socio-economic scenarios,” Global

Environmental Change, vol. 14, no. 1, pp. 53-67, 2004.

[30] M. B. Araujo and M. New, “Ensemble forecasting of species

distributions,” Trends in Ecology and Evolution, vol. 22, no. 1,

pp. 42-47, 2007.

[31] J. D. Neelin, M. Miinnich, H. Su, J. E. Meyerson, and C. E.

Holloway, “Tropical drying trends in global warming models

and observations,” Proceedings of the National Academy of

Sciences of the United States ofAmerica, vol. 103, no. 16, pp.

6110-6115, 2006.

[32] M. E. Angeles, J. E. Gonzalez, D. J. Erickson, and J. L.

Hernandez, “Predictions of future climate change in the Carib-

bean region using global general circulation models,” Interna-

tional Journal of Climatology, vol. 27, no. 5, pp. 555-569, 2007.

[33] J. D. Campbell et al., “Euture climate of the Caribbean from a

regional climate model,” International lournal of Climatology,

vol. 31, no. 12, pp. 1866-1878, 2010.

[34] ECLAC, Regional Climate Modeling in the Caribbean, Eco-

nomic Commission for Latin America and the Caribbean-

ECLAC, United Nations, 2010.

[35] O. L. Fassig, “Average annual rainfall of Porto Rico, W. I,”

Monthly Weather Review, vol. 37, pp. 982-986, 1909.

[36] C. Daly, E. H. Helmer, and M. Quinones, “Mapping the

climate of Puerto Rico, Vieques and Culebra,” International

Journal ofClimatology, vol. 23, no. 11, pp. 1359-1381, 2003.

[37] B. A. Malmgren and A. Winter, “Climate zonation in Puerto

Rico based on principal components analysis and an artificial

neural network,” Journal of Climate, vol. 12, no. 4, pp. 977-

985, 1999.

[38] M. Jury, B. A. Malmgren, and A. Winter, “Subregional pre-

cipitation climate of the Caribbean and relationships with

ENSO and NAO,” Journal of Geophysical Research D, vol. 112,

no. 16, Article ID D16107, 2007.

[39] J. J. Ewel and J. L. Whitmore, “The ecological life zones

of Puerto Rico and the U.S. virgin islands,” Forest Service

Research Paper ITF-18, 1973.

[40] E. E. Southwick and D. Pimentel, “Energy efficiency of honey

production by bees,” Bioscience, vol. 31, pp. 730-732, 1981.

[41] A. Villordon, W. Njuguna, S. Gichuki et al., “Using CIS-Based

tools and distribution modeling to determine sweetpotato ger-

mplasm exploration and documentation priorities in sub-

Saharan Africa,” HortScience, vol. 41, no. 6, pp. 1377-1381,

2006.

[42] L. J. Beaumont, L. Hughes, and M. Poulsen, “Predicting

species distributions: use of climatic parameters in BIOCLIM
and its impact on predictions of species’ current and future



10 Psyche

distributions,” Ecological Modelling, vol. 186, no. 2, pp. 250-

269, 2005.

[43] A. D. Hartkamp et al.. Interpolation Techniques for Climate

Variables, NRG-GIS Series 99-01, GIMMYT, Texcoco, Mexico,

1999.

[44] A. Basistha, D. S. Arya, and N. K. Goel, “Spatial distribution

of rainfall in Indian Himalayas—a case study of Uttarakhand

Region,” Water Resources Management, vol. 22, no. 10, pp.

1325-1346, 2008.

[45] D. Kurtzman and R. Kadmon, “Mapping of temperature vari-

ables in Israel: a comparison of different interpolation meth-

ods,” Climate Research, vol. 13, no. 1, pp. 33-43, 1999.

[46] 1. A. Nalder and R. W. Wein, “Spatial interpolation of climatic

Normals; test of a new method in the Ganadian boreal forest,”

Agricultural and Forest Meteorology, vol. 92, no. 4, pp. 211-225,

1998.

[47] G. P. Quinn and M. J. Keough, Experimental Design and

Data Analysisfor Biologists, Gambridge University Press, Gam-
bridge, UK, 2004.

[48] K. Barton, “Multi-model inference,” 2012.

[49] A. Ghen et al., “Glimate trends and scenarios for climate

change in the insular Garibbean,” Tech. Rep. 381, Garibbean

Natural Resources Institute, Port Spain, Trinidad and Tobago,

2008.

[50] M. E. Angeles, J. E. Gonzalez, D. J. Erickson, and J. L.

Hernandez, “An assessment of future Garibbean climate

changes using the BAU scenario by coupling a global circu-

lation model with a regional model,” in Proceedings ofthe 86th

AMS Annual Meeting, Atlanta, Ga, USA, Eebruary 2006.

[51] D. L. Plucknett and N. J. H. Smith, “Sustaining agricultural

yields,” Bioscience, vol. 36, pp. 40-45, 1986.

[52] M. A. Aizen and L. D. Harder, “Geographic variation in the

growth of domesticated honey bee stocks: disease or econo-

mics?” Communitative and Integrative Biology, vol. 2, no. 6, pp.

464-466, 2009.

[53] K. M. Roddy and L. Arita-Tsutsumi, “A history of honey bees

in the Hawaiian Islands,” Journal ofHawaiian and Pacific Agri-

culture, vol. 8, pp. 59-70, 1997.

[54] G. Rosenzweig and M. L. Parry, “Potential impact of climate

change on world food supply,” Nature, vol. 367, no. 6459, pp.

133-138, 1994.

[55] G. Eischer, M. Shah, E. N. Tubiello, and H. Van Velhuizen,

“Socio-economic and climate change impacts on agriculture:

an integrated assessment, 1990-2080,” Philosophical Transac-

tions of the Royal Society B, vol. 360, no. 1463, pp. 2067-2083,

2005.

[56] B. G. Drake, M. A. Gonzalez-Meler, and S. P. Long, “More effi-

cient plants: a consequence of rising atmospheric GO2
?” An-

nual Review ofPlant Biology, vol. 48, pp. 609-639, 1997.

[57] H. P. Rusterholz and A. Erhardt, “Effects of elevated GO2 on

flowering phenology and nectar production of nectar plants

important for butterflies of calcareous grasslands,” Oecologia,

vol. 113, no. 3, pp. 341-349, 1998.

[58] G. Nicolas and D. Sillans, “Immediate and latent effects of

carbon dioxide on insects,” Annual Review ofEntomology, vol.

34, pp. 97-116, 1989.

[59] X. Wang, L. Ji, G. Wang, and Y. Liu, “Potential effects of

elevated carbon dioxide on leaf-feeding forest insects,” Front-

iers ofBiology in China, vol. 3, no. 1, pp. 68-77, 2008.

[60] B. M. Ereitas and R. J. Paxton, “The role of wind and insects

in cashew {Anacardium occidentale) pollination in NE Brazil,”

Journal of Agricultural Science, vol. 126, no. 3, pp. 319-326,

1996.

[61] T. H. Ricketts, G. G. Daily, P. R. Ehrlich, and G. D. Michener,

“Economic value of tropical forest to coffee production,” Pro-

ceedings ofthe National Academy ofSciences ofthe United States

ofAmerica, vol. 101, no. 34, pp. 12579-12582, 2004.

[62] D. W. Roubik, Pollination of Cultivated Plants in the Tropics,

Eood and Agriculture Organization of the United Nations,

Rome, Italy, 1995.

[63] M. A. Garaballo-Ortiz, “Mating system and fecundity of Goet-

zea elegans (Solanacea) an endangered tree of Puerto Rico,”

in Department of BiologyUniversity of Puerto Rico-Rio Pie-

dras. University of Puerto Rico, San Juan, Puerto Rico, 2007.

[64] G. Allen-Wardell, P. Bernhardt, R. Bitner et al., “The potential

consequences of pollinator declines on the conservation of

biodiversity and stability of food crop yields,” Conservation

Biology, vol. 12, no. 1, pp. 8-17, 1998.

[65] A. Abebe, Market chain analysis of honey production: in atsbi

wemberta district, eastern zone oftigray National Regional State

[M.S. thesis]. Department of Agricultural Economics, School

of Graduate StudiesHaramaya University;, Mamaya, Ethiopia,

2009.



Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 896473, 8 pages

dohlO.l 155/2012/896473

Research Article

Undecomposed Twigs in the Leaf Litter as Nest-Building

Resources for Ants (Hymenoptera: Formicidae) in Areas of

the Atlantic Forest in the Southeastern Region ofBrazU

Tae Tanaami Fernandes,^ Rogerio Rosa da Silva,^ Debora Rodrigues de Souza,

^

Natalia Araujo,^ and Maria Santina de Castro Morini^

^ Laboratorio de Mirmecologia, Universidade de Mogi das Cruzes, 08701 -970 Mogi das Cruzes, SP, Brazil

^Museu de Zoologia da Universidade de Sdo Paulo, Avenida Nazare 481, Ipiranga, 04263-000 Sdo Paulo, SP, Brazil

Correspondence should be addressed to Maria Santina de Castro Morini, morini@umc.br

Received 12 June 2012; Revised 15 September 2012; Accepted 17 September 2012

Academic Editor: Diana E. Wheeler

Copyright © 2012 Tae Tanaami Eernandes et al. This is an open access article distributed under the Creative Commons Attribution

License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

In tropical forests, the leaf-litter stratum exhibits one of the greatest abundances of ant species. This diversity is associated with the

variety of available locations for nest building. Ant nests can be found in various microhabitats, including tree trunks and fallen

twigs in different stages of decomposition. In this study, we aimed to investigate undecomposed twigs as nest-building resources

in the leaf litter of dense ombrophilous forest areas in the southeastern region of Brazil. Demographic data concerning the ant

colonies, the physical characteristics of the nests, and the population and structural of the forest were observed. Collections were

performed manually over four months in closed canopy locations that did not have trails or flooded areas. A total of 294 nests were

collected, and 34 ant species were recorded. Pheidole, Camponotus, and Hypoponera were the richest genera observed; these genera

were also among the most populous and exhibited the greatest abundance of nests. We found no association between population

size and nest diameter. Only tree cover influenced the nest abundance and species richness. Our data indicate that undecomposed

twigs may be part of the life cycle of many species and are important for maintaining ant diversity in the leaf litter.

1. Introduction

Ants represent only 2% of the described insect fauna; how-

ever, they constitute more than 50% of the animal biomass

of tropical forests, savannas, fields, and other important

habitats [I, 2]. The majority of ant species inhabit the

soil and/or leaf litter [3]. In tropical forests, approximately

50% of the ant fauna may be associated with the leaf litter

[4], but the factors that structure these communities are

poorly understood [5, 6], especially for communities that

live in the leaf litter of the Brazilian Atlantic Rainforest. One
fundamental goal of ecology is to understand the structure

and maintenance of diverse tropical assemblages [7].

Studies of the diversity of leaf-litter ants are relatively

abundant [8, 9], and several studies have been conducted

in the Atlantic Rainforest sites selected for the present study

(see [10-12]). The ant fauna that inhabits the leaf litter is

rich in terms of taxonomy, morphology, and function [13-

15], and its high diversity [5, 14, 16] has been associated with

vegetation structure and the biotic and abiotic characteristics

of the habitat [17, 18].

In the leaf litter, ants have access to food resources,

locations for nest building, and a favorable microclimate

[17, 19-23]. The variation in nest-building locations among
species is a prerequisite for the maintenance of leaf-litter

ant species diversity [24]. Despite a reasonable amount of

ecological knowledge, the biology of the majority of leaf-

litter species is still largely unknown [25].

Litter-nesting ants are a particularly useful group for

community-level comparisons because litter can be exhaus-

tively searched to provide accurate data on nest density and

species richness, regardless of weather [6]. Ant nests in the

leaf litter are located among interstices, in the interior of

fruits, between leaves, or in branches and trunks at various
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Table 1: Locations of sampling sites in southeastern Sao Paulo state, Brazil.

Municipality Sampling sites (acronym) Geographical coordinates Altitude (m) Size* (ha)

Ribeirao do Campo Dam (RC) S23“38'10"; W45M9'57" 780 200

Ponte Nova Dam (PN) S23°34'19''; W45°44'10" 783 200

Salesopolis Reserva do Incra (RI) S23“36'39"; W45°49'47'' 750 130

Esta^ao Biologica de Boraceia (EBB) S23°31'56''; W45°50'47" 780 96

Museum of Energy Dam (ME) S23°33'47"; W45°50'10" 790 100

Municipal Natural Park Erandsco Afifonso de Mello (PNMEAM) S23°3r22''; W46°11'16" 810 350

Itapeti Ecological Station (EEI) S23°30'33"; W46°14'14" 820 89

Mogi das Cruzes Legal Reserve (RL) S23°30'35''; W46°14'22" 830 104

Agro-Environmental Nucleus (NA) S23°29'47''; W46n2'27" 810 20

Eazenda Santo Alberto (SA) S23°26'21''; W46°09'50" 690 130

* Approximate size of the sampling areas.

stages of decomposition [26]. Among the resources provided

by the leaf litter, twigs/trunks are essential for ant nests to

occur [27].

Small ants and those with little dispersal ability, such

as species of Myrmicinae and the tribe Dacetini or species

of Ponerinae, can be found by breaking pieces of branches

and twigs that have fallen in the leaf litter or by looking

in rotten trunks [28]. However, fallen trunks are colonized

by few species [29]; twigs are important for the nesting of

a higher number of species, especially twigs in stages of

decomposition [27]. This preference may be related to the

ants’ access to the inside, as digging is easier [27], or to

moisture, which is the limiting factor for leaf-litter ants [5].

In the present study, we investigated in detail the ant

species that use twigs that are still undecomposed, a subset

of twigs that is less exploited by ants [27]. Furthermore,

to investigate the determinants of community organization,

we collected measurements related to twig characteristics,

colony structure (workers, alates, and immature ants), can-

opy cover, and litter depth.

2. Methods

2.1.

Study Area and Sampling. The colonies were collected

in 10 dense ombrophilous forest fragments [30] located

in the Upper Tiete Hydrographic Basin in the state of

Sao Paulo, Brazil (Table 1). The sampling expeditions were

only conducted once during the experimental period. The

samples were collected between September and December

of 2010 (approximately one sampling per week), spanning

the region’s rainy season [31]. Each sampling expedition was

conducted one day after rain in locations without trails,

without flooded areas and under a closed canopy. The

vegetation of the collection areas was similar and composed

of trees that were 2 to 20m in height with trunks that had

a diameter at chest height that was equal to or greater than

20 cm.

Six 16 m^ parcels were delimited in each area along a

linear transect. The plots were separated by 50 m to ensure

the independence of the samples [16, 32].

The sampling effort for each plot was constant (collection

time = 30 minutes, and number of collectors = 3 per plot).

All of the undecomposed twigs with lengths of 10 to

30 cm and containing ants were manually collected and

individually placed in plastic bags for later identification.

This twig size was selected because smaller twigs were

generally decomposing in the sampling areas. Furthermore,

the selected size was the approximate size of most of the

ant-colonized twigs [27]. Only the twigs that were found on

the surface were collected because they are the most recent

resources in the leaf litter.

The number of twigs with nests was recorded (=the

density of the nests), and the ants were identified to the

genus level using identification keys. The species were

identified by comparison with the examples deposited in

the reference collection of the Zoological Museum of the

University of Sao Paulo (Museu Zoologia da Universidade

de Sao Paulo) (MZSP). The taxonomic scheme proposed by

[33] was used. Vouchers are deposited in the collection of

the Myrmecology Laboratory of the University of Mogi das

Cruzes (Universidade de Mogi das Cruzes) and the MZSP.

2.2. Characterization of the Nests, Demographic Data, Canopy

Cover, and Litter Depth. Using a digital pachymeter, the total

diameter of the twigs that contained colonies was measured;

five measurements were conducted on each twig. The counts

of immature ants (eggs, larvae, and pupae) and workers were

performed using a manual counter.

The canopy cover was recorded at the center and at the

vertices of each of the 16 m^ plots using a Nikon D80 digital

camera with a fish-eye objective. The Gap Light Analyzer

(GLA) application version 2.0 was used to analyze the images

[34]

.

The litter depth was measured using calipers at the

corners and in the center of each 1 m^ parcel. These small

parcels were randomly marked within each 16 m^ parcel. The

average of five values was used to define the stratum depth.

2.3. Data Analysis. Comparisons among the collection sites

were made using the number of occurrences of the species

(presence and absence data). The ant richness was compared

using accumulation curves based on the number of species
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Occurrence

Figure 1: Accumulation and estimated species richness curves in undecomposed twigs in the leaf litter of dense ombrophilous forest.

that occurred. The expected number of species was deter-

mined using the Chao2 richness estimator, which is based

on incidence and uses the number of “uniques” (species

found in only one sample) and “duplicates” (species found

in only two samples) [35]. The curves were obtained using

the Estimates program version 8.2 [35].

We used Spearman correlations to analyze the relation-

ship between the total number ofimmature ants and workers

and the twig diameter, excluding rare species (those with

a number of records <10 nests) [27]. The relationships

between species richness and tree cover and leaf-litter depth

were identified using scatter plots and Pearson correlations.

The same analyses were performed for nest abundance. All

of the analyses were preceded by the Lilliefors test to verify

data normality. The BIOESTAT 5.0 software [36] was used

for both of the tests with a 5% significance level.

3. Results

In 960 m^ of leaf litter, there was a total of 294 nests

(0.31 nests/m^), seven subfamilies, 15 genera, and 34 species.

The species density was 0.03 species/m^. A total of 264

nests (89%) were immature. Eleven species (32%) occupied

>10 twigs, especially Pheidole sp.l3, with 56 recorded nests

(Table 2). Each twig was inhabited exclusively by one species

(we did not observe the cooccurrence of species in individual

twigs). The richness curve did not stabilize, but the estimated

curve of the number of species reached a stable level

(Eigure 1).

Myrmicinae was the richest subfamily both in terms of

the number of nests (56%) and the number of species (41%).

Ectatomminae was the least rich subfamily, with only one

species {Gnamptogenys striatula Mayr) being observed, but

it was among the subfamilies with the greatest abundance

of nests. Pheidole was the richest genus in terms of species

followed by Camponotus. Species of Pheidole, Solenopsis,

Myrmelachista, Camponotus and Linepithema represented

the greatest numbers of nests and were also the most

populous species; the number of workers ranged from 165

to 458 and of immature ants from 108 to 1,317 among these

species (Table 2).

The nest abundance ranged from 3.16 (±2.85) to 7

(±2.44) among the dense ombrophilous rainforest frag-

ments, and species richness ranged from 2.33 (±1.79) to

4.66 (±2.16). The tree cover spanned 8.02 (±1.89) to 18.33

(±1.89) %, and leaf litter depth ranged from 2.99 (±0.76) to

12.82 (±5.5) cm (Eigure 2). Canopy cover influenced the nest

abundance (r = 0.3949; P < 0.05; Eigure 3(a)) and species

richness (r = 0.2806; P < 0.05; Eigure 3(b)). The leaf-litter

depth was not related to the nest abundance (r = -0.0519;

P > 0.05) or species richness in twigs (r = -0.0099; P >

0.05).

The twig diameter ranged from 10.77 (±4.48) to 39.61

(±3.66) mm, and these twigs were occupied by Camponotus

sp.9 and Hypoponera sp.lO, respectively (Table 2). We did

not detect a relationship between the twig diameter and the

size of the colonies (workers, immature ants and workers +

immature ants) (P > 0.05), except for Pheidole sp.l3, for

which there was a relationship between the size of the worker

population and the twig diameter (r = 0.3283; P < 0.05).

We recorded 17 species with queens, 12 with alates and 8

with queens and alates. We found that more than one queen

coexisted in the same twig for five species: L. neotropicum

Wild (one nest with five queens), Brachymyrmex incisus

Eorel (one nest with two queens), Crematogaster sp.l (one

nest with three queens), Pheidole sp.l3 (one nest with two

queens), and Pheidole sp.43 (one nest with two queens and

one with three queens) (Table 3).
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Table 3: Presence of queens and alates among the species reported in undecomposed twigs in the leaf litter of dense ombrophilous forests.

Species/morphospecies
Queens

Nests with queens Queens/nest Nests with alates

Alates

Total or variation

Linepithema neotropicum 2 1-5 3 2-50

Brachymyrmex incisus 1 2 — —
Camponotus {Myrmaphaenus) 1 1 — —
Camponotus (Tanaemyrmex) — — 1 8

Camponotus sp.8 — — — —
Camponotus sp.9 1 1 1 5

Camponotus sp.lO 1 1 3 1-16

Myrmelachista catharinae — — 3 1-13

Myrmelachista ruszkii — — 1 18

Crematogaster sp. 1 2 1-3 2 3-14

Mycetosoritis sp.l 1 1 — —
Pheidole sp.6 8 1 1 2

Pheidole sp.7 5 1 2 3-14

Pheidole sp.9 1 1 — —
Pheidole sp.l

3

23 1-2 2 2-4

Pheidole sp.l4 10 1 — —
Pheidole sp.43 16 1-3 — —
Solenopsis wasmannii 1 1 — —
Solenopsis sp.2 8 1 1 3

Solenopsis sp.5 — — 2 1-2

Hypoponera sp.7 1 1 — —
Pseudomyrmex pallidus 1 1 — —

4. Discussion

The results presented in this paper indicate that unde-

composed twigs are an important nest-building resource

used by many leaf-litter ant species and by several arboreal

ant species, as reported in other studies [8, 10, 37, 38].

Specifically in the case of arboreal ants, twigs in the leaf

litter may represent external nests, as already reported

for Azteca [39, 40] and Crematogaster torosa Mayr [41].

This microhabitat probably originated from trees near the

site where colonies resided that fell, bringing the eggs,

larvae, alates, and adults to the ground [38]. In silk-nesting

Camponotus, entire colonies frequently fall, especially during

the rainy season [42].

In our study sites, many nests can be characterized as

temporary because only workers and immature ants were

found. This result suggests the presence of satellite nests,

as observed for C. hrasiliensis Mayr [27] and Pachycondyla

villosa (Fabricius) [43]. The existence of satellite nests

increases the chances of defending a given territory and

increases the survival of the colony itself, which is at the

greatest risk of predation when concentrated in one place

[42, 44-46]. When the nest is not centralized, the search

for food can be completed by workers found in all of the

nest locations, thereby increasing the foraging capacity of the

colony [42, 47] and reducing the distance to the food supply

[48].

Alternatively, we cannot exclude the polyatomic species

hypothesis without the presence of queens (see [41]). In the

leaf litter of tropical forests, approximately 1/3 of the species

are polydomic [5]. Although the causes of polydomy are

uncertain [41], polydomy may be related to the occupation of

new areas [45], increased foraging area [42, 47], or increased

food supply [41]; there may be yet another cause found for

certain arboreal ant species, which have larger colonies, in

compensating for restricted space in twigs [27]. Polydomy

is also observed in polygynous species, such as C. pygmaea

Forel [49] andM. schumanni Emerj [50, 51]. Polydomy may
be the case for 29% of the nests determined to have more

than one queen, especially for Pheidole.

Sampling of ant nests from twigs at different stages

of decomposition resulted in abundance measurements

of 7.43nests/m^ in tropical wet forest (Costa Rica) [16],

0.22nests/m^ in the central Amazonian rainforest (Brazil)

[27] and 0.88nests/m^ in lowland rainforest (Ecuador)

[6]. Thus, the density of undecomposed twigs with nests

recorded in areas of Atlantic Rainforest in southwestern

Brazil may be considered high because these twigs represent

only a portion of the twigs available in the leaf litter and are

probably less attractive for ants due to low moisture [27].

Moisture is a limiting factor for ant recruitment in leaf litter,

and nest recolonization, and recovery in artificially disturbed

parcels is slower, as observed by [5] . In contrast, the observed

species density was relatively similar to that of the Amazon
rainforest, with 0.02 species/m^ being recorded [27], and

the density was similar to that observed in other studies

[16, 29]. However, the observed species curve indicates that

rare species were not fully sampled.
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Figure 2: Average number of nests ± S.D. (a), species (b), canopy

openness (c), and litter depth (d) of the sampled dense ombrophi-

lous forest fragments.

When using a 1 sampling unit of dense ombrophilous

rainforest, we found that the species richness in fallen twigs

on the soil was much lower than that in the leaf litter [8, 15]

.

Many species that nest in twigs may be limited by high

mortality during alate dispersion or during relocation of

colonies from one twig to the next. Changing colonies is a

relatively constant factor because twigs are ephemeral [16],

(a)

(b)

Figure 3: Relationship between canopy cover and the nest abun-

dance (a) and species richness (b) in undecomposed twigs in the

leaf litter in dense ombrophilous rainforest fragments.

and this relocation may be one of the factors regulating the

richness of species that use twigs as resources.

Another factor regulating species richness may be the

limited space within twigs. The structure of the ant colonies

found in the interiors of twigs and trunks in the leaf

litter is relatively simple, due to space limitations [44].

However, independent of the twig’s dimensions, colonies of

L. neotropicum Wild, M. catharinae Mayr, M. ruszkii Forel,

Pheidole spp., and Solenopsis spp. had many workers and

immature ants. In dense ombrophilous rainforest, records of

populous colonies of M. catharinae and M. ruszkii in fallen

twigs in the leaf litter seem common and are unrelated to the

diameter of the twig where the colony is housed [38]

.

The presence ofa more closed canopy has been associated

with habitats richer in resources for ants [23, 44]. The

relationship between the structural complexity of the canopy

and the higher number of nests observed in our study

also suggests that the canopy can be a determinant of the

community structure of the species that use twigs in the leaf

litter. Our results also show that leaf-litter depth is not one

of these factors. Reference [6] did not find a relationship

between tree cover and nest abundance or leaf-litter depth

and suggested that predation, prey density, or plant diversity

may be responsible for the observed patterns. The ants that

build nests in leaf litter do not show preferences for twigs of
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specific plant species [5, 16], but a high species richness of

twigs can favor ant species diversity [22].

Our results expand the current knowledge of ant species

that use undecomposed twigs as a nest-building resource in

dense ombrophilous forest and show that this habitat has an

important role in the biology of certain species, especially

those species for which the entire colony development cycle

may occur within twigs. Furthermore, our findings suggest

that undecomposed twigs, despite containing a low density

of species compared to the leaf litter, represent a resource

for nest building and consequently are part of the set of

structural elements that maintain the diversity of the ants

that forage in this layer of tropical forests. Our study also

confirms the dominance of the genus Pheidole [27] along

with Camponotus and Hypoponera in ant communities that

use twigs as a resource in the leaf litter ofdense ombrophilous

rainforests.
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The genus Merosargus (Loew) has 142 described species. This great diversity in the genus could be explained by larvae resource-use

specialization. However, information on larval habitats is still very scarce. In Merosargus species, adult males defend oviposition

sites, and this territorial behavior may lead to interspecific competition and make even more important the specialization and

niche partitioning to prevent competitive exclusion. This study identified substrate types used as a resource by Merosargus larvae

and investigated the degree of specialization and overlap in resource use by different species at an Atlantic forest remnant in Minas

Gerais, Brazil. Every potential resource, especially those with adults in the vicinity, was collected opportunistically from October

2001 to October 2004. In total, 292 individuals from 12 Merosargus species collected from 21 resource types and 15 plant species

were reared in the laboratory. Plant species included herbs, vines, palms, and trees. Six Merosargus species were reared from only

one resource type, and each resource type was used, on average, by less than two Merosargus species. Thus, Merosargus species

exhibited a high degree of specialization and small overlap in larval resource selection, which could explain the high local and

global diversity of the genus.

1. Introduction

The family Stratiomyidae (soldier flies) occurs in all warm
temperate and tropical regions, especially in the wet tropics

[1]

,
and includes species with great morphological and

habitat use diversity [2].

Little is known about Stratiomyidae larval biology in the

Neotropical region. The larval stages of soldier flies have been

extensively studied over the last decade in Brazil, but the

studies focused mainly on larval and pupal morphology [3-

12 ].

The genus Merosargus (Loew) is one of the largest in

number of species in the family Stratiomyidae. Woodley

[2] listed 142 species in the genus, and only two are not

Neotropical. The previous revision of the genus is over 40

years old and listed only 109 species [13], thus the genus

needs to be reviewed.

The biology of the genus is still poorly known. Woodley

[2] reported the occurrence of Merosargus adults around

various types of fruits and other rotting plant material

on the forest floor, where males defend small territories,

females oviposit, and mating occurs. He hypothesized that

some species specialize on certain plant resources. Therefore,

resource-use specialization by larvae could be an explanation

for the great diversity in the genus. However, information on

larval habitats is still very scarce and not species-specific
[
14-

18].

In the Neotropical region, a wide variety of resources

is available for phytophagous insects. Adult insects must

recognize and select the best available oviposition substrates,

and, for many species, resource quality has a major effect

on their distribution and abundance [19]. The choice of

oviposition sites is crucial for larval development and adult

survivorship and vigor. In fact, several factors such as
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nutritional quality, predation risk, and competition may act

directly or indirectly in oviposition site selection [20].

Specialization in resource use is a way to maintain the

coexistence of a large number of closely related insect species

in tropical forests. However, recent studies have shown that

different insect herbivore guilds exhibit different degrees

of specialization and that some guilds such as chewers are

predominantly generalists [21]. In addition, scavengers such

as litter arthropods are often assumed to be generalists

because they harvest nutrients from dead plant material and

litter-decomposing microbes rather than directly interacting

with living plants [22].

Conversely, specialization could be more important

in cases where territorial defense occurs. Oviposition site

defense is typical of species that use ephemeral resources

and where females mate multiple times [23]. In these cases,

last male sperm precedence is a common pattern [23, 24],

and this behavior has been demonstrated in one Merosargus

species [25]. Therefore, the defense of oviposition sites in

Merosargus is very important to ensure mating just before

oviposition. In fact, this behavior has already been observed

in ten of the 18 Merosargus species found in our study

site. Resident males avidly guard their territories repelling

all intruders, including males of their own species or males

and females of other species (Fontenelle et al. unpublished

data). Therefore, strong interference competition could

occur among Merosargus species using the same oviposition

sites, which could lead to the exclusion of less combative

species in the absence of resource use differentiation.

The understanding of oviposition site selection in

Merosargus could not only explain the maintenance of high

species diversity in the genus but also its origin, because

assortative mating may occur in cases where males and

females are attracted to a particular resource, which may have

a prominent role in ecologically-driven sympatric speciation

[26].

Thus, this study aimed to (i) identify the plant substrates

used as a resource by Merosargus larvae, (ii) determine

the period of the year when these substrates are used,

(iii) investigate whether there are differences in the degree

of specialization in resource use by different species, (iv)

investigate whether there is an overlap in resource use by

different species, and (v) determine which species use these

resources similarly. Assuming that territorial defense leads

to strong interspecific interference competition, we expect

to find a high degree of specialization and low similarity

in oviposition site selection among sympatric Merosargus

species.

2. Methods

2.1. Merosargus Sampling and Rearing. Parque Estadual do

Rio Doce (hereafter PERD), located between 19°48'18"-

19°29'24" S, 42°38'30"-42°28'18"W, is an important

Atlantic forest remnant in southeastern Brazil [27]. The

PERD has an area ofapproximately 36,000 ha with a complex

pattern of vegetation types [28]. The climate is humid,

tropical, and mesothermal, with the rainy season from

October to March and dry season from April to September

[29].

At least six Sarginae genera {Merosargus, Ptecticus, Sargus,

Microchrysa Loew, Acrochaeta Wiedemann, and Himantigera

James) and 18 Merosargus species have already been recorded

in the PERD (Fontenelle et al. unpublished data).

This study was conducted opportunistically from Octo-

ber 2001 to October 2004. Sampling was done simulta-

neously to field campaigns from other studies that used

malaise traps and that investigated the territorial behavior of

Merosargus species associated to Heliconia conducted during

this period. Therefore, the sampling effort was not the same

for all periods of the year or all visited areas.

Samples were collected at six sites composed of semide-

ciduous forests at different regeneration levels. We also

sampled substrates in a forest fragment near the PERD with

the same vegetation type, but an impoverished vertebrate

fauna.

Every substrate that could theoretically be used by

Sarginae larvae was collected. The sighting of adults on

substrates or around their vicinity was considered the

strongest evidence of larval occurrence. After first spotting

adults on a particular substrate type that substrate was

collected at subsequent field trips, even in the absence of

adults, to better determine the larval occurrence period. A
sample was considered a particular substrate type (plant

structure) collected in the same place at the same date, often

corresponding to a large amount of substrates.

The substrates were taken to the laboratory and kept in

sealed chambers at room temperature until adults emerged.

This paper only reports on collected substrates containing

Sarginae larvae that resulted in the emergence of adults.

Adult Sarginae were identified to genus level using the

Woodley [30] identification key. Merosargus adults were

identified to species level using James and McEadden’s

[13] key. Several species reared in our study could not

be identified with certainty because taxonomic revision is

needed for the genus Merosargus. Therefore, we chose to

use the species names that are still uncertain only as a

reference for possible species or the closest species; these

species were, respectively, indicated in the result tables with

“cf.” or “aff.” before the specific epithet. Voucher specimens

were deposited in the Laboratorio de Pesquisas Ambientais

CODAAMB/IFMG-OP.

2.2. Data Analysis. Plant species and resource type specificity

were determined using a host specificity index (H) [31].

This index is an estimate of the proportion of hosts used

by a particular Merosargus species among all hosts available

minus one

where Sp is the number of plant species (or resource types)

used by a Merosargus species, and Sp is the total number
of plant species available. However, we modified the index

replacing Sp hj Su-, the total number of plants used by any

Merosargus species. This was done because it was impossible

to determine the actual availability of plant species as food
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Table 1: Plant species and structure used as a resource by Merosargus larvae, month of occurrence, and number ofMerosargus species found

in samples collected at the Parque Estadual do Rio Doce (PERD), Minas Gerais, Brazil, between October 2001 and October 2004.

Plant species (Structure)
Month of occurrence Number of

Jan Eeb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Merosargus species

Panicum maximum (Pseudostem) X 1

Heliconia spathocircinata
(Inflorescence) X 2

(Pseudostem) X X 2

(Inflorescence) X X X 2

H. episcopalis (Pseudostem) X XX XX 5

(Bored pseudostem) X 2

H. aemygdiana (Pseudostem) X 1

Thoracocarpus hissectus (Stem) X X X 4

Amaranthaceae sp.2 (Leaf) X 1

Heliconia x matenensis
(Inflorescence) X 1

(Pseudostem) X X 1

Urera sp. (Stem) X 2

Cucurbitaceae sp.l (Leaf) X X 1

Amaranthaceae sp.l (Leaf) X 2

Guarea sp. (Lruit) X XX 1

Astrocaryum (Leaf) XX X 3

aculeatissimum (Stem) X 2

Euterpe edulis (Stem) X 1

Musa sp.
(Inflorescence) X 2

(Pseudostem) X 1

Lecythis lurida (Llower) X 1

Number of

resources/months
3 4 4 42 1380342 Savg = 1.81

*Joannesia princeps (Lruit) X X 0

*Spondias sp. (Lruit) X 0

* Unidentified (Lruit) X 0

Savg: average number of Merosargus species found per resource type;
* Plant resources used only by other Sarginae genera.

for Merosargus in the study area. However, this modified Jaccard similarity index (/avg) calculated by averaging the

index underestimates specificity values compared to the similarity in resource use of each Merosargus species with all

original one. remaining species.

We also used a measure of host specificity, calculated as

MH = 1 - H, (2) 3. Results

because higher specificity values should be attributed to

more specialist species. Conversely, MH represents the

proportion of hosts not used by a particular species, among
all hosts available minus one.

The overlap in resource use was calculated using the

Jaccard similarity index (/). We then constructed a cluster

using the Jaccard distance (1 - /) as a measure of distance

and the UPGMA amalgamation rule [32].

The Pearson correlation test was used [32] to test if the

number of resource types used by each species was correlated

with (1) the months when larvae were found, (2) the number
of resources shared with other species, and (3) the average

A total of 45 samples with Merosargus larvae were collected

from 15 plant species, including herbs, vines, palms, and

trees and 21 resource types including stems and pseu-

dostems, leaves, fruits, flowers, and inflorescences (Table 1).

Most resources with larvae were collected during a few

months (Mavg = 1.76 months) of the year. The resource most

often sampled with larvae was H. episcopalis pseudostems (5

months). In addition, inflorescences ofthe same plant species

were collected in three months. Thoracocarpus hissectus (Veil)

stems were also sampled in three months. Several plant

species containing larvae were collected in only one month.

August was the month of the highest resource richness
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Table 2: Merosargus species with respective plant species and substrate types found in samples collected at the Parque Estadual do Rio Doce

(PERD), Minas Gerais, Brazil, between October 2001 and October 2004.

Merosargus species
Substrate type

Substrates

Plant species

M. cf. arcuatus Stem T. bissectus

Stem T bissectus, Urera sp., E. edulis, and Cucurbitaceae sp.l

M. azureus Pseudostem H. aemygdiana, H. x matenensis, H. spathocircinata, H. episcopalis, and P. maximum

Leaf Amaranthaceae sp.2

M. cf. bivittatus Inflorescence H. spathocircinata

Stem A. aculeatissimum and T. bissectus

M. cingulatus
Pseudostem H. episcopalis

Leaf A. aculeatissimum

Inflorescence Musa sp.

M. cf. coxalis Elower L. lurida

M. gowdeyi
Pseudostem H. episcopalis

Leaf Amaranthaceae sp. 1

Stem A. aculeatissimum and Urera sp.

M. gracilis Pseudostem H. episcopalis

Leaf A. aculeatissimum

M. cf. opaliger Stem T bissectus

Inflorescence Musa sp., H. episcopalis, and H. x matenensis

M. aff. pallifrons Pseudostem Musa sp., H. spathocircinata, and H. episcopalis

Bored pseudostem H. episcopalis

M. cf. pictipes Leaf A. aculeatissimum

M. cf. transversus Lruit Guarea sp.

Inflorescence H. spathocircinata and H. episcopalis

M. varicrus Pseudostem H. episcopalis

Bored pseudostem H. episcopalis

Other Sarginae genera found

Acrochaeta sp. Stem T bissectus

Ptecticus sp. Lruit Spondias sp. and /. princeps

Himantigera sp. Lruit Guarea sp. and unidentified

sampled with Merosargus larvae (N = 8), while only in

September plant resources with larvae were not sampled

(Table 1).

Individual plant species hosted between 0 and 5 Merosar-

gus species. A large proportion of plant species or resource

types were used by only one Merosargus species. On average,

only 1.81 Merosargus species were found per resource type

(Table 1). The resources that were used by the largest number
of species were H. episcopalis pseudostems (N = 5) and T.

bissectus stems {N = 4), In addition, we never found more

than two Merosargus species in any sample.

Most Merosargus species developed in vegetative organs

such as stems, pseudostems, and leaves. However, M. hivitta-

tus James, M. coxalis Lindner, and M. transversus McFadden

used only reproductive organs (inflorescences, flowers, and

fruits). Three species, M. cingulatus, M. varicrus, and M. aff.

pallifrons, used both vegetative and reproductive organs, the

latter represented by Musa sp. or Heliconia inflorescences.

Larvae oftwo other genera, Ptecticus sp. and Himantigera sp.,

also developed solely in reproductive organs of plants. The

species M. aff. pallifrons and M. varicrus were also found in

H. episcopalis pseudostems attacked by a lepidopteran borer

(Table 2).

The plant samples resulted in the emergence of 361

Sarginae adults representing 15 species, including 292 indi-

viduals from 12 Merosargus species. The species with the

highest number of adults were M. azureus (Enderlein) (N =

121) and M. aff. pallifrons (Curran) {N = 58) (Table 3).

The highest number of Merosargus species found in

one month was five, in April and August (Table 3). In

general, larvae of Merosargus species were collected during

few months (Mavg = 2.8). The species found for the highest

number ofmonths were M. azureus {N = 7),M. aff. pallifrons

{N = 5), andM. varicrus (James) {N = 5).

In total, six Merosargus species were reared from only one

resource type. On average, few plant species (Savg = 2.5) and
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Table 3: Merosargus species, month of occurrence, number of adults reared in the laboratory, number of plant species and resources types

(in brackets), and resource specificity of each species found in samples collected at the Parque Estadual do Rio Doce (PERD), Minas Gerais,

Brazil, between October 2001 and October 2004.

Species

Jan Feb Mar Apr May

Month

Jun Jul Aug Sep Oct Nov Dec
Adults Number of plant species

(resource types)

Measure of

specificity

M. azureus X X X X X X X 121 10 (10) 0.36

M. cf. bivittatus X 2 1(1) 1.00

M. aff. pallifrons X X X X X 58 4(7) 0.79

M. varicrus X X X X X 18 2(4) 0.93

M. cingulatus X X X X 15 4(5) 0.79

M. gracilis X X 9 2(3) 0.93

M. gowdeyi X X 4 2(2) 0.93

M. cf. pictipes X X 6 1(1) 1.00

M. cf. arcuatus X X 36 1(1) 1.00

M. cf. opaliger X 4 1(1) 1.00

M. cf. transversus X 3 1(1) 1.00

M. cf. coxalis X 16 1(1) 1.00

Species/month 4 3 2 5 1 1 3 5 0 3 3 3 Total = 292 Pavg = 2.5 MHavg = 0.89

Ptecticus sp. X X 7 2(2) —
Himantigera sp. X X X X 50 2(2) —
Acrochacta sp. X 10 1(1) —
Pavg: average number of plant species found; MHavg: measure of specificity (proportion of other plants species not used).

Eigure 1; Relationship between the number of plant resource types

used by Merosargus species and the number of months when larvae

were found in samples collected at the Parque Estadual do Rio Doce

(PERD), Minas Gerais, Brazil, between October 2001 and October

2004.

resource types (Ravg = 3.1) were used by each Merosargus

species. The species that used the greater number ofresources

were M. azureus {N = 10), M. aff. pallifrons {N = 7), and

M. cingulatus Schiner {N = 5). In general, species that used

more plant resources were also found over a greater number
of months (r = 0.93; Figure 1).

The average plant species host-specificity measure was

MHavg = 0.89 (Havg = 0.11). This means that a. Merosargus

species feeding on a particular plant species used an average

of only 11% of other plant species used minus one.

Although over half of the plant species and resource

types were used by a single Merosargus species, almost all

species shared at least one plant species or resource type with

another congener (Figure 2). The exceptions were M. coxalis

and M. transversus, which used a single, exclusive resource

type. Merosargus azureus used the largest number of exclusive

plant species {N = 5) and resources types (N = 6).

As expected, generalist species were also the ones that

shared the most resources with congeners (r = 0.83, P <

0.05; Figure 3). However, it should be noted that M. cingu-

latus exhibited greater resource overlap than expected from

this correlation.

The small values of the Jaccard similarity index reflected

the few overlaps in resource use between Merosargus species.

The average similarity between a species and the remaining

ones was below 25% for all species and below 15% for most

species. There was no significant correlation between the

number of resource types used and the average similarity

indices (Figured). Most species exhibited similarity values

between 10% and 15%, and this result was observed in more

specialized species such as M. arcuatus James and M. opaliger

Lindner as in relatively more generalist species such as M. aff.

pallifrons and M. azureus.

The cluster analysis also reflected the small overlap in

resource use by Merosargus species (Figure 5). The exception

was the similarity between M. arcuatus and M. opaliger: as

both used the same single resource their distance was zero in

the cluster. Other than these species, M. pictipes, M. gracilis,
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PiGURE 3: Relationship between the total number of plant resources

used by Merosargus species and the average number of shared

resources found in samples collected at the Parque Estadual do Rio

Doce (PERD), Minas Gerais, Brazil, between October 2001 and

October 2004. Ar-M. arcuatus; az-M. azureus; bi-M. bivittatus; ci-

M. cingulatus; co-M. coxalis; go-M. gowdeyi; gr-M. gracilis; op-M.

opaliger; pa-M. pallifrons; pi-M. pictipes; tr-M. transversus; va-M.

varicrus.

PiGURE 4; Relationship between the total number of plant resources

used by each Merosargus species and the average Jaccard similarity

index for each species from samples collected at the Parque Estadual

do Rio Doce (PERD), Minas Gerais, Brazil, between October 2001

and October 2004. ar-M. arcuatus; az-M. azureus; bi-M. bivittatus;

ci-M. cingulatus; co-M. coxalis; go-M. gowdeyi; gr-M. gracilis; op-

M. opaliger; pa-M. pallifrons; pi-M. pictipes; tr-M. transversus; va-M.

varicrus.

and M. cingulatus clustered together, and so did M. pallifrons

and M. varicrus. In addition, the two species that used only

different, exclusive resources, M. transversus and M. coxalis,

were completely isolated from each other and from all the

other species in the cluster.

4. Discussion

In our studywe identified several plant species and structures

where larvae of a significant number of Merosargus species

develop. We also showed that Merosargus uses a great

diversity of substrates for larval development.

All plant species identified here, the genera Panicum,

Thoracocarpus, Astrocaryum, Euterpe, Guarea, Urera, and

Musa, and their respective families, except Arecaceae, shown

here to be used by Merosargus, are new records. The plants

of families Amaranthaceae and Cucurbitaceae whose genera

were not identified are also new records for Merosargus. In

fact, Merosargus larvae had only been previously observed



Psyche 7

Species

Figure 5: Cluster analysis of Merosargus species based on the

similarity in resource use by the larvae from samples collected

at the Parque Estadual do Rio Doce (PERD), Minas Gerais,

Brazil, between October 2001 and October 2004. The cluster was

constructed using the Jaccard distance (1-/) and the UPGMA
amalgamation rule.

in bracts ofHeliconia (Heliconiaceae) inflorescences [14-16]

and fallen flowers of Couratari stellata Smith (Lecythidaceae)

[17]. Moreover, Merosargus gracilis had been recorded in

another Arecaceae species {Bactris gasipaes Kunth) in the

pulp of fruits [18], and not using the trunk or leaves as

observed here for the two species of this family: E. edulis and

A. aculeatissimum.

Oviposition occurs on substrates when they are recently

damaged or already decaying. The predominance of herba-

ceous species as a resource for Merosargus could be explained

by their soft tissues, which are more likely to be found

damaged and more suitable for larval feeding. Damage
to understory plants is especially likely to occur in the

rainy season, when strong winds cause many trees to fall

(Fontenelle pers. obs.). In addition, several animals can

also cause plant damages. On several occasions, M. azureus

males were observed approaching and establishing territories

on damaged H. episcopalis pseudostems immediately after

agoutis had gnawed on them (Fontenelle pers. obs.). In fact,

some gnawed pseudostems were sampled and yielded several

adults of this species.

At the forest fragment in the vicinity of PERD, however,

the vertebrate fauna is scarce and there may be less damage

to the plants and less availability of vegetative resources for

Merosargus. In contrast, may be less frugivory and a large

amount of rotting fruit is found on the forest floor, which

could be exploited by fly species that use fruit as resources.

Our data reinforced the strong association between

Merosargus and Heliconia. There are five native Heliconia

species at PERD: H. episcopalis, H. spathocircinata (Aristeg.),

H. aemygdiana, H. angusta (Veil.) [33], and H. x matenensis

(Silva et al.) {H. episcopalis and H. spathocircinata hybrid).

Samples from only one native Heliconia species did not result

in the emergence of Merosargus adults (data not shown).

Figure 6: Male of Merosargus cf. varicrus on the Heliconia

episcopalis pseudostem with rotten sheath.

There are also two exotic Heliconia species at PERD: H
rostrata (Ruiz & Pavon) and H. psittacorum (L.f.), but they

were not sampled. Nevertheless, all Heliconia species found

at PERD are likely used by Merosargus species.

Previous studies have shown Merosargus species using

only the inflorescences of Heliconia. Merosargus larvae are

part of the phytotelmata fauna of some Heliconia inflores-

cences whose bracts are filled with water and where larvae

feed on rotten flowers and other debris [14-16].

Bracts of Heliconia species found at PERD do not

accumulate large amounts of water. Heliconia episcopalis, in

particular, has small bracts that remain closed most of the

time at an angle that prevents water accumulation, but the

inflorescences have dozens of bracts where rotting flowers

maybe found (Fontenelle pers. obs.). Therefore, despite not

collecting water, these inflorescences form an environment

rich in rotten organic matter that is somewhat protected

from predators and desiccation.

Pseudostems of the Heliconia species sampled are likely

more important resources for Merosargus larvae than inflo-

rescences. Pseudostems can be used in various forms and

on several different occasions: when pseudostems of green

plants are damaged or attacked by herbivores; when older

leaves begin to rot; and when the entire pseudostem is in a

more advanced state of decomposition. Bored pseudostems

or with rotten sheaths have a strong bad smell. When the

borer caterpillar chews on the central pseudostem shaft,

it kills the inner leaf, which rots inside the pseudostem.

Nevertheless, rotten sheaths are common in older plants and

result from normal leaf senescence (Fontenelle pers. obs.).

Two Merosargus species, M. aff. pallifrons and M. varicrus

(Figure 6), used both bored pseudostems and those with

rotten sheaths (data not shown) and they were also found in

inflorescences. In all instances larvae were found immersed

in liquefied decaying organic matter subjected to heavy

hypoxia.

In contrast M. azureus had a clear preference for fresh

and newly damaged pseudostems (data not shown), which

indicates that the volatile compounds that attract this species

must be more associated to the plant itself than to its

decomposition process.
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Couturier et al. [18] found larvae of Ptecticus and

Merosargus in Lecythidaceae flowers. They suggested that

flower use is atypical in Stratiomyidae and occurs because

of the fetid-scented flowers and the bat floral syndrome of

the species of plants used by Stratiomyidae larvae. However,

we found Merosargus coxalis using the flowers of Lecythis

lurida, whose flowers are not particularly fetid and are bee-

pollinated. Thus, we believe that flower morphology is more

important than smell as an explanation for oviposition site

selection by Merosargus. The morphology of Lecythidaceae

flowers is quite distinctive, with stamens arranged in a ring

protected by a hood-like, dense cluster of petals [34] , forming

a wet and safe environment for the larvae. Furthermore, the

use of flowers by Merosargus larvae is not unusual, as they

are very common in Heliconia flowers, and is not restricted

to a specific floral syndrome, as the Heliconia species found

at PERD are pollinated by hummingbirds [35].

In fact, several Merosargus species are attracted to the

smell of rotten plant resources, although this is not true for

all species identified in our study. We believe that different

species are attracted to different volatile compounds, and

the study of these compounds may help elucidate some

of the mechanisms responsible for the resource preferences

exhibited by different Merosargus species.

Additionally, resource preference can have a strong

influence on the spatial distribution of populations. Other

studies that sampled populations using more standardized

methods showed that Merosargus species are concentrated in

sites where large quantities of preferred resources are found.

Sampling with malaise traps in areas with large H. episcopalis

aggregations resulted in a large number of M. azureus, M.

varicrus, M. gowdeyi (Curran), and M. gracilis (Williston)

adults (Fontenelle et al. unpublished data), which further

emphasizes the importance of this plant species as a resource

for these insect species.

Because sampling was not uniform little can be said

about the distribution of plant resources and species

throughout the year. Few plant resources are found in only

one season, but resource availability seems to increase during

the rainy season.

Therefore, many resources are seasonally available, par-

ticularly plant reproductive organs, but vegetative parts may
also be more available at certain times of the year. For

example, trees fall mostly after the first rains, while borer

caterpillars and agouti predation are more common in the

dry season (Fontenelle et al. unpublished data).

Merosargus adults are also seasonal. However, more

abundant species can be sampled throughout the year

(Fontenelle et al. unpublished data), and their larvae and

pupae are likely to be even more frequent than adults

because the duration of these stages must be greater than

that of the adult phase. Moreover, species that use less

seasonal resources or a greater variety of resources available

at different times could ensure the occurrence of larvae

during several months of the year. Therefore, the relationship

between the number of resources used and the number of

months in which larvae were found should be interpreted

with caution. In fact, this pattern may be explained by a cor-

relation between both variables with the species abundance.

most abundant Merosargus species are likely to be found in

more months and may have more known resources.

Merosargus species assemblages in individual plant

species were species poor, as they only included up to five

species. However, these figures are still higher than those

observed for fruit flies (1-3) [31].

The average host specificity of fruit fly species relative

to all plant species used as a resource found by Novotny

et al. [31] was Havg = 0.02. Using our modified index,

the recalculated fruit fly H was H^vg = 0.03 for the genus

Bactrocera, which used 25 plant species (1.67 plant species

on average), and H^vg = 0.13 for the genus Euphranta, which

used five plant species (1.50 plant species on average), a more

similar result to the one found for Merosargus in our study.

We can assume that resource selection for larvae of

the genus Merosargus is quite specialized. Moreover, we
found few substrate types that were used by more than

two species, leading to a slight overlap in resource use.

Both specialization and little overlap in resource use may
promote stable coexistence of Merosargus species. In fact,

niche differentiation, and particularly resource partitioning,

may promote the coexistence of closely related species (e.g.,

[36]

).

Specialization in resource use is a possible explanation

for the large number of closely related insect species found

in tropical forests. However, some insects groups and guilds

are predominantly generalists [21].

Most scavengers such as litter arthropods are often

assumed to be generalists because they harvest nutrients

from dead plant material and litter-decomposing microbes

rather than directly interacting with living plants [22].

However, feeding niche differentiation was demonstrated

and considered responsible for the high species richness and

diversity of soldierless termites in neotropical rainforests

[37]

.

When competition between members of different species

occurs extreme conflicts are expected and the less successful

competitor will either be driven to extinction or, more

commonly, be forced to modify its feeding pattern [38].

Interspecific interactions among Merosargus adults include

direct interference in resource use through territorial defense

and monopolization (Fontenelle et al. unpublished data).

Therefore, resource partitioning may be even more impor-

tant in this genus as it is so diverse locally, even though males

have such intense territorial behavior. Other mechanisms

of resource partitioning may occur for species that were

clustered together in the cluster analysis such as slight

differences in adult activity time or area [38].

Genner et al. [39] studying territorial cichlid fish suggest

that ecological generalism reduces the intensity of interspe-

cific competition while specializations for the same resources

increase it. We found that one of the most aggressive

species M. azureus (Fontenelle et al. unpublished data) is

the most generalist in resource use. Further studies on

Merosargus territorial behavior, measuring the intensity of

aggression intra- and interspecifically, and degree of resource

monopolization will be essential to better understand the

selective pressures leading to resource selection of this genus.
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Considering the small sample size, the large number
of single records, and especially the high plant diversity in

forests of the study area, (over 1100 species) ([33, 40, 41];

see also [42] for a phytosociological study), we believe that

only a small fraction of the potential resources available to

Merosargus flies was sampled in this study.

Expanding the sampling effort to new plant species may
reduce resource specialization estimates when additional

resources are included. Conversely, it could also increase

the estimates if additional Merosargus species with restricted

resource ranges are included.

A taxonomic revision of the group, particularly using

molecular techniques, may reveal host-specific cryptic

species eventually masking the specialization as has occurred

with other groups in Diptera [43, 44]. In addition, it remains

to be studied if different genotypes, within a Merosargus

species, prefer different resource types, an evidence of

assortative mating that can act either increasing diversity,

through sympatric speciation [26], as reducing the niche

breadth [45].
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Stingless bees are abundant and diverse key actors in several plant-pollinator networks in the neotropics, but little is known about

their natural history and ecology. This study aims to contribute to knowledge about the diversity and dispersion of stingless

bees and discusses the importance of nesting substrates. It was carried out in the Araguari river valley in Minas Gerais, Brazil,

where a nest site survey was conducted in an area of 100 ha during 11 alternate months from 2006 to 2008, for a total of 1,200

observation hours. Sixty-nine nests were found, belonging to 12 genera and 20 different species. Nests ofMelipona rufiventris were

by far the most abundant. Stingless bees nested more frequently in hollows of live trees (64%), and 11 different substrates were

identified. Seventeen plant species were used as nesting substrates and Anadenanthera macrocarpa (Labaceae) was the main host,

encompassing 23% of the surveyed nests. The area studied is important for the maintenance of stingless bees because it provides

nesting sites for them. Without nesting sites the reproductive division of colonies is compromised, affecting the nests’ survival.

1. Introduction

Insects comprise the most diverse animal group on the

planet, with about 925,000 known species worldwide [1].

They stand out by presenting several adaptations, interacting

with various groups of animals and plants and having a large

biomass and a wide niche breadth. An important mutualistic

interactive mechanism between plants and insects is pollina-

tion [2, 3], and eusocial bees are responsible for 30 to 50% of

these interactions [4].

The number of bee species in the world is about 30,000

[5, 6], and Brazil accounts for an estimated 10% of this

total [7]. The high diversity of bees in Brazil is mainly

owed to the tropical climate, which permits perennial nests,

and the abundant supply of food. Stingless bees, native to

Brazil, are represented by more than 200 species [7] and

have a high commercial value because they are pollinators

of several native and exotic crops [8, 9]. Knowledge of the

basic ecology of bees is essential for underpinning the devel-

opment and implementation of conservation strategies [10]

and the development of management techniques favoring

commercial farmers. In this context, ethological studies on

aspects such as foraging ecology, activities such as collecting

food resources, material for nests, the demand for sexual

partners, and the choice of sites for nests or shelter are

extremely relevant.

The choice of nesting site is a stage in the swarming

process. The division of reproductive nests in stingless bee

colonies starts with a visit by the workers to potential sites

for a nest in the vicinity of the parent colony [11]. Most

species nest in hollow trees, but many use termite mounds
(active or abandoned), anthills, gullies, and crevices in walls,

among other places [12]. Nests can be found in different

forest environments, such as the Brazilian savanna (Cerrado

biome).

The Cerrado is a very old domain. Since the Cretaceous

(between 145 and 65 million years ago), there was a pre-

cerrado formation. Soon after this period, the uplift of

the central plateau and a gradual climate change, to a

wetter period, promoted the diversification of flora and
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fauna [13]. The Cerrado biome comprises a mosaic of types

of vegetation, ranging from grassland to dense woodland

“cerradao”. Throughout this gradient of vegetation there is

a gradient of biomass, conditioned by natural factors that

determine the carrying capacity of the environment and/or

by human pressures, especially grazing, frequent fires, and

exploitation of wood [14]. The Cerrado covers approxi-

mately 22% of Brazilian territory and has suffered significant

human impacts during the past three decades [15], whereas

only 1.5% of this area is protected in conservation areas

[ 16] . One of the regions which has suffered the worst human
impact is the westernmost part of the state of Minas Gerais,

known as Triangulo Mineiro and located from 18 to 20° S;

47 to 51°W, where up to 90% of the original cover has been

wiped out. In this region, native vegetation has been replaced

by pastures and cultivated areas [17], or drastically reduced

and fragmented. Anthropogenic disturbances influence most

organisms, including native bees and other pollinators [18].

Ecological perturbations resulted in a marked turnover of

nesting resources, leading in large shifts in the relative pro-

portions of nesting guilds [19]. The abundance of stingless

bees’ nests is usually related to the availability of appropriate

nesting sites, which may act as a limiting resource for

these species [20-22]. Other factors that negatively influence

stingless bee populations are invasion by exotic species

and expansion of agriculture [23], which may even lead

undescribed species to extinction [24]. Bees are efficient

pollinators contributing to fruit and seed production in

different ecosystems [8] . Actually, they may account for 40 to

90% of native plant pollination, depending on the ecosystem

[25, 26].

Compared to existing information for areas of temper-

ate forest, knowledge of intra and interspecific ecological

relationships that occur in the Cerrado is scarce, as this

environment little explored regarding interactive biodiversity

[27] . Several studies describe the fauna of stingless bees in the

Cerrado through the evaluation and sampling of indivduals

visiting floral resources [28-32] . Only a few studies, however,

evaluate nest distribution and nesting habits of stingless

bees in urban [33-35] and natural areas [35-38]. Although

there are several threatened native vegetation remnants in the

Triangulo Mineiro region, mostly owing to deforestation and

agriculture, there is a lack of information on bee diversity,

species composition, and the importance of the plants in

their food collection.

To contribute to knowledge about stingless’ bees diversity

and dispersion, this study describes the nesting sites occupied

by various species and discusses the importance of these

substrates in the dispersal and maintenance of the species.

2. Material and Methods

2.1.

Study Area. This study was carried out in the Araguari

river valley (18°37', 48° 19'), in the municipality of Araguari,

Minas Gerais, south-eastern Brazil (Figure 1). The climate

is tropical wet (Aw in Koppen’s system [39]), and there is a

rainy season from October to March and a pronounced dry

season from April to September [40]. Annual rainfall ranges

from 1,300 to 1,700 mm, and mean monthly temperature

shows little variation throughout the year [41]

.

A nest site survey was conducted in an area of 100 ha

that was previously covered mostly with deciduous forest,

but there were also a few stretches covered with gallery and

semideciduous forests. This area was contiguous to a grazing

area, where there were old buildings and cement and wooden
poles. The study site is located between 532 and 730 meters

above sea level.

2.2. Nest Site Surveys ofStingless Bees. The study was carried

out between 2006 and 2008, in 11 alternate months and

1200 observation hours, following random lines established

for fauna rescue actions before cleaning and flooding for a

dam for hydroelectric power generation. Nest site location

was conducted through direct visual search, and each nest

position was registered as a geographical coordinate with

Global Positioning Systems (GPS).

Nest site location was conducted through direct visual

search of tree trunks and termitaria, which were inspected

from the base to ten meters’ height. The substrate type used

for nesting was recorded, and, whenever possible, the nests

were transferred to other areas, in order to protect bees

against flooding. A few nests which could not be directly

transferred to other areas without suffering damage were

transferred to wooden boxes and kept in the experimental

garden of the Instituto de Biologia (INBIO) at Universi-

dade Federal de Uberlandia (UFU). Voucher specimens of

stingless bees and exsiccates of host plants were deposited

in the Museu de Biodiversidade do Cerrado (UFU) and

Herbarium Uberlandense (UFU, Uberlandia, Minas Gerais,

Brazil), respectively.

The entrance of each nest was described and pho-

tographed to allow stingless bee species identification.

Moreover, individuals belonging to worker castes were also

collected and deposited in the following reference collec-

tions: Faboratorio de Ecologia e Comportamento de Abelhas

(FECA) ofUFU, Entomological Collection of the Taxonomic

Collections of the Universidade Federal de Minas Gerais

(UFMG) and Hymenopteran Collection of Faculdade de

Filosofia, Ciencias e Fetras of the Universidade de Sao Paulo,

Campus of Ribeirao Preto (RPSP).

2.3. Data Analysis. Stingless bee species diversity and even-

ness were calculated with the Shannon-Weaver index (H ')

and Pielou index (/ '), respectively [42]. In order to detect

the type of spatial pattern, the Johnson and Zimmer index

of dispersion (!) [43] based on the distance between the

sampled points plotted on the map was used.

The precise location of each nest was mapped with

ArcView CIS to determine patterns of nest dispersion. We
assigned each nest to a substrate type and counted the

number of nests belonging to each substrate local. The

following substrate types were used: live tree trunk, dead tree

trunk, rock substrate, soil, epigeous termitaria, arboreous

termitaria, underground termitaria, cement pole, wooden
pole, vine, and wall.
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Minas Gerais State Studied area

Cerrado Biome

(a) (b)

Figure 1: (a) Location of the state of Minas Gerais in Brazil and original extension of Cerrado; (b) Study site location in Minas Gerais.

In order to evaluate patterns of nesting substrate used

by the bees, we performed a Principal component analysis

(PGA), which ordinates substrate type categories per bee

species, using PC-ORD 5.10 version [44]. According to

Gauch [45], the first principal component accounts for most

variability in the data, and each succeeding component

accounts for as much of the remaining variability as possible.

In this way, each axis produces an eigenvalue, which

corresponds to the relative contribution of that component

in explaining the total variance in dataset.

3. Results

We found 69 nests of Meliponina bees at the study site,

belonging to 12 genera and 20 different species. The bees

occupied 11 distinct substrate types (Tables 1 and 2). The

genus Trigona presented the highest number of species

(six) in the study site, followed by the genera Tetragona,

Partamona, and Scaptotrigona, represented by two species

each. Regarding nests, Melipona rufiventris Lepeletier, 1836

was the species with highest abundance (N = 10 nests),

followed by Tetragonisca angustula Latreille, 1811 {N = 7

nests) and Scaptotrigona bipunctata Lepeletier, 1836, Tetrag-

ona clavipes Fabricius, 1804, Trigona hyalinata Lepeletier,

1836, and Partamona ailyae Gamargo, 1980 {N = 6 nests)

(Table 1).

The diversity of nests of stingless bee species in the study

site was 2.68 {H '), and evenness (/ ') was 0.89, which

characterizes a high species’ evenness. The 69 nests mapped
presented a strongly clumped distribution, since the lohnson

and Zimmer index of dispersion (7) was 10.2. This index

was calculated for M. rufiventris, the most abundant species,

and the nests showed a clumped distribution {I = 3.32)

(Figure 2).

Tetragonisca angustula used a higher number of substrate

types (dead tree trunk, live tree trunk, wooden pole,

and wall), representing 36.4% of the total, followed by

Frieseomelitta varia Lepeletier, 1836 which used 27.3% of

different substrate types (wall, cement pole, and wooden
pole) (Table 1). Some species, however, nested in specific

substrates, such as M. rufiventris, which used exclusively

tree hollows (mostly from live trunks, which represented

90%). Cephalotrigona capitata Smith, 1874, Scaptotrigona

bipunctata Lepeletier, 1836, and Tetragona clavipes Fabricius,

1804 nested exclusively in live trunks. On the other hand,

Partamona combinata Pedro and Gamargo, 2003, Trigona

recursa Smith, 1863, and Trigona fulviventris Guerin, 1837

nested only in sites associated with termites (Table 1). Most

nests were located in hollows of live trunks (64%), which

were occupied by 14 different stingless bee species (Table 2).

Seventeen plant species were used as substrate for nesting,

and Anadenanthera macrocarpa (Benth.) Brenan (Fabaceae)

was the commonest one (Table 3).

The Principal component analysis (Figure 3) pooled

substrates in at least two major groups, according to distance

from ground level, showing similarities between nesting

habitats of some species of bees. The first group was

composed of substrates located at ground level (rock, dead

trunk, and underground termitaria), which presented similar

values for both ordination axes. Substrates located above

ground (cement pole and wooden pole) formed a second

group, situated at the center ofthe ordination. The ecological
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Figure 2; (a) Spatial distribution of the 69 nests of stingless bees in the study area mapped, (b) Spatial distribution of the 63 nests presented

in Figure 2(a), on a large scale, (c) Spatial distribution of the 10 nests ofM. rufiventris mapped in the study area.

preference for live trunk substrate was found in the analysis,

through the placement of this category in the central portion

of the ordination. On the other hand, substrates that were

seldom used (e.g., arboreus termitaria, murundum termit

and vines) presented lower values from the second axis, and

failed to form groups with most substrates present in the

ordination. The first axis explained 61,8% of the variance in

the dataset, while the second axis explained only 7.21%.
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Table 1: Number of nests and substrate types used by each stingless bee species in a forest fragment located in the municipality of Araguari,

Minas Gerais, Brazil.

Bee species Number of nests Nesting substrate category*

(1) Cephalotrigona capitata (Smith, 1874) 03 f,f,f

(2) Frieseomelitta varia (Lepeletier,1836) 03 e, g,h

(3) Lestrimelitta limao (Smith,1863) 01 f

(4) Melipona rufiventris (Lepeletier, 1836) 10 b,f,f,f,f,f,f,f,f,f

(5) Oxytrigona tataira (Smith, 1863) 01 f

(6) Partamona ailyae (Gamargo, 1980) 06 f,f,f,f,f,k

(7) Partamona combinata (Pedro and Gamargo, 2003) 03 j, j, k

(8) Plebeia droryana (Friese, 1900) 01 f

(9) Scaptotrigona bipunctata (Lepeletier, 1836) 06 f,f,f,f,f,f

(10) Scaptotrigona depilis (Moure, 1942) 04 b, f, f, f

(11) Scaura longula (Lepeletier, 1836) 01 f

(12) Tetragona clavipes (Fabricius, 1804) 06 f,f,f,f,f,f

(13) Tetragona quadrangula (Lepeletier, 1836) 02 f,f

(14) Tetragonisca angustula (Latreille, 1811) 07 b, e, f, f, f, f, h

(15) Trigona fulviventris (Guerin, 1837) 02 c, c

(16) Trigona hyalinata (Lepeletier, 1836) 06 a,f,f,f,f,f

(17) Trigona hypogea (Silvestri, 1902) 02 d,f

(18) Trigona recursa (Smith, 1863) 02 k, k

(19) Trigona spinipes (Fabricius, 1793) 02 i, i

(20) Trigona truculenta (Almeida, 1985) 01 a

*a: rock substrate, b: dead trunk, c: underground termitaria, d: soil, e: wall, f: live trunk, g: cement pole, h: wooden pole, i: vine, j: arboreous termitaria, k:

epigeous termitaria.

# 1.5
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II

^ 0.5
u
C

0.5

1.5
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c/2
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t +

Underground termitaria

^“^++Wall

Live trunk Cement pole

Wooden pole

Arboreous termitaria

yine

+
Epigeous termitaria

-3-11 3

Axis 1 (variance explained = 61.8%)

Figure 3; Principal component analysis (PCA) ordinating substrate

types used for nesting per twenty stingless bee species that occurred

in a forest fragment located in the municipality of Araguari, Minas

Gerais, Brazil.

Table 2; Number of stingless bee nests for each substrate type, and

number of species nesting for each substrate in a forest fragment

located in the municipality of Araguari, Minas Gerais, Brazil.

Substrate type
Number of

nests

Number of species

using the substrate

(1) Gement pole 1 1

(2) Dead trunk 6 3

(3) Epigeous termitaria 4 3

(4) Live trunk 44 14

(5) Rock substrate 2 2

(6) Soil 1 1

(7) Arboreous termitaria 2 1

(8) Underground termitaria 3 1

(9) Vine 2 1

(10) Wall 2 2

(11) Wooden pole 2 2

4. Discussion

Different substrates were used by stingless bees as shelters in

which to nidify inside the dry forests that include different

physiognomies contiguous to a grazing area. This character-

istic of the dry forests may account for the abundance of

stingless bee samples whereby the nesting success includes

the abundance, size, and species of trees [46, 47]. Suitable

nesting sites are considered limiting resources for stingless

bees [21, 25], whereas the availability of materials used in

nest construction, food supply, and natural enemies [48] is

also important for the survival and reproduction of species.

These factors also appear to be relevant for other social

invertebrates such as ants [49] and pseudoscorpions [50].

Owing to the peculiar swarming activity in Meliponina,

which limits maximum flight distance, the distance between

appropriate nesting sites, and the connectivity between
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Table 3: Plant species used as nesting substrate by stingless bee species, and number of nests per bee species in each different plant in a forest

fragment located in the municipality of Araguari, Minas Gerais, Brazil.

Plant species Stingless bee species
Nests number/stingless

bee species/plant
Total nests/plant

Cephalotrigona capitata 1

Lestrimelitta limao 1

Melipona rufiventris 1

Oxytrigona tataira 1

(1) Anadenanthera macrocarpa (Benth.) Brenan (Fabaceae) Partamona ailyae 3

16
Scaptotrigona bipunctata 3

Scaptotrigona depilis 1

Tetragona clavipes 3

Tetragonisca angustula 1

Trigona hyalinata 1

(2) Caryocar brasiliense Camb. (Caryocaraceae)
Melipona rufiventris 1

7
Tetragona quadrangula 1

(3) Chorisia speciosa A. St.-Hil. (Malvaceae) Trigona hyalinata 2 2

(4) Copaifera langsdorffii Desf. (Fabaceae)
Scaptotrigona bipunctata 1

2
Tetragonisca angustula 1

(5) Dipteryx alata Vogel (Fabaceae) Tetragonisca angustula 1 1

(6) Ficus sp. (Moraceae)
Melipona rufiventris 1

7
Tetragonisca angustula 1

Cephalotrigona capitata 1

(7) Guapira sp. (Nyctaginaceae)
Melipona rufiventris 1 4

Plebeia droryana 1

Scaptotrigona bipunctata 1

(8) Hymenaea courbaril L. (Fabaceae)
Tetragona clavipes 1

7
Trigona hyalinata 2

(9) Myracrodruon urundeuva Fr. All. (Anacardiaceae)
Partamona ailyae 1

2
Trigona hypogea 1

(10) Pouteria ramiflora (Mart.) Radik. (Sapotaceae) Melipona rufiventris 1 1

(11) Qualea parviflora Mart. (Vochysiaceae) Cephalotrigona capitata 1 1

(12) Sclerolobium aureum (Tul.) Benth. (Fabaceae) Melipona rufiventris 1 1

(13) Senna rugosa (G.Don) H.S. Irwin and Barneby

(Fabaceae)
Scaura longula 1 1

(14) Stryphnodendron adstringens (Mart.) Gov. (Fabaceae) Melipona rufiventris 1 1

(15) Tabebuia aurea (Manso) Benth. and Hook.f. ex S.

Melipona rufiventris 1

3

Moore (Bignoniaceae)
Partamona ailyae 1

Tetragona clavipes 1

(16) Tapirira guianensis Auh\. (Anacardiaceae) Tetragona clavipes 1 1

(17) Terminalia argentea Mart, et Zucc. (Gombretaceae) Tetragona quadrangula 1 1

fragmented habitats directly influence the dispersion ability

of bees and species-genetic variability Disparate forest

fragments may attract only limited colonization by stingless

bees because, during the swarming process, the colony that is

formed depends on food and materials for nest construction

provided by the maternal nest for some days [5, 51]. Con-

sequently, to allow successful dispersal, nesting sites should

be within worker bees’ flight range, and well-preserved

fragmented areas should be connected. The present study

confirmed the importance of maintaining the study area that

functions as a provider of nest sites for stingless bees. This

is a fundamental condition for the survival of these species,

because otherwise the reproductive division of the colony is

compromised, affecting nest survival and consequently the



Psyche 7

dispersion of the species. Thus, the maintenance of natural

areas close to each other is essential.

Although 17 plant species were used as nesting substrate,

Anadenanthera macrocarpa was the main substrate used by

nesting bees. The suitability of A. macrocarpa as a nesting

substrate may be related to its large trunk diameter, which

presents larger natural cavities in contrast to most Cerrado

plant species that present thin and contorted trunks. The

preference for some plant species is reported by previous

authors, in that more than 61% of nests were encountered in

only two species of tree [36, 38]. The diversity of bee genera

found in this study represents 60% of all genera occurring in

Minas Gerais state, and as regards species this value is about

41% compared with data presented in a systematic study of

stingless bees by Silveira et al. [7].

This study was carried out in a forest remnant that

includes at least three different physiognomies presented in

such a way that habitat heterogeneity contiguous to a grazing

area may account for the abundance of stingless bee samples.

This characteristic could explain the bee species’ richness and

the nest dispersion, which provides a wide variety of nesting

sites and food resources, thus facilitating species’ coexistence

through resource partitioning. Stingless bees constructed

their nests mostly in hollows of live tree trunks; hence,

deforestation greatly influences their community structure

and population dynamics [52] owing to a decrease in the

availability of nesting sites and food supply.

Studies which try to explain the diversity of stingless bees

through a search for nests are scarce because of difficulties

imposed by the search method, which can actually increase

depending on the vegetation and topography of the area

in question. Environments consisting of low and open

vegetation the nests can be found more easily. However, in

high vegetation with closed canopy the application of this

method becomes more difficult.

The aggregated pattern of distribution of nests should

be correlated with the composition of existing vegetation

in the study area. The nests were mostly found in places

where there are trees with thicker trunks, in semideciduous

forest in the savanna and in areas adjacent to pastures, where

many trees have been preserved. The same is true of M.

rufiventris, whose nests were found mainly near streams in

areas of gallery forest (Siqueira, pers. comm.). In studies of

Trigona collina, species in a mixed area of deciduous forest

in Thailand had a strongly clumped nest distribution [37].

Serra et al. [38], studying three different areas of disturbed

savanna vegetation, found for two ofthem a random pattern

that was understood as the absence of competition for

food resources. The pattern of spatial distribution of nests

is possibly related to extrinsic factors such as distribution

and density of suitable substrates for nest construction, the

ecological aspects of occupancy of hollows, predation [38]

and related features of the swarming process [37].

According to Laroca [53], bee communities usually

follow a lognormal distribution, in which a few species are

rare or highly dominant, and most species present moderate

abundance. Our data on nest abundance of stingless bees fit

with this species-abundance relationship.

Some studies evaluated stingless bee nest diversity in

Brazilian Cerrado areas. In the Araguari river valley, nest

diversity was higher than that found by Serra et al. [38]

and Mateus et al. [35]. Serra et al. [38] studied a Cerrado

area of 114 ha in the state of Maranhao (north of Brazil)

and found 40 nests belonging to ten Meliponina species. In

a natural Cerrado area in Nova Xavantina (Mato Grosso,

central Brazil), Mateus et al. [35] found 34 nests belonging

to seven genera and 12 species. Maia et al. [54] found

seven different species nesting in trunks in a gallery forest

area in a Cerrado area in the state of Maranhao (north

of Brazil). In the latter study, M. rufiventris was more

abundant than other species, which is in accordance with our

results.

Carvalho and Bego [29] sampled bees visiting floral

resources in a Cerrado area near our study site and found

nine genera and 11 Meliponina species. Considering the

methodological differences and the difficulty of finding bee

nests in the wild, our results suggest that bee species’ richness

is almost twice as high in our study site as that of Carvalho

and Bego [29] ,
which reinforces the importance ofprotecting

our study site.

M. rufiventris is considered a specialist in flowers

occurring in well-preserved areas [55], and it presents a

strong connection with water courses, as nests are usually

found close to or along river margins [56]. This species,

along with R combinata, was in the lUCN Red Lists for

the state of Minas Gerais [57]. In addition to habitat

specialist species, the Araguari river valley stingless bee

community retains several rare species, including Melipona

quadrifasciata, Melipona quinquefasciata, Partamona helleri,

Plebeia remota, Nannotrigona testaceicornis and Schwarziana

quadripunctata (Siqueira, pers. comm.). These species were

added to the community through sporadic observations of

bees visiting flowers. Hence, we suggest that (1) the study site

is important in terms of maintaining stingless bee species’

diversity, (2) future studies using methods ranging from nest

surveys to direct collection of bees visiting flowers could

increase the observed Meliponina species’ richness in the

study site, and (3) management plans and conservation

actions should be employed in order to protect the diversity

of stingless bees in Cerrado biome.

Acknowledgments

The authors are indebted to Fernando A. Silveira and Silvia

R. M. Pedro for bee identification, to Glein Araujo and Ivan

Schiavini for plant identification, to Andre Nemesio, Maria

Cristina Gaglianone, and Kleber Del Claro for suggestions

that improved the final version of the manuscript and to

Camila N. Junqueira for the ArcView GYS Program work.

They are also grateful to Roderic Breno Martines for help

with fieldwork and Consorcio Capim Branco, especially

Simone Mendes and Diogo Lemos, for authorizing data

collection. CNPq and FAPEMIG provided financial support,

and the Instituto de Biologia (Universidade Federal de

Uberlandia) provided logistical support.



8 Psyche

References

[1] D. Grimaldi and M. S. Engel, Evolution of the Insects, Cam-
bridge University Press, New York, NY, USA, 2005.

[2] P. G. Kevan and H. G. Baker, “Insects as flower visitors and

pollinators,” Annual Review of Entomology, vol. 28, pp. 407-

453, 1983.

[3] M. Proctor, P. Yeo, and A. Lack, The Natural History of

Pollination, Harper Collins, London, UK, 1996.

[4] J. C. Biesmeijer, E. 1. Slaa, M. S. Castro, B. L. Viana, A. M.

P. Kleinert, and V. L. Imperatriz-Lonseca, “Connectance of

Brazilian social bees—food plant networks is influenced by

habitat, but not by latitude, altitude or network size,” Biota

Neotropica, vol. 5, no. 1, pp. 85-93, 2005.

[5] D. W. Roubik, Ecology and Natural History ofBees, Cambridge

University Press, Cambridge, UK, 1989.

[6] C. D. Michener, The Bees of the World, The lohns Hopkins

University Press, Baltimore, Md, USA, 2000.

[7] LA. Silveira, G. A. R. Mello, and E. A. B. Almeida, Abelhas

Brasileiras: Sistemdtica e Identifica^ao, Lernando A. Silveira,

Belo Horizonte, Brazil, 2002.

[8] M. S. Castro, D. Koedam, and L. A. L. Contrera, “Stingless

bees,” in Bees as Polinators in Brazil: Assessing the Status and

Suggesting Best Practices, V. L. Imperatriz-Lonseca, Ed., p. 112,

Holos Editora, Ribeirao Preto, Brazil, 2006.

[9] B. M. Ereitas and P. Nunes-Silva, “Poliniza^ao agricola

e sua importancia no Brasil,” in Polinizadores no Brasil.

Contribui^do e Perspectivas Para a Biodiversidade, Uso Sus-

tentdvel, Conservagdo e Servigos Ambientais, V. L. Imperatriz-

Eonseca, Ed., 2012.

[10] A. Byrne and U. Eitzpatrick, “Bee conservation policy at the

global, regional and national levels,” Apidologie, vol. 40, no. 3,

pp. 194-210, 2009.

[11] J. W. Van Veen and M. J. Sommeijer, “Observations on

gynes and drones around nuptial flights in the stingless bees

Tetragonisca angustula and Melipona beecheii (Hymenoptera,

Apidae, Meliponinae),” Apidologie, vol. 31, no. 1, pp. 47-54,

2000.

[12] P. Nogueira-Neto, A Criagdo de Abelhas Indigenas sem Perrdo,

Editora Nogueirapis, Sao Paulo, Brazil, 1970.

[13] R. B. Machado, L. S. Aguiar, A. A. 1. E Castro, C. C. Nogueira,

and M. B. Ramos Neto, “Caracteriza^ao da fauna e flora do

Cerrado,” in Savanas: Desafios e Estrategias para o Equilibrio

Entre Sociedade, Agronegocio e Recursos Naturals, E. G. Ealeiro

and A. L. Farias Neto, Eds., pp. 285-300, Embrapa Cerrados,

Planaltina, Brazil, 2008.

[ 14] G. Durigan, “Bases e diretrizes para a restaura^ao da vegeta^ao

de Cerrado,” in Restauragdo Ecologica de Ecossistemas Naturals,

P. Y. Kageyama, R. E. Oliveira, L. E. D. Moraes, V. L. Engel, and

E. B. Gandara, Eds., p. 340, EEPAE, Botucatu, Brazil, 2008.

[15] W. Jepson, “A disappearing biome? Reconsidering land-cover

change in the Brazilian savanna,” Geographical Journal, vol.

171, no. 2,pp. 99-111,2005.

[16] R. A. Mittermeier, N. Myers, P. R. Gil, and C. G. Mittermeier,

“Hotspots: earth’s biologically richest and most endangered

terrestrial ecoregions,” CEMEX, Mexico City, Mexico, 1999.

[17] PS. Oliveira and R. 1. Marquis, “The cerrados of Brazil; Ecol-

ogy and natural history of a neotropical savanna,” Columbia

University Press, New York, NY, USA, 2002.

[18] J. Donaldson, 1. Nanni, C. Zachariades, and 1. Kemper, “Effects

of habitat fragmentation on pollinator diversity and plant

reproductive success in renosterveld shrublands of South

Africa,” Conservation Biology, vol. 16, no. 5, pp. 1267-1276,

2002.

[19] S. G. Potts, B. Vulliamy, S. Roberts et al., “Role of nesting re-

sources in organising diverse bee communities in a Mediter-

ranean landscape,” Ecological Entomology, vol. 30, no. 1, pp.

78-85, 2005.

[20] W. E. Kerr, S. E. Sakagami, R. Zucchi, V. Portugal-Araujo, and

1. M. Camargo, “Observances sobre a arquitetura dos ninhos e

comportamento de algumas especies de abelhas sem ferrao das

vizinhannas de Manaus, Amazonas (Hymenoptera, Apoidea),”

Atas do Simposio Sobre a Biota Amazdnica 5 (Zoologia), pp.

255-309, 1967.

[21] 1. M. E. Camargo, “Ninhos e algumas especies de Meliponideos

(Hymenoptera, Apidae) da regiao de Porto Velho, territorio

de Rondonia, Brasil,” Revista de Biologia Tropical, vol. 16, pp.

207-239, 1970.

[22] C. K. Starr and S. E Sakagami, “An extraordinary concentra-

tion of stingless bee colonies in the Philippines, with notes on

nest structure (Hymenoptera; apidae: Trigona spp.),” Insectes

Sociaux, vol. 34, no. 2, pp. 96-107, 1987.

[23] B. M. Ereitas, V. L. Imperatriz-Lonseca, L. M. Medina et

al., “Diversity, threats and conservation of native bees in the

Neotropics,” Apidologie, vol. 40, no. 3, pp. 332-346, 2009.

[24] W. M. Schaffer, D. W. Zeh, S. L. Buchmann, S. Kleinhans, M.

V. Schaffer, and J. Antrim, “Competition for nectar between

introduced honey bees and native North American bees and

ants,” Ecology, vol. 64, no. 3, pp. 564-577, 1983.

[25] W. E. Kerr, G. A. Carvalho, and V. A. Nascimento, Abelha

Urugu: Biologia, Manejo e Conservagdo, Eunda^ao Acangau,

Belo Horizonte, Brazil, 1996.

[26] I. Silberbauer-Gottsberger and G. Gottsberger, “A poliniza9ao

de plantas do cerrado,” Revista Brasileira de Biologia, vol. 48,

pp. 651-663, 1988.

[27] K. Del-Claro and H. M. Torezan-Silingardi, “Insect-plant

interactions; new pathways to a better comprehension of

ecological communities in Neotropical savannas,” Neotropical

Entomology, vol. 38, no. 2, pp. 159-164, 2009.

[28] F. A. Silveira and M. J. O. Campos, “A melissofauna de Corum-
batai (SP) e Paraobeba (MG); uma analise da biogeografia

das abelhas do cerrado brasileiro (Hymenoptera: Apoidea),”

Revista Brasileira de Entomologia, vol. 39, no. 2, pp. 371-401,

1995.

[29] A. M. C. Carvalho and L. R. Bego, “Studies on Apoidea fauna

of cerrado vegetation at the Panga Ecological Reserve, Uber-

landia, MG, Brazil,” Revista Brasileira de Entomologia, vol. 40,

pp. 147-156, 1996.

[30] A. M. C. Carvalho and L. R. Bego, “Exploitation of available

resources by bee fauna (Apoidea-Hymenoptera) in the Reserva

Ecologica do Panga, Uberlandia, state ofMinas Gerais, Brazil,”

Revista Brasileira de Entomologia, vol. 41, pp. 101-107, 1997.

[31] S. E. M. Pedro, “Meliponini Neotropicais: O genero Par-

tamona Schawrz, 1939 (Hymenoptera, Apidae): Taxonomia

e Biogeografia,” Tese de Doutorado-Paculdade de Eilosofia,

Ciencias e Letras de Ribeirao Preto, Universidade de Sao Paulo,

Ribeirao Preto/SP, 1998.

[32] S. Mateus, “Abundancia relativa, fenologia e visita as flores

pelos Apoidea do Cerrado da Esta^ao Ecologica de latai,

Luiz Antonio-SP,” Disserta9ao (Mestrado em Entomologia)

-

Eaculdade de Eilosofia, Ciencias e Letras de Ribeirao Preto,

Universidade de Sao Paulo, Ribeirao Preto/SP, 1998.

[33] H. M. Taura and S. Laroca, “Abelhas altamente socials (Api-

dae) de uma area restrita em Curitiba (Brasil): distribui9ao dos



Psyche 9

ninhos e abundancia relativa Acta Biologica Paranaense, vol.

20, pp. 85-101, 1991.

[34] G. S. Freitas, “Levantamento de ninhos de meliponineos

(Hymenoptera, Apidae) em area urbana: Campus da USP,

Ribeirao Preto/SP,” Disserta^ao de Mestrado-Faculdade de

Filosofia Ciencias e Letras de Ribeirao Preto, Universidade de

Sao Paulo, Ribeirao Preto/SP, 2001.

[35] S. Mateus, U. C. R. Pereira, H. S. R. Cabette, and R.

Zucchi, “Locais de nidifica^ao das abelhas nativas sem ferrao

(Hymenoptera, Apidae, Meliponinae) do parque municipal do

Bacaba, Nova Xavantina MT,” Mensagem Doce, vol. 1, pp. 60-

62, 2009.

[36] C. F. Martins, M. Cortopassi-Laurino, D. Koedam, and V.

L. Imperatriz-Fonseca, “Especies arboreas utilizadas para

nidifica^ao por abelhas sem ferrao na Caatinga (Serido, PB;

Joao Camara, RN),” Biota Neotropica, vol. 4, pp. 1-8, 2004.

[37] T. Jongjitvimol, K. Boomtown, K. Wattanachaiyingcharoen,

and S. Deowanish, “Nest dispersion of a stingless bee species,

Trigona collina Smith, 1857 (Apidae, Meliponinae) in a mixed

deciduous forest in Thailand,” The Natural History Journal of

Chlalongkorn University, vol. 5, pp. 69-71, 2005.

[38] B. D. V. Serra, M. S. Drummond, L. M. Lacerda, and I. P.

Akatsu, “Abundance, space distribution of bees’ nests Me-

liponina (Hymenoptera, Apidae, Apini) and vegetable sorts

used for nidifica^ao in areas of scrubland of the Maranhao,”

Iheringia, Serie Zoologia, vol. 99, no. 1, pp. 12-17, 2009.

[39] W. Koppen, Climatologia: Con un Estudio de los Climas de la

Terra, Fondo de Cultura Economica, Mexico, 1948.

[40] R. L. Vianell and o and A. R. Alves, Meteorologia Bdsica a Aplic-

afoes, UEV, Vi^osa, Brazil, 2000.

[41] R. Rosa, S. C. Lima, and W. L. Assun^ao, “Abordagem

preliminar das condi^oes climaticas de Uberlandia (MG),”

Sociedade & Natureza, vol. 1, pp. 91-108, 1991.

[42] A. E. Magurran, Measuring Biological Diversity, Blackwell,

Oxford, UK, 2004.

[43] J. A. Ludwig and J. E. Reynolds, Statistical Ecology: A Primer on

Methods and Computing, Wiley-Intersciencie, New York, NY,

USA, 1988.

[44] B. Mccune and M. J. Mefiford, PC-ORD Multivariate Analysis

ofEcological Data, MjM Software, Gleneden Beach, Ore, USA,

2006.

[45] H. G. Gauch, Multivariate Analysis in Community Ecology,

Cambridge University Press, New York, NY, USA, 1982.

[46] T. Eltz, C. A. Briihl, and C. Gorke, “Collection ofmold {Rhizo-

pus sp.) spores in lieu of pollen by the stingless bee Trigona

collina,” Insectes Sociaux, vol. 49, no. 1, pp. 28-30, 2002.

[47] H. Samejima, M. Marzuki, T. Nagamitsu, and T. Nakasizuka,

“The effects ofhuman disturbance on a stingless bee commu-
nity in a tropical rainforest,” Biological Conservation, vol. 120,

no. 4, pp. 577-587, 2004.

[48] S. Salmah, T. Inoue, and S. E. Sakagami, “An analysis on

apid bees richnesses (Apidae) in central Sumatra,” in Natural

History of Social Wasps and Bees in Equatorial Sumatra, R.

Ohgushi, S. E. Sakagami, and K. D. W. Roubik, Eds., pp. 139-

174, Hokaido University Press, Sapporo, Japan, 1990.

[49] M. Yamamoto and K. Del-Claro, “Natural history and forag-

ing behavior of the carpenter ant Camponotus sericeiventris

Guerin, 1838 (Eormidnae, Campotonini) in the Brazilian

tropical savanna,” Acta Ethologica, vol. 11, no. 2, pp. 55-65,

2008.

[50] E. Tizo-Pedroso and K. Del-Claro, “Is there division of labor

in cooperative pseudoscorpions? an analysis of the behavioral

repertoire of a tropical species,” Ethology, vol. 117, no. 6, pp.

498-507, 2011.

[51] E. H. Nogueira-Eerreira and A. E. E. Soares, “Male

aggregations and mating flight in Tetragonisca angustula

(Hymenoptera, Apidae, Meliponinae),” Iheringia Serie Zoolo-

gia, vol. 84, pp. 141-144, 1998.

[52] C. Kremen, N. M. Williams, R. L. Bugg, J. P. Pay, and R. W.

Thorp, “The area requirements of an ecosystem service: crop

pollination by native bee communities in California,” Ecology

Letters, vol. 7, no. 11, pp. 1109-1119, 2004.

[53] S. Laroca, “Community ecology in bees; relative importance

of rare and common species in some Holartic and Neotropical

sites,” Revista Brasileira de Zoologia, vol. 9, pp. 131-137, 1992.

[54] C. M. Maia, M. S. Drumond, and L. M. Lacerda, “Estrutura de

comunidade de abelhas Meliponinae (Apidae, Hymenoptera)

em area de Mata Ciliar (Urbano Santos-MA),” in Anais do V
Encontro Sobre Abelhas, C. A. Garofalo, Ed., p. 269, Paculdade

de Pilosofia, Ciencias e Letras de Ribeirao Preto, 5, Ribeirao

Preto, Brazil, 2002.

[55] A. G. Damasceno, “Abelhas (Hymenoptera, Apoidea) vis-

itantes das inflorescencias da sucupira-branca, Pterodum

emarginatus Vogel (Leguminosae: Papilionoidae) e do baru,

Dipteryx alata Vogel (Leguminosae: Papilionoidae) em area

de Cerrado em Brasilandia de Minas-MG,” Disserta^ao de

Mestrado-Universidade Pederal de Lavras, Lavras/MG, 1998.

[56] E. N. L. Siqueira, R. B. Marlines, and P. H. Nogueira-Eerreira,

“Ninhos de abelhas sem ferrao (Hymenoptera, Meliponina)

em uma regiao do Rio Araguari, Araguari-MG,” Bioscience

Journal, vol. 23, pp. 38-44, 2007.

[57] A. B. M. Machado, Livro Vermelho das Especies Ameagadas de

Extinfdo da Eauna em Minas Gerais, Punda^ao Biodiversitas,

Belo Horizonte, Brazil, 1998.





Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 146387, 6 pages

doi:10.1155/2012/146387

Research Article

Evolution of the Heme Peroxidases of Culicidae (Diptera)

Austin L. Hughes

Department ofBiological Sciences, University ofSouth Carolina, 715 Sumter Street, Coker Life Sciences Building,

Columbia, SC 29208, USA

Correspondence should be addressed to Austin L. Hughes, austin@biol.sc.edu

Received 17 August 2012; Accepted 17 October 2012

Academic Editor: Zainulabeuddin Syed

Copyright © 2012 Austin L. Hughes. This is an open access article distributed under the Creative Commons Attribution License,

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Phylogenetic analysis of heme peroxidases (HPXs) of Culicidae and other insects revealed six highly conserved ancient HPX
lineages, each ofwhich originated by gene duplication prior to the most recent common ancestor (MRCA) of Hemimetabola and

Holmetabola. In addition, culicid HPX7 and HPX12 arose by gene duplication after the MRCA of Culicidae and Drosophilidae,

while HPX2 orthologs were not found in any other order analyzed except Diptera. Within Diptera, HPX2, HPX7, and HPX12 were

relatively poorly conserved at the amino acid level in comparison to the six ancient lineages. The genome of Anopheles gambiae

included genes ecoding five proteins (HPXIO, HPXl 1, HPX13, HXP14, and HPX15) without ortholgs in other genomes analyzed.

Overall, gene expression patterns did not seem to reflect phylogenetic relationships, but genes that evolved rapidly at the amino

acid sequence level tended to have divergent expression patterns as well. The uniquely high level of duplication of HPXs in A.

gambiae may have played a role in coevolution with malaria parasites.

1. Introduction

The production of nitric oxide (NO) is an important

immune defense mechanism against cellular microorgan-

isms in insects and other invertebrates [1]. Nitric oxide

synthase (NOS), encoded by a single gene in insect genomes

sequenced to date [2], is the major enzyme involved in

NO production, but the full pathway of NO production is

only beginning to be understood. In the mosquito Anopheles

gambiae (Diptera: Culicidae) when infected by malaria

parasites (Apicomplexa: Plasmodium), a heme peroxidase

(HPX2) and NADPH oxidase (NOX5) were found to play a

crucial role in potentiating NO in antiparasite defense [3].

NOX5 is represented by a single ortholog in insects,

but HPX2 is a member of a multigene heme peroxidase

family in A. gambiae and other insects [3-5] . Other mosquito

heme peroxidases (HPXs) of known function include those

expressed in the salivary glands of female A. gambiae and

A. albimanus [6, 7] and one involved in the catalysis of

protein-crosslinking in the chorion of Aedes aegypti eggs

[8]. In another member of Diptera, the fruit fly Drosophila

melanogaster, heme peroxidases have been implicated in

chorion assembly and other developmental processes [9, 10].

For nearly 5000 orthologous genes, Waterhouse and

colleagues [4] compared the amino acid sequence distance

between D. melanogaster and A. gambiae with that between

D. melanogaster and Ae. aegypti. On average genes with

known immune function showed a greater level of amino

acid sequence divergence than other genes, but certain

immune-related proteins were well conserved [4]. HPXs
included in these analyses likewise included a number of

more conserved and less conserved proteins.

Here I use a phylogenetic analysis in order to establish

orthologous sets of HPX genes in Culicidae. Unlike previ-

ously published analyses of insect HPXs [4, 5], the present

phylogenetic analysis includes HPXs from Hemimetabola,

making it possible to time gene duplication events in the

HPX family relative to the time of the most recent common
ancestor (TMRCA) of Hemimetabola and Holometabola

(including Diptera). Using sets of ortholgs established by

the phylogenetic analysis, I analyze the patterns of amino

acid sequence conservation ofHPXs within and between two

families of Diptera: (1) Culicidae (mosquitoes), represented

by three species with completely sequenced genomes (A.

gambiae, Ae. aegypti, and Culex quinquefasciatus) and (2)

Drosophilidae (fruit flies), represented by D. melanogaster
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and D. grimshawi. In addition, using data from the MozAtlas

A. gamhiae gene expression database [11], I compare across-

tissue expression patterns with phylogenetic relationships

and with patterns of amino acid sequence conservation.

2. Methods

2.1. Sequences and Alignment. The phylogenetic analysis

was based on 81 heme peroxidase (HPX) sequences from

10 insect species with completely or nearly completely

sequenced genomes, belonging to five orders: (1) the pea

aphid Acyrthosiphon pisum (order Hemiptera); (2) the body

louse Pediculus humanus (order Phthiraptera); (3) the red

flour beetle Tribolium confusum (order Coleoptera); (4) the

jewel wasp Nasonia vitripennis (order Hymenoptera); (5)

the honeybee Apis mellifera (Hymenoptera); (6) the yellow

fever mosquito Aedes aegypti (Diptera); (7) the African

malaria mosquito Anopheles gamhiae (Diptera); (8) the

Southern house mosquito Culex quinquefasciatus (Diptera);

(9) the fruit fly Drosophila melanogaster (Diptera); (10)

the Hawaiian fruit fly Drosophila grimshawi (Diptera). Of
the five orders represented, two (Hemiptera and Phthi-

raptera) belong to Hemimetabola, while the rest belong

to Holometabola. Preliminary analyses including species

from the order Lepidoptera and additional species from

Hymenoptera produced results similar to those reported

(not shown). However, since the main focus of the present

analyses was on HPXs of Diptera, only the above 1 1 species

were used in the final analysis for ease of presentation.

Nomenclature of individual proteins and their putative

orthologs was based on names provided by VectorBase

(http://www.vectorbase.org/) for A. gamhiae, where those

were available.

Amino acid sequences were aligned by the CLUSTAL
W algorithm in the MEGA 5 program [12]. In all com-

parisons among aligned sequences, amino acid sites at

which the alignment postulated a gap in any sequence were

excluded from all comparisons. Following Waterhouse and

colleagues [4], the DBLOX protein of A. gamhiae, which

has an internally duplicated structure, was divided into

N-terminal and C-terminal segments, each of which was

aligned separately with the other HPXs. The same approach

was applied to 8 additional sequences related to DBLOX,
which were found to share the same internally duplicated

structure. The phylogenetic analysis was thus applied to

90 aligned sequences, including both N-terminal and C-

terminal segments of the 9 internally duplicated sequences.

Phylogenetic analyses were conducted using the MEGA
program, version 5.05 [12], by the maximum likelihood

(ML) method. The Model test function in MEGA was

used to choose models by the Bayes Information Griterion

(BIG). The reliability of branching patterns was tested

by bootstrapping (1000 samples). Relative rate tests were

conducted by Tajima’s [13] method in MEGA.
Expression data for A. gamhiae were downloaded from

the MozAtlas database [11]. Expression data for the following

tissue types were included separately for adult males and

adult (blood-fed) females: (1) the head, including the brain;

(2) the salivary gland; (2) the midgut; (3) the Malpighian

tubules; (4) the thorax excluding the gut, Mapighian tubules,

and the gonads. In addition, there were data for the following

sex-specific tissues: (1) ovary in females; (2) testis in males;

(3) accessory glands in males. For each of these tissues,

the mean expression value from MozAtlas was standardized

with gene, and the genes were clustered by the McQuitty

algorithm using the Manhattan distance in Minitab version

15.0 (http://www.minitab.com/).

3. Results

3.1. Phylogenetic Analyses. A phylogenetic tree of insect

HPXs was constructed by the ML method using the

WAG+G-hI model at 301 aligned amino acid sites (Figure 1).

In the tree there were seven major clusters each defining a

lineage which included one or more sequences from Diptera

and one or more sequences from Hemimetabola; these seven

clusters are here designated HPXl, HPX4, HPX5, HPX6,
DBLOX-N, DBLOX-C, and GG42331 (Figure 1). The first

four lineages were named according to the nomenclature

used in VectorBase for the Anopheles gamhiae sequence. The

DBLOX-N and DBLOX-G clusters were named, respectively,

for the N-terminal and C-terminal portions of A. gamhiae

DBLOX (Figure 1). The CG42331 cluster was named for the

Drosophila melanogaster sequenced included in that cluster

(Figure 1). Each of the seven clusters was supported by an

internal branch that received at least 86% bootstrap support;

and five of the seven clusters received 99% percent or greater

bootstrap support (Figure 1).

Each of the seven major clusters included, in addition

to sequences from the three mosquito species, apparent

ortholgs from the two Drosophila species (Figure 1). Fur-

thermore, each of the seven clusters included at least

one sequence from Hemimetabola {Acyrthosiphon pisum or

Pediculus humanus); this topology supported the hypothesis

that each of these seven major groups of HPX orthologs

arose by gene duplications that occurred prior to the most

recent common ancestor (MRGA) of Hemimetabola and

Holometabola. Since each of the two portions of DBLOX
formed a cluster including sequences from Hemimetabola

(Figure 1), the phylogenetic analysis supported the hypoth-

esis that the internal duplication of DBLOX occurred prior

to the MRGA of Hemimetabola and Holometabola.

Outside the seven major clusters, A. gamhiae HPX
sequences showed very different patterns of relatedness.

These patterns were examined further by an additional

phylogenetic analysis of the 32 sequences corresponding

to the subtree of the original phylogeny (Figure 2) that

included the HPXl cluster and the other sequences that fell

outside the seven major clusters (Figure 2). The phylogeny

was constructed on the basis of the WAG+G+I model at

402 aligned sites; and the topology of the phylogenetic tree

(Figure 2) was broadly similar to that of the corresponding

portion of the original tree (Figure 1).

In both trees, A. gamhiae HPX2 formed a cluster with

apparent orthologs from the other mosquito species and

from Drosophila (Figures 1 and 2). However, there were
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Figure 1: Maximum likelihood tree of insect heme peroxidases, based on the WAG+G+I model at 301 aligned amino acid sites. Numbers

on the branches represent the percentage of 1000 bootstrap pseudosamples supporting the branch; only values >50% are shown.
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Figure 2: Maximum likelihood tree of select insect heme peroxidases, based on the WAG+G+I model at 402 aligned amino acid sites.

Numbers on the branches represent the percentage of 1000 bootstrap pseudosamples supporting the branch; only values >50% are shown.

no apparent orthologs of HPX2 from outside of Diptera

(Figures 1 and 2). In both trees, there was a cluster including

A. gambiae HPXIO, HPXll, HPX13, HXP14, and HPX15,

with no apparent orthologs from any of the other genomes

analyzed (Figures 1 and 2). Bootstrap support for the latter

cluster was weak in both trees (Figures 1 and 2). However,

there was high bootstrap support for the clustering of A.

gambiae HPXIO, HPXll, and HPX13 (99%; Figure 2); and

for clustering of A. gambiae HPX 10 and HPXll (99%,

Figure 2). There was moderately high support for clustering

ofA. gambiae HPX4 and HPX15 (93%, Figure 2).

Culicid HPX7 and HPXl 2 clustered together with

sequences from the two Drosophila species and one sequence

from Triboilum castaneum; the latter cluster received 99%
bootstrap support in both phylogenetic analyses (Figures

1 and 2), Because the Drosophila sequence fell outside the

cluster of culicid HPX7 and HPXl 2 in both phylogenetic

analyses (Figures 1 and 2), the topology is consistent with

the hypothesis that the gene duplication giving rise to culicid

HPX7 and HPXl 2 occurred after the MRCA of Culicidae and

Drosophilidae.

3.2. Sequence Conservation. In order to obtain evidence

regarding conservation of amino acid sequences in different

HPXs, aligned amino acid sets were compared in 10 HPX
orthologous groups represented in both Cuclicidae and

Drosophilidae (Table 1). Comparisons were made among the

three mosquito species, between the two Drosophila species,

and between the two families (Table 1). HPXS showed the

strongest conservation in all comparisons (Table 1). HPX2
was much less conserved; in fact, of the 9 other orthologs,

6 were significantly more conserved that HPX2 in all

comparisons (Table 1). On the other hand, HPXl 2, unique

to Culicidae (Figure 1), was significantly less conserved than

HPX2 in comparisons within Culicidae (Table 1). HPX7 was

significantly less conserved than HPX2 in the comparison

between Ac. aegypti and C. quinquefasciatus, and HPX7 was

less conserved than HPX2, though not significantly so, in

the comparison among the three culicid species (Table 1).

CG42331 did not differ significantly from HPX2 in the level

of conservation within Culicidae, but CG42331 was signifi-

cantly more conserved than HPX2 within Drosophilidae and

in both families (Table 1).

For each of the orthologous groups listed in Table 1,

relative rate tests were used to compare the rates of amino

acid evolution in A. gambiae sequences with that in Ac.

aegypti orthologs, using D. melanogaster orthologs as an

outgroup. In no case was there a significant rate difference

between A. gambiae and Ac. aegypti (not shown). Similar

analyses likewise showed no significant differences in the rate

ofamino acid sequence evolution between A. gambiae and C.

quinquefasciatus.

3.3. Expression Pattern. When the 15 A. gambiae genes were

clustered on the basis of adult male and female expression

pattern (Figure 3), clustering showed little relationship with

phylogenetic relationships (Figures 1 and 2). For example,

the closely related pair of genes HPX14 and HPXl 5 did not

show very similar expression patterns, nor did the closely

related pair of genes HPXIO and HPXl 1 (Figure 3). Likewise,

the closely related pair HPX2 and HPX7 did not show

similar expression patterns (Figure 3). A cluster of genes

very similar in terms of expression pattern (HPXl, DBLOX,
HPX14, HPX, and HPXIO; Figure 3) shared low levels of

expression across all tissues analyzed. By contrast, CG42331
had the most divergent expression pattern (Figure 3), with
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Table 1: Percentages of amino acid residues in heme peroxidases that are conserved among sets of dipteran taxa.

Protein

No. aligned residues
Ae. aegypti and C.

quinquesfasciatus

Set of taxa compared

Ae. aegypti, C. quinquesfasciatus,

and A. gambiae

D. melanogaster and

D. grimshawi

Culicidae and

Drosophilidae

HPXl 672 87.5%*** 79.8%*** 85.3%*** 56.3%***

HPX2 609 68.1% 50.6% 61.9% 24.8%

HPX4 868 85.5%*** 74.3%*** 88.1%*** 54.0%***

HPXS 746 93.4%*** 91.4%*** 96.0%*** 78.8%***

HPX6 800 82.0%* 64.9%*** 78.8%*** 41.4%***

HPX7 654 58.3%** 46.0%
67.1%^ 18.7%i

HPXl 2 654 41.4%*** 35.5%***

CG42331 1132 74.9% 54.8% 72.1%*** 34.0%**

DBLOX-N 585 86.8%*** 72.5%*** 83.8%*** 39.5%***

DBLOX-C 775 92.5%*** 86.5%*** 92.3%*** 66.3%***

Chi-square tests of the hypothesis that the proportion conserved is equal to that for HPX2 in the same set of taxa (Bonferroni-corrected): *P < 0.05; **P <

0.01; ***P< 0.001.

^Homologous to hoth HPX7 and HPX12 (see Figure 1).

CG42331

HPX6

HPX2

HPX12

HPX13

HPX15

HPXll

HPX4

HPX16

HPXIO

p HPX7

HPX14

|— HPX5

p DBLOX

- HPXl
I

1 1
1

8.01 38.67 69.34 100

Figure 3: Flierarchical clustering of gene expression of 15 Anopheles

gambiae HPXs across 1 1 tissue types. The scale on the left represents

expression pattern similarity score.

particularly high levels in both male and female thorax. Next

most divergent were HPX2 (with high levels in male thorax

and testis and in the head in both sexes) and HPX6 (with

high levels in the head in both sexes).

4. Discussion

Phylogenetic analysis of the heme peroxidases (HPXs) of

Culicidae showed support for the existence of six sepa-

rate lineages that originated by gene duplication events

that occurred prior to the MRCA of Hemimetabola and

Holometabola, which is believed to have occurred in the

late Carboniferous period, 318-300 million years ago [14]:

HPXl, HPX4, HPXS, HPX6, CG42331, and DBLOX. Like-

wise the results supported the hypothesis that the internal

duplication of DBLOX occurred before the MRCA of

Hemimetabola and Holometabola.

In addition to these ancient HPX lineages, culicid

genomes include certain members of the HPX family that

were apparently duplicated more recently than the six

ancient lineages. Culicid HPX7 and HPXl 2 clustered with

a Triholium castaneum sequence, implying an origin before

the MRCA of Diptera and Coleoptera. The duplication

giving rise to HPX7 and HPX 12 appeared to have occurred

independently in the culicid lineage after the MRCA of

Culicidae and Drosophilidae. However, since HPX7 and

HPXl 2 were found in Anopheles gambiae, Aedes aegypti, and

Culex quinquefasciatus, the duplication occurred prior to the

MRCA of those three genera.

Neither of the two available genomes of Hemimetabola

was found to contain orthologs of HPX7, HPXl 2, HPX2,
HPXIO, HPXll, HPX13, HPX14, HPX15, or HPX16. The

absence of these genes from Hemimetabola suggests the

possibility that these genes have arisen in the Holometabola

after the MRCA of Hemimetabola and Holometabola.

However, it may be that future analysis of additional

genomes of Hemimetabola will discover orthologs of these

genes. Therefore the conclusion that they are unique to

Holometabola remains tentative.

HPX2, which is known to be involved in resistance to

malaria parasite infection in A. gambiae [3], did not have

orthologs in any of the other orders included in the present

analysis. In addition, the genome of A. gambiae included

six HPXs (HPXIO, HPXll, HPX13, HPX14, HPX15, and

HPXl 6) with no reported orthologs in any other species.

Thus, extensive HPX duplication appears to be a unique trait

ofA. gambiae among the mosquito genomes analyzed.
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Members of the six ancient families generally showed a

greater level of amino acid sequence conservation in Diptera

than did sets of orthologs not found outside Holometabola

(HPX2, HPX7, and HPX12). Of the latter, HPX2 was

somewhat more conserved in Culicidae than was either

HPX7 or HPX12, Because of the presence of relatively poorly

conserved HPXs and the unique paralogs, the HPX family

of Culicidae and of A, gamhiae in particular seem to have

undergone a degree of rapid evolution unusual for insect

HPXs. By contrast, CG42331 was the one ancient lineage that

was relatively nonconserved within Culicidae.

Overall, gene expression patterns did not reflect phy-

logenetic relationships, with closely related gene pairs

often showing marked differences in expression pattern.

On the other hand, there was some association between

lack of amino acid sequence conservation and divergent

patterns of gene expression (Table 1 and Figure 3). For

example, CG42331, HPX2, and HPX12 represented relatively

unconserved genes whose patterns of gene expression were

dissimilar to those of other HPX genes, as indicated by the

fact that these three genes clustered apart from the other

genes in the cluster analysis of gene expression patterns

(Figure 3).

It might be proposed that the evolutionary pattern of

HPXs reflects coevolution of the insect host with parasitic

microorganisms, particularly malaria parasites in the case

of A. gamhiae. However, there was no evidence of an

increased rate of amino acid evolution of A. gamhiae HPXs
in comparison to orthologs in the other culicid species.

Therefore coevolution with malaria parasites seems not to

have enhanced the rate of amino acid replacement of the

HPXs of A. gamhiae. On the other hand, the extensive

duplication of HPXs, unique in the present data to A.

gamhiae, may have played a role in coevolution with malaria

parasites. An increased understanding of the functions of

individual HPXs, including more detailed information on

tissue expression, particularly in response to infection by

malaria parasites, will provide evidence to test the latter

hypothesis.
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Network analysis as a tool for ecological interactions studies has been widely used since last decade. However, there are few studies

on the factors that shape network patterns in communities. In this sense, we compared the topological properties of the interaction

network between flower-visiting social wasps and plants in two distinct phytophysiognomies in a Brazilian savanna (Riparian

Forest and Rocky Grassland). Results showed that the landscapes differed in species richness and composition, and also the

interaction networks between wasps and plants had different patterns. The network was more complex in the Riparian Forest, with

a larger number of species and individuals and a greater amount of connections between them. The network specialization degree

was more generalist in the Riparian Forest than in the Rocky Grassland. This result was corroborated by means of the nestedness

index. In both networks was found asymmetry, with a large number ofwasps per plant species. In general aspects, most wasps had

low niche amplitude, visiting from one to three plant species. Our results suggest that differences in structural complexity of the

environment directly influence the structure of the interaction network between flower-visiting social wasps and plants.

1. Introduction

Wasps are a significant portion of the flower-visiting guild

that may overlap bees in nectar exploitation in several eco-

systems [1,2]. Although wasps are more frequently regarded

as floral resource thieves [3-6], recent papers show that

wasps can also effectively contribute to pollination [7]. In

a study with Schinus terebinthifolius Raddi (Anacardiaceae),

Siihs et al. [8] showed that social wasps, especially Polistes

versicolor (Olivier, 1791), Polybia sericea (Olivier, 1791),

Polistes simillimus (Zikan, 1951), and Polybia ignobilis (Hali-

day, 1836), were more representative in richness and abun-

dance than bee species, being considered efficient pollina-

tors. Other studies, such as Barros [9] and Hermes and

Kohler [10] also demonstrated the efficiency of the wasps as

pollinators. Thus, social wasp-plant interaction networks can

be considered nonobligatory mutualistic associations.

Interaction networks between plants and their floral

visitors are currently among the most widely studied inter-

actions (see review by
[
1 1 ]

). The structure of these networks,

almost always characterized by mutualistic interactions (pol-

linators and plants), exhibits a common pattern of nested-

ness and asymmetry [6, 12-14] with varied specialization

degree [15, 16]. According to Bliithgen et al. [15], pollinator

webs were highly asymmetric, involving a much higher num-
ber of pollinators (usually insects) than plant species. Conse-

quently, pollinators are significantly less specialized on plants

than plants on pollinators. On the other hand, the nested

pattern common in mutualistic networks means that species

with few links interact with a subset of interactive partners

with high connectivity [12]. In those webs, the species with

many links (hubs species) are the most generalists and

give support to network pattern according to Bastolla et al.

[17]. Thus, the properties of interaction networks of plant
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pollinator tend to generalization, even though they are on

average more specialized than networks of other mutualisms,

such as seed dispersal and the use of extrafloral nectaries

[14].

Recent network analyses revealed that plant-pollinator

interactions display an intermediate level of complementary

specialization [16]. According to Bliithgen and Klein [18],

specialization and complementarity are related: complemen-

tarity requires a certain degree of specialization of each

species, while high generalization is associated with high

niche overlap and thus redundancy. Therefore, plant-

pollinator interactions exhibit an intermediate structure

between generalization and specialization (represented by

nestedness, asymmetry, and intermediate level of comple-

mentary specialization). These proprieties make these inter-

action networks robust and more stable to species extinction

[17, 19-21].

Studies on the structure of interaction networks between

plants and flower-visiting social wasps are scarce [6, 22], as

well as knowledge about the diversity of wasps in various

environments [1, 10, 23]. In Brazil, studies on the sources of

floral resources used by social wasps were carried out in Cer-

rado (the Brazilian Savanna) [24-26], in an Araucaria Forest

[10], in urban areas [27], and in Brazilian Caatinga (a

semiarid scrub forest) [28]. Furthermore, there are only two

studies dealing with the interaction network between plants

and flower-visiting social wasps in Brazil [6, 22], and these

studies show only the general pattern of interactions or com-

pare these patterns with networks involving other groups of

floral visitors.

Most studies concerning ecological interaction networks

relate the network structural pattern with the type of rela-

tionship established between the groups of organisms, with-

out taking into account the characteristics of the environ-

ment in which the interaction takes place (e.g., [16, 29]).

Thus, it becomes difficult to understand the actual biological

importance of the interactions. However, interactions are

known to be strongly variable in time and space [30-32].

It is known that more structurally complex environments

(represented for greater availability of food resources and

nesting sites) have greater richness and diversity of species

[33, 34], including social wasps [35, 36]. According to Santos

[35], vegetation structure influences social wasp communi-
ties because it provides support for nesting, food resources,

resources for building nests, and foraging area. Thus, hypo-

thetically, environments with different complexities may
have interaction networks with different topological prop-

erties and, consequently, different specialization degree.

Therefore, in this study we propose to know the structure of

the interaction network between flower-visiting social wasps

and plants in two distinct phytophysiognomies in a Brazilian

Savanna area, and to compare them mainly in terms of

network structure and its specialization degree.

2. Materials and Methods

2.1. Study Area and Data Sample. We carried out the field

collections in the period from November 2007 to October

2008 in two phytophysiognomies (Riparian Forest and Rocky

Grassland) of the neotropical savanna reserve of Parque

Estadual do Ibitipoca (PEIB) (Ibitipoca State Park), which

is localized in Serra de Ibitipoca (Ibitipoca Mountains),

MG, Brazil. The area covers 1,488 hectares at coordinates

2 i° 40'44'S and 43 ° 52' 55'W. According to the Koppen classi-

fication, the climate of this region is Gwb (humid mesother-

mal regime with dry winters and rainy summers). The

Riparian Forest exhibits a phytophysiognomic profile of

transition from high- altitude savannas to ombrophilous

forests, with a physiognomy sequence from shrubby arboreal

to predominantly arboreal [37]. This area exhibits a great

heterogeneity of plant species mainly due to variations in

soil humidity [38]. Furthermore, Fontes [39] highlights the

importance of persistence of cloudiness (i.e., high humidity)

in this vegetation type. On the other hand, the Rocky

Grassland physiognomy exhibits a xeromorphic aspect, with

a wide diversity of herbs and shrubs distributed over

quartzite outcrops [37]. This area is dominated by plants

tolerant to water stress due to the high incidence of light and

wind [40].

In each ofthese two physiognomies, we used one transect

of the 800 X 4m for monthly examinations throughout the

twelve months of study. The transects were 1200m distant

from each other for its independence. We carried out the

monthly observations in two days between 7:00 and 17:00 h.

During this period, we observed for 10 min all the plants

that had flowers, and we collected one individual of each

one of wasp specie that visited the flowers. This capture

was made with an entomological sweep net, according to

methods of Aguiar [41]. We identified and stored the plants

in the GESI Herbarium at the Universidade Federal de fuiz

de Fora, fuiz de Fora, MG, Brazil (UEfF), with the following

access numbers: 51321 to 51347, 52165, and 52166. We
identified the wasp species according to Richards [42], and

Garpenter and Marques [43] ,
and we stored them at the UFIF

entomological scientific collection.

2.2. Data Analysis. To get to know the network connectivity

between plants and wasps in the areas of Riparian Forest

and Rocky Grassland, we constructed two adjacency matrices

(wasp in plant) per area: “quantitative matrix” considering

frequency of interactions of each wasp species on each

plant species and “qualitative matrix” with data of presence/

absence of the wasp species in plant species. The metrics that

we used to check the properties of interaction networks were

connectance, asymmetry, and nestedness index (NODF)
using qualitative matrixes, and degree of complementary

specialization (H2 ) using quantitative matrixes.

We calculated the connectance (C) according to fordano

[44], where C = I/(F * P), “I” is the total number of inter-

actions observed, “F” is the number of wasp species, and

“F” is the number of plant species. Percent values of C were

obtained by multiplying it by 100. We calculated the average

degree for plants using the arithmetic means of degrees (=

number of interactions in which each species was involved)

of all plant species (sensu [45]); the same was carried out

for wasps. We also calculated the balance between numbers

of plant “/” and wasps “/” species in each network using
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the following equation: W = {1-J)/{1 +/), where “VP” is the

web asymmetry. Values equal zero for balanced webs, positive

numbers indicate more plant species, and negative more

wasp species, rescaled to (-1, 1), see [15, 46]. To estimate

the nestedness value of networks, we used the NODF index:

nestedness metric based on overlap and decreasingfill, see [47],

calculated by the software Aninhado 3.0 [48]. We check the

significance of NODF with a Monte Carlo procedure with

1,000 randomizations, using null model II, in which the

interaction probability between a wasp and a plant is propor-

tional to their total number of interactions. NODF index is

strongly recommended due to its theoretical and statistical

consistency [47].

In order to verify the degrees of networks specialization,

we calculated the degree of complementary specialization

(H2 ) for each network using the quantitative matrixes. This

degree is derived from Shannon index, and it is robust to

changes in sampling intensity and the number of interacting

species in the network. It is based on the deviation from the

expected probability distribution of the interactions (see

[ 15, 49] ), and its results vary from 0 (extreme generalization)

to 1.0 (extreme specialization).

Besides the metrics for network characterization, we cal-

culated the specialization degree {d') of the wasp species for

each network. The d' index is a standardized measure of the

Kullback-Leibler distance, which measures the specialization

of a species based on the frequency of the total number of

interactions in the network [49]. This index ranges from 0

to 1.0 indicating extreme generalization and specialization of

the species, respectively [49]. We used the R software version

2.13.2 (freeware) to calculate the H2 and d' indices and to

construct the bipartite graph.

We also verify the importance of the plant species on the

interaction with the wasps in both areas (Riparian Forest and

Rocky Grassland). For this we used the importance index de-

veloped by Murray [50]. In the equation Ij = 'Z[{Cij/Ti)/S],

“TF is the total number of plant species visited by each wasp

species, “S” the total number of visiting species, and “Czj”

corresponded to the binary data (0/1) (see also [6]). The

values of this index range from 0 to 1.0, where 1.0 is the

maximum importance value of each plant species for each

wasp species.

In addition, we verify the monthly diversity {Shannon

index) of social wasps visiting flowers in each area studied

using the PAST software (freeware). We compared the

monthly values of diversity between areas using the Mann-
Whitney test( 17-test) by the software BioEstat 4.0 (freeware).

We also calculated the niche amplitude of social wasps by

means of the Shannon index: H' = - ^ pk ho pk, where

“pk' is the proportion of the individuals collected in a plant

species “k,” and “In” is the Neperian logarithm of the value

3. Results

The interaction networks between wasps and plants in the

two landscapes showed different patterns (Table 1). The net-

work was more complex in the Riparian Forest, with a larger

Table 1: Metrics of networks for the wasp-plant interactions

studied at Ibitipoca State Park, MG, Brazil, during the period from

November 2007 to October 2008.

Network metrics Riparian forest Rocky grassland

Number of plant species 18 11

Number ofwasp species 15 8

Number of associations 44 14

Degree of plant species

(average degree ± SE)
2.44 ± 0.57 1.27 ± 0.14

Degree ofwasp species

(average degree ± SE)
2.93 ± 0.62 1.75 ± 0.52

Network connectance 16.29% 15.90%

H2 index 0.347 0.521

Web asymmetry 0.09 0.15

Nestedness value (NODE) 17.71, P < 0.01 11.61, P = 0.51

number of species and individuals and a greater amount
of connections between them (see Table 1, Figure 1, and

Table 2). The network specialization degree (H^) was more

generalist in the Riparian Forest than in the Rocky Grassland.

This result was corroborated by means of the nestedness

index (NODF), by which only the Riparian Forest presented

a significant nestedness value (Table 1). The interactions in

the Rocky Grassland tended towards specialization, with

relatively high values ofH2 and nonsignificant nestedness. In

both networks was found asymmetry, with a large number
of wasps per plant species. The Riparian Forest had more

wasp species diversity than Rocky Grassland ( L7 = 105.5; P <

0.05). The composition of the plant community visited by

wasps was different in the two phytophysiognomies. More-

over, the most important plant species in the Riparian Forest

was also present in the Rocky Grassland, and also exhibiting

high importance (Figure 2). Despite these differences, in

both areas, the most important source of floral resources for

social wasps, presenting the highest richness of visitors, was

the species belonging to the Asteraceae family (with nine

species). Baccharis sp.l was the species that presented the

greatest importance index for the wasp species in both phyto-

physiognomies (Figure 2). On the other hand, the families

with only one visiting individual were Orchidaceae, {Pros-

thechea vespa (Sw.) W. E. Higgins), Lythraceae {Cuphea

spl), Fabaceae {Periandra spl), Theaceae {Gordonia fruticosa

(Schrad.) H. Keng), and Poaceae {Trachypogon spicatus (L. F.)

Kuntze), with low importance for wasp in the network inter-

actions here studied.

Although plant community visited by wasps was different

between the two studied physiognomies, the most important

plant species (specialists) in the Riparian Forest were also

present in the Rocky Grassland. With the exception of two

wasp species found only in the Riparian Forest, the land-

scapes presented the same wasp species. Of all wasp species

observed in the Riparian Forest, Mischocyttarus confusus

Zikan, 1935, was the most generalist, interacting with eight

out of the 18 plant species (Figure 3 and Table 2). In Rocky

Grassland, the species Mischocyttarus drewseni Saussure,
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Riparian Forest

A. multipicta

A. pollens

B. lecheguana

M. confusus

M. drewseni

P. billardieri

P. cinerascens

P ferreri

Polistes sp.l

P fastidiosuscula

P ignobilis

P paulista

P sericea

Polybia sp.l

P. sylveirae
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M. sellowii

D. laevis

Asteraceae sp.2

Asteraceae sp.3

Vernonia sp.l

Baccharis sp. 1

Asteraceae sp.5

Asteraceae sp.6

Weinmannia sp.l

E. gonucladum
Periandra sp.l

T. parviflora

M. fallax
T spicatus

P latifolia

G. fruticosa
B. flava
Vi albiflora

Rocky Grassland

A. pollens

M. confusus

M. drewseni

P billardieri

P ferreri

P paulista

Polybia sp. 1

P sylveirae

Asteraceae sp. 1

Vernonia sp.l

Asteraceae sp.4

Baccharis sp.l

V erythropappa

Cuphea sp. 1

Melastomataceae sp.l

C. concinna

Ouratea sp.l

P. vespa

Barreria sp.l

Wasps Plants

Figure 1; Wasp-plant interaction networks at Ibitipoca State Park, Minas Gerais, Brazil, during the period from November 2007 to October

2008. Riparian Forest: 18 plant species and 15 wasp species. Rocky Grassland: 11 plant species and eight wasp species (see Table 3 for

classification and authors of species).

1857, was the species that presented higher level of general-

ization, interacting with five plant species. Furthermore, M.

confusus and other five species (M. drewseni, Polybia paulista

(von Ihering, 1896), Polybia spl, Polistes billardieri Fabricius,

1804, and Protonectarina sylveirae (Saussure, 1854)) had an

interaction degree higher than the average found to the

group in Riparian Forest, all with degree of 2.93 (see Table 1).

These species, with the exception of P billardieri, were

found in higher abundance in Riparian Forest. Looking for

the wasp species interacting with only one plant, in both

vegetation physiognomies we found six species in this con-

dition. This represents 40% of Riparian Forest and 70% of

Rocky Grassland species (Table 2).

In general aspects, most of wasps had low niche ampli-

tude, visiting from one to three plant species (Table 2). In

Riparian Forest, M. confusus and M. drewseni were the species

with higher niche amplitude, visiting eight and seven plant

species. In Rocky Grassland, the variation in niche amplitude

was lower, from zero to 1.561, and M. drewseni was the

wasp with higher niche amplitude, visiting 11 plant species

(Table 2). Some wasp species present the value zero in ampli-

tude reflecting a very small number of observed interactions

with distinct plant species.

4. Discussion

The structural aspects of the environments where interaction

networks are studied must be considered in order to fully

understand the predominant patterns and processes in

ecological networks. The two interaction networks between

flower-visiting social wasps and plants evaluated in this study

presented remarkable differences directly related to variation

in landscape. In general, networks involving floral visitors
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Table 2; Abundance, number of plant species visited, and niche amplitude of the species of social wasps collected in Ibitipoca State Park,

MG, Brazil, during the period from November 2007 to October 2008. “RF” means Riparian Forest and “RG” means Rocky Grassland. See

Table 3 for the classification and authors of species.

Wasp species
Abundance of individuals No. of plant species visited Niche amplitude {H’)

RF RG RF RG RF RG

Mischocyttarus confusus 16 1 8 1 1.808 0

Polybia sp. 1 14 7 5 3 1.400 0.955

Polybia paulista 16 2 6 1 1.548 0

Polistes billardieri 4 1 3 1 1.040 0

Mischocyttarus drewseni 11 6 7 5 1.768 1.561

Protonectarina sylveirae 7 1 3 1 0.796 0

Polistes sp. 1 2 0 2 0 0.693 —
Polybia sericea 2 0 2 0 0.693 —
Apoica pallens 2 1 1 1 0 0

Polistes ferreri 2 1 1 1 0 0

Polybia ignobilis 3 0 2 0 0.636 —
Agelaia multipicta 1 0 1 0 0 —
Brachygastra lecheguana 1 0 1 0 0 —
Polistes cinerascens 1 0 1 0 0 —
Polybia fastidiosuscula 1 0 1 0 0 —

M. fallax

T. parviflora

E. gonocladum
P. latifoUa

Periandra sp.l

M. sellowii

G. fruticosa

B. flava

Barreria sp.l

Ouratea sp.l

C. concinna
Asteraceae sp.5

Weinmannia sp.l

D. laevis

Asteraceae sp.3

Melastomataceae sp.l

Asteraceae sp.6

Asteraceae sp.2

T. spicatus

Asteraceae sp.4

Asteraceae sp.l

Vernonia sp.l

V. albiflora

P vespa

Cuphea sp.l

R erythropappa

Baccharis sp.l

0 0.2 0.4 0.6 0.8 1

Importance index

Rocky Grassland

Riparian Forest

Figure 2: Importance index of plant species in the two areas of

Ibitipoca State Park (Riparian Forest and Rocky Grassland), MG,
Brazil, during the period from November 2007 to October 2008.

and plants present a nested pattern and intermediate levels of

specialization [6, 15, 16, 51]. Nevertheless, we observed two

distinct patterns between the areas assessed: a more generalist

(significant nestedness and lower specialization degree) and

a more specialist pattern (without significant nestedness

and with larger specialization degree than 0.5). The species

degrees also showed the differences of network patterns

P. fastidiosuscula

B. lecheguana

Polistes sp. 1

A. multipicta

P. cinerascens

P ignobilis

M. drewseni

A. pollens

Polybia sp. 1

P sericea

M. confusus

P sylveirae

P ferreri

P. paulista

P billardieri

0 0.2 0.4 0.6 0.8 1

Specialization index

Rocky Grassland

Riparian Forest

Figure 3: Specialization index of social wasp species in the two areas

of Ibitipoca State Park (Riparian Forest and Rocky Grassland), MG,
Brazil, during the period from November 2007 to October 2008.

(Table 1). Despite these differences, both networks showed

asymmetry, with larger number of plant species than wasp

species. This result does not corroborate the structure of

other pollinator-plant networks, which involve a much
higher number ofpollinators than plant species

[ 15] . In these

networks, pollinators are significantly less specialized

on plants than plants on pollinators. Here we found
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Table 3: Classification and authors of species.

Family/plants species Eamily/tribe/wasps species

Apocynaceae Vespidae

Mandevilla sellowii (Miill. Arg.) Woodson Epiponini

Ditassa laevis Mart. Agelaia multipicta (Haliday, 1836)

Asteraceae Apoica pollens (Eabricius, 1804)

spl Brachygastra lecheguana (Latreille, 1824)

sp2 Mischocyttarini

sp3 Mischocyttarus confusus Zikan, 1935

sp4 Mischocyttarus drewseni Saussure, 1857

sp5 Polistini

sp6 Polistes billardieri Eabricius, 1804

Vernonia spl Polistes cinerascens Saussure, 1854

Baccharis spl Polistes ferreri Saussure, 1853

Vanillosmopsis erythropappa (DC.) Sch. Bip. Polistes spl

Cunoniaceae Epiponini

Weinmannia spl Polybia fastidiosuscula Saussure, 1854

Erythroxylaceae Polybia ignobilis (Haliday, 1836)

Erythroxylum gonocladum (C. Martius) O. E. Schulz Polybia paulista (von ihering, 1896)

Eabaceae Polybia sericea (Oliver, 1791)

Periandra spl Polybia spl

Lythraceae Protonectarina sylveirae (Saussure, 1854)

Cuphea spl

Melastomataceae

spl

Trembleya parviflora (D. Don) Cogn.

Myrtaceae

Myrciafallax (Rich.) DC
Calyptranthes concinna DC

Ochnaceae

Ouratea spl

Orchidaceae

Prosthechea vespa (Sw.) W. E. Higgins

Poaceae

Trachypogon spicatus (L. E.) Kuntze

Rubiaceae

Posoqueria latifolia (Rudge) Schult.

Barreria spl

Theaceae

Gordonia fruticosa (Schrad.) H. Keng

Velloziaceae

Barbacenia flava Mart, ex Schult. E.

Vellozia albiflora Pohl

the opposite: pollinators were more specialized in plants than

the plants on pollinators.

This result can be explained for differences in environ-

mental complexity between the two physiognomies. The

Riparian Forest and the Rocky Grassland present distinct

vegetation patterns, sharing few plant species in common
and exhibiting different microclimatic conditions [37]. The

Riparian Forest is always more humid and shady, while the

Rocky Grassland is more sunny and presents wider variation

in the thermal amplitude and in the yearly and daily humi-

dity, as a general reference. The greater complexity of the

interaction network concerning flower-visiting social wasps

found in the Riparian Forest can also be explained by the

heterogeneity of the vegetation at this site and wider diversity

of niches. The Riparian Forest in Ibitipoca State Park is

characterized by a sequence of physiognomies with shrubby

arboreal to predominantly arboreal formations near water

sources [37], which is ideal for wasps to build its nests.
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Contrastingly, the Rocky Grassland presents a structure with

a wide diversity of herbs, grasses, and shrubs distributed over

quartzite outcrops [37]. Santos [36], studying communities

of social wasps associated with a mangrove swamp, the

Atlantic Forest, and the Restinga Forest (coastal plain vegeta-

tion), reported that the diversity of wasps found in each of

these tropical ecosystems was significantly correlated with

the diversity of plants because they provide more substrates

for nesting [52, 53], more amount of food recourses (i.e.,

nectar [25, 28, 54]), more materials for nest construction

(i.e., plant fibers [55, 56]), and more areas for prey foraging

[57]. Therefore, the vegetation complexity is of decisive

importance in the composition and structure of the social

wasp communities, directly influencing their niches and

their associations [36]. In this manner, the differences

found in the two networks evaluated here may reflect the

landscape characteristics, which are responsible not only for

the increase in the richness and abundance ofthe interactions

in the environments, but also for the establishment of a more

generalist or specialist pattern in its interaction network with

plants.

On the other hand, although the environmental com-

plexity is related to the abundance of individuals and species,

the behavioral characteristics of the species also have to be

regarded as a relevant factor in the network composition and

structure. Species such as Protonectarina sylveirae (Saussure,

1854), Polyhia sericea (Olivier, 1791), Polyhia paulista (Iher-

ing, 1896), Apoica pallens (Fabricius, 1804), Brachygastra

lecheguana (Latreille, 1824), Polistes canadensis (Linnaeus,

1758), and Polistes ignobilis (Haliday, 1836) present a wider

range of ecological tolerance than other species and are

generally dominant in open ecosystems, with standing severe

environmental conditions such as in the Rocky Grassland

[36].

In this context, the complexity of the two phytophysiog-

nomies, as well as the behavioral characteristics ofthe species

involved in the interactions between flower-visiting social

wasps and plants, is an important factor to establish the net-

work patterns found in the present study. Hence, an environ-

ment of greater niche complexity and plant species diversity

provides better conditions for the maintenance ofmore com-

plex networks, where interactions are concentrated on gener-

alist species, thus forming a network with a nested structure

and asymmetric specialization. A recent study showed that

species diversity influences the network pattern [58]. In this

study, the author showed that sites with greater richness

and diversity of species tend to overlap connections in

network and consequently increase the generalization of net-

work interactions. Gonversely, environments with reduced

complexity may shape interactions by making them more

specialized [29], as evidenced in the Rocky Grassland

network. However, this result was not previously tested for

interactions between social wasps and plants.

The variation in the values of niche amplitude found in

this study for wasps may be related to factors that influence

the foraging activity [57]. Social wasps have in floral nectar

its main food source [59, 60], what may be associated to

the facility to access this resource compared with the energy

spent to search, subdue, and capture a prey [61]. This

fact is more evident in species bearing small colonies like

Mischocyttarus, the most abundant and with higher niche

amplitude group in this study. On the other hand, differences

in the biomass of some species may also influence foraging

activities of social wasps [57]. Populations with higher

biomass use a greater amount of food resources [28]. This

could explain the wider foraging spectrum of genus Polyhia

and also greater abundance of visiting individual flowers.

These wasps build large nests that have many individuals.

According to Spradbery [62], size can be a decisive factor for

resource consumption, affecting the foraging amplitude of

these species, and the colony productivity may influence the

foraging activity.

An additional factor determining the foraging pattern

of social wasps is plant-flowering phenology, what directly

influences resources abundance and distribution [2], see also

[63]. A higher diversity of plant species may increase over

time the variety, quality, and availability of resources for

flower visitors, like wasps [28, 64, 65]. The niche amplitude

as well as the specialization degree should be directly related

with environment characteristics, including its seasonal

variations (see [66]).

Although more than half of the plants were visited by

only one to three individuals and wasp species, leading to a

low importance index for most plant species in both areas,

this result corroborates the observations by Heithaus
[ 1 ]

and

Santos et al. [28]. Nevertheless, some plant species may be

visited very frequently, as observed to Asteraceae, which was

involved in most interactions. This result may be related

to the wide distribution of this family species in the Rocky

Grassland and in the Riparian Forest of Ibitipoca State Park.

Furthermore, this frequent visitation to Asteraceae is also

probably due to the anatomy of their flowers, which present

a brush-like inflorescence with a great number of small

compact flowers, making them more conspicuous to insects

[67]. Asteraceae species usually have bright colored yellow

or white flowers, effectively attracting insects [68], and they

also present abundant amounts of nectar, which is located at

a depth of just a few millimeters, ideal for the size of wasp

mouthparts [68, 69].

The flowers of the Baccharis spl were the most visited

considering the abundance of individuals and richness of

species in the two phytophysiognomies, showing them to

be of great importance to the interaction network between

social wasps and plants of Ibitipoca. In southern Brazil,

Hermes and Kohler [10] observed that 28% of the individual

wasps collected were found on flowers of Baccharis, the

second most visited genus by this species of social wasp.

These researchers also reported that M. drewseni females

were captured mainly on Baccharis tridentata and Baccharis

myriocephala. In a general context, although social wasps

are rarely regarded as pollinators, with varying effectiveness

according to the species associated [70], they act as regular

visitors to flowers in various environments. Thus, the

conservation of these wasp species may be relevant to the

maintenance of diversity in natural communities.

Gurrently, research into networks in interaction studies is

beginning to attach importance to the factors that shape the

properties of interaction networks. However, most studies
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involving networks of interactions between organisms still

relate the network pattern only to the type of interaction

established between the groups [15, 16, 71, 72]. Our results,

despite having a small sampling ofthe wasp-plant interaction

network, suggest that differences in structural complexity of

the environment directly influence the structure of the inter-

action network between flower-visiting social wasps and

plants. Hence, knowing the biotic and abiotic factors of the

sites in which such interactions take place is of fundamental

importance to define and understand the structure of the

networks established in these areas. Therefore, research con-

cerning network patterns of different types of interactions

established between organisms contributes to a more com-

plete understanding of the ecology of communities in dis-

tinct environments.
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The interaction of bees with the tristylous flowers of Oxalis cytisoides Mart. 8c Zucc. (Oxalidaceae) was evaluated. The study was

conducted in a semideciduous forest at the Fritz Plaumann State Park in Concordia, Santa Catarina state. Two Oxalis cytisoides

aggregations were found and the flower visiting bees were observed. The 3 floral morphs were found at the following proportions:

16 long-, 37 mid-, and 34 shortstyled individuals (n = 87). Anthesis lasted one day (6:30 AM to 3 PM). No fruit was formed in the

autogamy test; thus, pollination was dependent on the visitors. The pollen grain size varied between the stamens and morphs and

formed subsets in accordance with the stigma height (long/mid/short). We collected 165 bees from 30 species visiting the flowers.

Hypanthium divaricatum was the most abundant bee species (34%) and the males were often observed patrolling the flowers in

search of females for mating. Analysis of the pollen loads from 34 females showed that 27 carried O. cytisoides pollen. The most

frequent bees that carried O. cytisoides pollen grains on their bodies were considered pollinator agents, responsible for transferring

pollen grains among the floral morphs.

1. Introduction

Heterostyly is a rare phenomenon among plants that has

been observed in 28 angiosperm families [1]. Heterostylous

species have flowers with different morphs in their popula-

tions and maybe distylous or tristylous. Each plant holds just

one type of flowers. Tristyly is a more complex and rare type

of heterostyly, which has been reported in seven botanical

families, including Oxalidaceae [1-5].

Charles Darwin formulated an explanation for the

adaptive function of heterostyly in 1877, which suggested

that the anthers and stigma were positioned to promote

cross-pollination between the floral morphs. Darwin [6] also

reported observations from Fritz Muller in Santa Catarina

for the genus Oxalis, who found that flowers do not produce

seeds at sites with only one floral morph. However, when
the three morphs were planted in a garden, many seeds were

produced.

The tristyly species comprises three floral morphs that

differ in stamen filament height, pistil style position, pollen

grain size and self-compatibility systems. Cross-pollination

mediated by insect visitors is favored for this type of flowers

[2, 6-9] . The three floral morphs in tristyly populations likely

represent the maximum number of sexual polymorphisms

in plants that promote cross-pollination through pollinator

contact geometry [10] . For legitimate cross-pollination plant

requires vectors able to transfer pollen from flowers with

long, mid, or short-level anthers to flowers with long-, mid-,

or short styles, respectively [7, 9, 11]. All other filament-style

length combinations result in little or no seed set [12].

The family Oxalidaceae has radial bisexual flowers with

five free sepals and five distinct petals that are slightly connate

and often convoluted [13]. There are typically ten stamens

with connate filaments at the base; the external filaments are

shorter than the internal filaments; and nectar is produced

at the base of them or in glands that may alternate with



2 Psyche

the petals. Typically, the flowers have five styles and stigma

that are often globular or punctate [14]. Three Oxalidaceae

genera have been observed in Brazil; one of them, Averrhoa,

(which includes starfruit) is native to Asia, but it is often

cultivated in Brazil [13]. Oxalis is the largest genus in the

family, with approximately 800 species; it is cosmopolitan,

and Africa and the Americas are the centers for its diversity.

There are approximately 114 Oxalis species in Brazil [14].

According to Lourteig [13], Oxalis cytisoides Mart. & Zucc.

is widely distributed from the northeastern (Ceara) to south

regions (Rio Grande do Sul) in Brazil and in Argentina.

Oxalis cytisoides has an erect herbaceous or shrub habit that

can grow up to 1 m high. This species is discontinuously

distributed almost entirely across the state of Santa Catarina

(southern Brazil), and it is characterized as a heliophile or

with a preference for diffuse light and selective hygrophytes

that often develop in altered areas, including tropical rain

forests, mixed ombrophilous forests on the plateau, and the

Upper Uruguay River forest. O. cytisoides flowers primarily

in spring, which lasts until summer [13].

The frequency of the morphs in the populations and

compatible system of many American Oxalis species were

investigated by Mulcahy [15], Ornduff [2], Weller [16,

17], and Weller et al. [18], demonstrating that in some

populations morphs are not in equilibrium and also showing

the process of losing styled forms. Recently, Turketti [5]

presented an extensive work on the expression of the tristyly

in the genus Oxalis of South Africa, where it was found

that most populations (of 58 different species) were at

isopletic equilibrium, which means equal representation of

style length morphs. The same thesis [5] studied a special

case of two species of Oxalis section sagittate which have a

different arrange and orientation of the anthers and stigma

compared to other Oxalis. In these species self-compatibility

was more expressive, but the dependence on the pollinator

still needs to be tested.

The objective of this work was to study the interactions

between the visiting bees and the tristyly flowers of Oxalis

cytisoides, evaluating the pollination in natural conditions.

Our questions were as follows: are there seeds that have been

produced in natural conditions? If yes, which flower visitors

are potentially responsible for the legitimate transference

among the morphs? Additionally, the pollen grains of the

different morphs were described.

2. Material and Methods

The study was conducted in the Concordia municipality

between September 2008 and April 2009 at the Fritz

Plaumann State Park, 27° 16' 18"S, 27° 18'57"S, 52°04' 15"W
and 52°10'20"W, which is predominantly composed of

a semideciduous forest. In the study area, we observed

two Oxalis cytisoides aggregations with clustered distribu-

tion of individuals. These aggregations were separated by

approximately 1000 m, with sparsely individuals occurring

along them. The plants in these aggregations were evaluated

together. The three floral morphs of O. cytisoides were

observed. The morphs did not exhibit remarkable structural

L M S

Figure 1: Scheme of Oxalis cytisoides Zucc flower morphology.

L: long-styled flower with medium and short filaments. M; mid-

styled flower with short and long filaments. S: short-styled flower

with medium and long filaments. The arrows indicate the legitimate

cross-pollination, according to the system of the heretostyly plants.

differences except for the relative stamen positions, which

had different filament and style heights, as schematized in

Figure 1.

A self-fertilization treatment was used to evaluate Oxalis

cytisoides self-pollination. In this treatment, 19 1 preanthesis

flower buds from the three floral types were protected with

bags made from voile fabric. This sample included 76 long-

styled (L) flowers, 63 mid-styled (M), and 52 short-styled (S)

flowers. The open flowers and fruits were removed from the

branches when the flower buds were bagged. These buds were

followed for 1-2 months to assess fruit formation. Pollination

in a natural condition was analyzed through examining the

fruit formation with seeds. At least 20 fruits of each floral

morph were evaluated from each aggregation.

During the flowering period for O. cytisoides (September

to April), we collected bees visiting the flowers once a month
for two consecutive days for a total of 96 hours of sampling;

the three flowers morphs were observed equally in time.

The collected bees were killed and identified. In addition to

collection, we observed the behavior of the bees at the flowers

from the three morphs for 30 hours to assess the contribution

of bees to O. cytisoides pollination. The bee specimens were

deposited in the Entomological Collection Paulo Nogueira

Neto (CEPANN) of the Bee Laboratory at the Institute of

Biosciences in the University of Sao Paulo.

There are morphological differences in pollen grains

from anthers of different filament sizes in Oxalis flowers

[19]. Based on this information, the O. cytisoides pollen

grains were analyzed separately to investigate the pollen

morphology in the three morphs, samples with stamen

anthers that had medium (m) and long filaments (1) in S

flowers, short (s) and long (1) filaments in M flowers, and

short (s) and mid (m) filaments in L flowers. Pollen grains

were removed from the anthers of the three stamen types
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(a) (c) (d) (e)

Figure 2: Oxalis cytisoides. (a) Plant habit, (b) Flower and buds, (c)-(e): Stamens and pistils from L (c), M (d), and S (e) morphs. Photo

scales (c)-(e) = 5 mm.

with different size filaments; they were described separately,

and the grain size, and shape were considered. The pollen

grains were acetolyzed following the method proposed by

Erdtman [20] and subsequently mounted on slides following

Barth [21]. For each sample, twenty pollen grains were

measured along the polar and equatorial axes in accordance

with Silva et al. [22]. A single factor analysis of variance

(ANOVA) was used to evaluate the difference in size between

the pollen grains [23]. The size of pollen grains is given by

the measure from the longest axis in the equatorial view. The

data on the pollen grain size were analyzed using the median

from boxplots, which were plotted using the program R [24]

,

graphics package version 2,13.0.

Samples of the pollen load from the scopae of the visiting

female bees on the O. cytisoides flowers were collected for

analysis. The pollen grains were subjected to the acetolysis

process described above, and they were qualitatively analyzed

for the presence or absence of O. cytisoides pollen.

This work was performed with the authorization (num-

ber 13486-2) for collection and transportation of biological

material by IBAMA/SISBIO (Instituto Brasileiro do Meio

Ambiente e dos Recursos Naturals Renovaveis/Sistema de

Autoriza^ao e Informa^ao em Bioversidade).

3. Results

A total of 87 flowering individuals were observed: 42 at the

first plant aggregation (11 long-, 13 mid-, and 18 short-styled

Table 1; Means (±standard deviation) for pollen grain sizes from

the three Oxalis cytisoides floral morphs at the equatorial and polar

perspectives.

Morph Filaments Equatorial Polar P/E

M s 24.52 (±1.00) 32.49 (±1.36) 1.32 (±0.06)

L s 23.89 (±1.17) 33.30 (±1.98) 1.39 (±0.06)

S m 27.59 (±1.42) 37.30 (±1.65) 1.35 (±0.06)

L m 26.51 (±0.90) 37.90 (±1.10) 1.43 (±0.05)

S 1 28.89 (±1.13) 40.63 (±1.96) 1.41 (±0.09)

M 1 27.74 (±1.28) 40.59 (±2.67) 1.46 (±0.06)

S: short, M: medium, and L: long.

morphs) and 45 at the second aggregation (5 long-, 24 mid-,

and 16 short-styled morphs) (Figure 2). Anthesis began at

dawn (6:30), and flower abscission began at approximately

15:00.

In self-fertilization test with the three morphs, no fruit

was formed in the 191 buds analyzed. In contrast, all those

fruits sampled in natural conditions presented seeds.

The pollen grains from O. cytisoides (Figure 3) are mon-
ads, small and medium size, radial, isopolar, subtriangular in

area, subprolate to prolate in shape (Table 1), and tricolpate

and have colpate furrows, lolongate endoapertures, and

reticulated exine.

The pollen grain size varied between the stamens and

morphs (Table 1). Significant differences were observed for
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Figure 3; Pollen grains from Oxalis cytisoides. ((a)-(c)) Polar perspective for pollen grains from long (a), mid (b), and short (c) anthers.

((d)-(i)) Equatorial perspective for pollen grains in long ((d) and (g)), mid ((e) and (h)) and short ((f) and (i)) anthers. Capital letters are

the floral morph (style height) and lower letters are the anthers from the pollen grain origin, for example: S 1 = pollen came from the long

filaments (1) of the short styled morph (S).

the pollen grain sizes in polar view from the six samples

(mean square, 3.4609; degrees of freedom, 114.00, P < 0.05).

We also observed that the pollen from short-, mid-, and long-

stamen anthers was grouped (Figure 4), forming subsets in

accordance with the stigma height.

3.1. Floral Visitors. A total of 165 individuals were sampled

and distributed over 30 species and four bee families

(Table 2). The visitors were more abundant in December

and February, although the number of flowering plants was

practically the same throughout the flowering months.
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Table 2: Visiting bees of Oxalis cytisoides flowers in Concordia, Santa Catarina, southern Brazil.

Family Species Ind. Month

Andrpnidap
Anthrenoides meridionalis (Schrottky, 1906)* 2 (2 F) Nov

Psaenythia hergii Holmberg, 1884* 2 (2 F) Nov

Ceratina (Calloceratina) sp. 2 1(1F) Dec

Ceratina (Crewella) sp. 12 1 (IF) Sep

Ceratina (Crewella) sp. 16* 15 (12F, 3M) Feb-Mar, Sep-Dec

Lophopedia nigrispinis (Vachal, 1909)* 23 (16F, 7M) Feb, Sep, Nov-Dec

Anidap
Odyneropsis sp. 1(1 F) Dec

Paratetrapedia (Paratetrapedia) sp. 1 5 (1 F,4M) Feb

Paratetrapedia (Paratetrapedia) sp. 2* 7 (6 F, 1 M) Nov-Mar

Paratetrapedia (Paratetrapedia) sp. 4 6 (6M) Feb, Nov

Tetrapedia diversipes Klug, 1810* 13 (13 F) Feb-Mar, Nov-Dec

Trigona spinipes (Fabricius, 1793) 1(1F) Sep

Augochlora (Augochlora) sp. 1+ 1(1F) Nov

Augochlora (Augochlora) sp. 3 1 (IF) Oct

Augochlora (Augochlora) sp. 4 1 (1 M) Dec

Augochlora (Augochlora) sp. 6 1(1F) Dec

Augochlora (Oxystoglossela) sp. 4 1 (IF) Feb

Halictidae Augochlorella sp. 2 7 (7F) Feb, Nov-Dec

Augochlorella sp. 5 5 (4 F, 1 M) Oct-Jan

Augochloropsis sp. 1 1 (IF) Jan

Augochloropsis sp. 2 1 (IF) Dec

Augochloropsis sp. 12 1 (IF) Feb

Neocorynura sp. 1 (IF) Dec

Anthidulum mourei Urban, 1993 1 (1 M) Nov

Hypanthidium divaricatum (Smith, 1854)* 57 (17F,40 M) Nov-Apr

Hypanthidium obscurius Schrottky, 1908^ 3 (1 F,2M) Nov-Jan

Megachilidae Megachile (Leptorachina) sp. 1 2 (2M) Jan, Mar

Megachile (Austromegachile) susurrans Haliday, 1836 2 (2 F) Dec

Moureanthidium paranaense Urban, 1995 1 (1 M) Nov

Moureanthidium subarenarium (Schwarz, 1933) 1 (1 M) Nov

Total 165 Sep-Apr

Ind.: number of individuals, month: collection month, * O. cytisoides pollen grains in the scopae pollen load, and ^number of O. cytisoides pollen grains in the

scopae. F: female and M: male.

In general the bees visited more than one flower on the

same plant and different plants in the same aggregation with

no observed preference for a particular morph. Lophopedia

nigrispinis (Vachal, 1909) (Apidae), Tetrapedia diversipes

Klug, 1810 and Ceratina sp. remained for a few seconds in

the flowers and visited between 2 and 5 flowers, preferentially

collecting nectar. Hypanthidium divaricatum (Smith, 1854)

(Megachilidae) and Ceratina sp. (Apidae) actively collected

pollen and nectar.

Among the sampled bees, the most abundant in the

flowers were H. divaricatum (Figures 5(a) and 6(a)-6(c))

and L. nigrispinis (Figures 6(d)-6(f)), which corresponded

to 34% and 14% individuals, respectively. Pollen grains were

often observed adhered to the mouthparts of the sampled

bees (Figures 6(c) and 6(f)). H. divaricatum males were

frequently observed patrolling O. cytisoides flowers searching

for females, and a mate was recorded on certain occasions

(Figure 5(b)).

Oxalis cytisoides pollen was observed in 25 samples of

pollen material removed from the scopae of 32 females that

belonged to nine bee species, which indicates that these

females effectively collect this floral resource (Table 2).

4. Discussion

The three floral morphs of Oxalis cytisoides were clearly dis-

tinguished in the studied area. The self-fertilization (bagged

flowers) tests showed no fruit production, even in the mid-

and short-styled flowers, which would be easily contami-

nated with pollen from the above anthers. On the other hand

flowers left under natural conditions produced fruits, which

demonstrated participation by pollinators. In the studied
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Figure 4: Box plot of pollen grain sizes for the three flower morphs

measured from the polar perspective. Box plots show the medians

as well as 1° and T quartiles and ranges; the circles indicate extreme

values (outliers).

area we sampled 30 bee species visiting the flowers of O.

cytisoides. Among them there were some very frequent in

the visits and that were flying 4-6 months during the whole

flowering period of the plant species, like Hypanthidium

divaricatum, Lophopedia nigrispinis, and Ceratina sp. 16.

These three species are potential candidates for pollinators,

due to the frequency and abundance in the flowering period,

and also because the females collected actively pollen from

Oxalis flowers (demonstrated by behavior and the analysis

of the pollen load of the scopae). Pollen collection requires

more time and ability at the flowers during the visits. This

increases the permanence time at the flower and contact with

the reproductive parts, assisting in pollen transference to

the stigma. Simultaneously, during the visits, the pollen can

adhere to the visitor bodies, like to the forehead, abdomen,

and thorax. These pollens adhered to the hairs are likely more

important for pollen transfer than the pollens in the scopae,

because of the position they will touch into the next flower.

Therefore, the bee species with these characteristics were

most likely to promote cross-pollination for O. cytisoides in

the studied area, guarantying the verified fruit set and also

the maintenance of the three morphs in the populations. It

is known that the trimorphic condition tends to break down
the polymorphism and evolves a homostylous condition in

populations with a deficit of effective pollinators [4, 12].

Hypanthidium divaricatum shows a special behavior and

preference to the flowers of O. cytisoides. The males patrol

and seek for females to copulate in the plants. This behavior

indicates that males recognize this plant as a preferred

species of their females, showing specialization. A similar

fact was also reported for Ancyloscelis bees and plants of the

Pontederiaceae family [25] and for Cephalurgus anomalus

Moure and Oliveira and plants of the Malvaceae family

[26, 27]. Further results reinforcing the specialization were

attested by the pollen load of the females of H. divaricatum,

(b)

Figure 5: Hypanthidium divaricatum visiting (a) and mating (b) at

Oxalis cytisoides flowers.

which were carrying most grains of O. cytisoides. This bee

species was found visiting other plants in Concordia, but of

86 individuals collected in the region 46 (53%) were visiting

O. cytisoides flowers [28].

According to our results H. divaricatum is flying between

November and April covering the most period of flowering

of O. cytisoides. Since the flower season for this species starts

in September, probably the 2 other bee species {Ceratina sp.

16 and L. nigrispinis) with high frequency in the flowers may
act as effective pollinators at the beginning of the season.

Luo et al. [29] studied the South American species Oxalis

debilis Kunth, which was introduced in China and found

that it does not predominantly reproduce vegetatively, as

was previously assumed for this species. The pollination of

O. debilis was performed by bees that collected nectar {Apis

cerana Fabricius, 1793) as well as pollen {Ceratina {Pithitis)

smaragdula Fabricius, 1787, and Ceratina sp.). According

to Bjorkman [30], disc-shaped and small flowers allow for
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Figure 6: (a)-(c): Hypanthidium divaricatum ((a): male dorsal view, (b): female ventral view with loaded abdominal scopae (arrow) and

(c): close-up of the male mouthparts with pollen grains attached to the hairs), (d)-(f): Male Lophopedia nigrispinis (d: dorsal view, e: ventral

view and f; close-up of mouthparts with pollen grains attached to the hairs).

nectar access by several species, which facilitates the cross-

fertilization of the plant. This is probably the case of O.

cytisoides studied herein which received a spectrum of 30

bee species, including short and long tongued bees. But, it

is important to emphasize that to the plant visitors with

high frequency and carrying pollen grains are likely more

effective for the cross-pollination than those sporadically

visitors. However, future studies on stigmatic receptivity and

specificity in O. cytisoides are necessary for a more accurate

conclusion about the role of each visitor.

The morphology and ornamentation of the pollen grains

from O. cytisoides are consistent with the description for nine

species in the Oxalis genus by Rosenfeldt and Galati
[ 19] . The

largest pollen grains were produced in the high level anthers

(long stamens), intermediate size pollen was produced by

mid-level anthers, and smaller grains were produced by low

level anthers, as has been reported for other Oxalis species

[ 14, 19, 3 1 ]
and would be expected in a tristyly species. At the

load of the bees it was not possible to distinguish or quantify

precisely the anther origin of the pollen grains, because of

some overlap in their size. But the three types of pollen were

presented in the samples of the seven bee species carrying

Oxalis pollen (Table 2). We believe that female bees are able

to collect the pollen grains from all the anther levels without

a problem, since the flowers of Oxalis do not have special

morphology to hide the resource, like it is known for the

tnstylj Eichhornia species [9, 12].

Compatibility tests between morphs of species of the

genus Oxalis studied by Ornduff [2] and Pacheco and

Coleman [31] revealed that legitimate pollination (following

heterostyly scheme) is more successful than illegitimate

pollination for frequency and seed production. Although we
did not conduct cross-pollination tests, we found that under

natural conditions fruits were produced, demonstrating the

importance of the local visiting bees as agents for the correct

pollen transference.

Finally, to the bee perspective, it is necessary to highlight

that O. cytisoides seems to be an important source of floral

rewards for the local bee fauna. Certain studies refer to Oxalis

as a flower resource for honeybees [32, 33]. But at the study

area we verified that it deals with a relevant source of nectar

and pollen for many native bee species, especially solitary

bees. According to Krug [28], about 27% of the known
Apiformes species occurring in the Fritz Plaumann Park in

Concordia were visiting the flowers of O. cytisoides.
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The Neodiprion abietis Gammabaculovirus (Baculoviridae: NeabNPV) is virulent, highly contagious, and infects only midgut

epithelial cells of balsam fir sawfly larvae, but infections can carry through to adult sawflies in the midgut. Larval infections are

characterized by hypertrophy of midgut epithelial cell nuclei, where virogenic stromata develop to produce nucleocapsids that are

singly enveloped before occlusion into occlusion bodies. Infected, occlusion body-laden cells slough from the midgut epithelium as

a result of a dissolution of the basal lamina. Infected cells undergo lysis, and viral occlusion bodies exit affected larvae in a watery

diarrhea to infect other balsam fir sawfly larvae. A budded virus stage was not observed, but nucleocapsid and occlusion body

formation resembled the development of occlusion-derived virions and occlusion bodies in lepidopteran alphabaculoviruses.

1. Introduction

The Baculoviridae are a family of covalently closed, double-

stranded DNA (dsDNA) viruses that are only known to infect

insects belonging to the orders Lepidoptera (virus genera:

Alphabaculovirus and Betabaculovirus), Diptera (Deltabac-

ulovirus), and Hymenoptera (Gammabaculovirus) [I, 2].

Selection pressure and a long history of coevolution with

their respective hosts appear to have restricted each virus

genus to a single insect order [3]. Baculoviruses are thought

to have split from the sister group, nudiviruses [4-6], about

310 million years ago (mya) [2], before which a progenitor

dsDNA virus would have infected insects whose origins

date back ~420 mya [7-9]. The origins of holometabolous

insects may date back 355 mya, with the divergence of the

Hymenoptera from other holometabolous insects occurring

relatively shortly thereafter
[ 10, 1 1 ] . From this point, the evo-

lution of the Euhymenoptera (Apocrita and Orussidea) was

monophyletic, with the superfamilies of sawflies emerging as

separate branches of the lower end of this lineage prior to the

adoption of parasitic and eusocial habits by euhymenopter-

ans [12, 13]. Larvae of the ancestral hymenopteran were

likely phytophagous, a habit retained by sawflies [12]. Larval

diprionid sawflies (Tenthredinoidea: Diprioninae: Diprion-

idae) are defoliators of conifers [14]. There are more than 50

species of sawflies in the genus Neodiprion, and many feed

on important members of the Pinaceae [15]. The balsam fir

sawfly (N. abietis) is indigenous to North America, where lar-

vae feed on balsam fir (Abies balsamea), white spruce (Picea

glauca), and black spruce (P. mariana) [14], although host

selection, along with temporal differences in life histories,

may be isolating mechanisms for a species complex that can

otherwise interbreed freely
[ 16] . Unprecedented outbreaks of

balsam fir sawfly populations on the island ofNewfoundland

(Newfoundland and Labrador (NL), Canada) [17] have led

to the development, registration, commercialization, and use
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of an AT, abietis-specific Gammabaculovirus (NeabNPV) [18-

21]. The genome of NeabNPV has been sequenced [22],

and the in vivo replication and transcription kinetics studied

[23]. There is, however, a dearth of information on the

pathology of sawfly NPVs in the literature, although they are

thought to only infect the midgut epithelium of their hosts

[24, 25] . Recently, the histology of the larval digestive tract of

healthy N. abietis has been described [26]. For these reasons

and to provide a visual reference for molecular studies on

Gammabaculovirus pathology, we have undertaken a study

of the pathology of NeabNPV in its natural N. abietis host.

2. Materials and Methods

2.1. Virus Stock. Neodiprion abietis nucleopolyhedrovirus

(NeabNPV) {Gammabaculovirus: Baculoviridae) was iso-

lated from N. abietis larvae collected from forest stands,

dominated by balsam fir {Abies balsamea), around Big Gull

Pond (48°45'N : 58°04'W) southwest from Corner Brook

in western Newfoundland in 1997. Viral occlusion bodies

(OBs) were amplified, purified, and quantified as described

previously [18, 20].

2.2. Larval Infection, Tissue Preparation, and Analysis. Bal-

sam fir sawfly larvae were collected from balsam fir branches

at the leading edges of the balsam fir sawfly population

outbreak in the Corner Brook-Deer Lake region beginning

in 1999 [18, 26]. Larvae on branches were maintained in 20-

kg brown paper bags at 4°C until the larvae were harvested,

which was within 48 h of collection. Larval head capsules

were measured using a calibrated micrometer mounted in

the objective lense of a dissecting microscope [26, 27]. Third

to fifth instars were selected, at random, for NeabNPV
infection because of their size and ease ofhandling compared

with first and second instars. Larvae were first starved for 12-

15 h at ambient room temperature (~20°C) prior to being

manually fed a I pL droplet of NeabNPV OBs suspended in

a 10% aqueous solution of pasteurized liquid honey [23].

Larvae were held, by hand, using insect forceps (Fine Science

Tools, Foster City, CA, USA) and were presented the droplet

at the end of a 1 cc, 27G1/2 syringe and needle (Becton

Dickinson, Franklin Lakes, NJ) mounted on an auto-

microapplicator (Burkard Manufacturing, Rickmansworth,

UK). Each droplet contained approximately 1 X 10"^ OBs

[23]. Control larvae were fed single 1 pL 10% honey droplets

without OBs. Larvae were individually reared on fresh, clean

(5 min soak in 0.25% aqueous NaOCl followed by three

15 min rinses in tap water) balsam fir foliage [26]. Most

control larvae were reared through until death or pupation to

monitor for ambient levels of NeabNPV infection, whereas

others were prepared for cytological examination at 48

and 96 h after feeding. Larvae fed on NeabNPV OBs were

harvested at 0.5, 1, 2, 5, 8, 12, 18, 24, 36, 48, 60, 72,

96, and 120 h after inoculation (hpi). The methods for

the preparation, sectioning, and viewing of Paraplast Plus

(Sherwood Medical, St. Louis, Mo, USA) and epoxy (Epon-

Araldite, Electron Microscope Sciences, Hatfield, PA, USA)
embedded larval tissues have been detailed elsewhere [26].

Eor in situ hybridizations, NeabNPV-infected (48-72 hpi

and 96-120 hpi) and uninfected control larvae were decap-

itated and immediately submerged in freshly prepared 4%
paraformaldehyde in phosphate-buffered saline (PBS) and

were fixed for 3 h at 20° C. Earvae were then rinsed in three

15 min changes in PBS, dehydrated, embedded in paraplast,

and sectioned [26]. Sections were placed on Superfrost Plus

Gold slides (Eisher Scientific, Fair Lawn, NJ, USA), dewaxed

in three 5 min changes in Hemo-D (Fisher Scientific),

rehydrated through 2 min changes each in 100%, 95%, 80%,

and 50% ethanol, and followed by six 2 min rinses in ddH20,

5 min in 0.02M HCl, three more rinses in ddH20, and 5 min
in 1 X TNE (Tris-NaCl-EDTA). Sections were then covered

with 5 |Wg/mL proteinase K in 1 X TNE and incubated at 37°C
for 10 min. Slides were drained and the reaction stopped with

two 5 min rinses in PBS. Sections were postfixed for 5 min in

0.4% formaldehyde in PBS, given two 5 min rinses in PBS

and a 2 min rinse in ddH20. A polh probe was generated by

PCR [23], and DNA random prime labeled with digitoxin-

dUTP; color was detected with NBT/BCIP (nitro-blue tetra-

zolium and 5-bromo-4-chloro-3'-indolyphosphate) as per

manufacturer’s instructions (DIG High Prime DNA Eabeling

and Detection Kit, Roche, Laval, Q, Canada). Intestinal

tracts were dissected from the abdomens of live adult female

balsam fir sawflies that had been collected from the field

as pupae and reared through to adults in the laboratory.

Intestines were mounted in sterile, distilled H2O and were

examined using a compound microscope. Digital electron

micrograph images were imported into Scion Image software

(Scion Corporation, Erederick, MD; a Windows version of

NIH Image, National Institutes of Health, Bethesda, MD,
USA). Images of sections of midgut epithelial cells were

selected at random, and measurements of the surface areas

of cells, microvillar borders and nuclei were made at times

0 (uninfected control), 5, 8, 12, 24, 48, and 72 hpi. Propor-

tional ratios of microvillar border or nuclear surface area

profiles against cellular surface area profiles were calculated.

The presence of virogenic stroma, nucleocapsid assembly,

and OB formation and maturation were also tabulated.

GraphPad InStat 3.05 software (GraphPad Software, Ea Jolla,

CA, USA) was used to calculate the P values of cytopathic

effects through Kruskal-Wallis non-parametric and Dunn
multiple comparison tests.

3. Results

Evidence of NeabNPV infection was only observed in the

epithelial cells of the midgut (Eigures 1, 2, 3, and 4).

Eore- and hindguts of infected larvae fixed, embedded in

epoxy or paraplast and examined under the compound
light microscope, showed no visible signs of NeabNPV
infection (data not shown). Patent midgut infections could

include most midgut epithelial cells as seen in Eigure 2, but

there could also be areas of the epithelium where infection

was not apparent (Table 1). Healthy midgut epithelial cells

were elongated with microvilli at the apical end extending

into the ectoperitrophic space of the gut lumen (Eigure 5).

The nucleus of each cell was centrally located with visible

heterochromatin, and invaginations of the nuclear envelope

were often visible (Eigures 5 and 6). At the basal end, midgut
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Figure 1; Whole mount of a healthy balsam fir sawfly larva midgut.

The central region is opaque due to the presence of a food bolus

within the gut. Fat body (FB) is present at the lower left. Photomi-

crograph. Scale bar = 1 mm.

Figure 2: Whole mount of a balsam fir sawfly larva midgut with a

patent NeabNPV infection. Nuclei in the epithelial cells throughout

the midgut are opaque due to the presence of numerous NeabNPV
occlusion bodies. Photomicrograph. Scale bar = 1 mm.

Figure 3: In situ hybridization, longitudinal section of an

NeabNPV-infected larval midgut at 48-72 hpi where only a few

midgut epithelial cells (ME) have stained positively for NeabNPV
DNA (arrows). Cells between the midgut and the cuticle (C) are

negative for NeabNPV. Photomicrograph. Scale bar = 3 mm.

Figure 5; Cross-section of a healthy larval midgut. Epithelial cells

are elongated and abutted against circular (CM) and longitudinal

(LM) muscles; tracheole epithelial cells (TE) are also present.

The nucleus (N) is elongated and centrally located in the cell.

Heterochromatin (He) and invaginations of the nuclear envelope

(arrowhead) are evident. Three successive stages ofwhat appears to

be a secretory process from these cells (a, b, and c) are apparent.

Epoxy section, photomicrograph. Scale bar = 20 |Wm.

Eigure 6: Detail of nuclear envelope invaginations in uninfected

midgut epithelial cell. Visible are the nucleoplasm (NP), cytoplasm

(CP), nuclear pores in cross (arrowhead) and longitudinal (arrow)

sections, and rough endoplasmic reticulum (rER). Electron micro-

graph. Scale bar = 1 ^wm.

Eigure 4: In situ hybridization, longitudinal section of a NeabNPV-
infected larval midgut at 96-120 hpi where only midgut epithelial

cells have stained positively for NeabNPV DNA (arrows). Cells

between the midgut and the cuticle (C) are negative for NeabNPV.

Photomicrograph. Scale bar = 2 mm.

epithelial cells abut against a basal lamina and circular and

longitudinal muscles (Figures 5, 7, and 8). Invaginations of

basal-end plasma membranes of epithelial cells appear to

anchor the cells to the basal lamina (Figures 7 and 8). Midgut

epithelial cells ofbalsam fir sawfly larvae outwardly appear to

be similar (Figures 5, 9, 10, 11).

Entry of NeabNPV virions into host epithelial cells

and nuclei was not observed. Within 5h of infection by

NeabNPV, there was a proportional decrease in the size of

microvillar borders and hypertrophy of nuclei in relation to

the area of cells as a whole (Table 2), which coincided with

the appearance of virogenic stromata in more than 50% of

midgut epithelial cell nuclei (Table 1). Approximately 50% or
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Figure 7: The basal end of an uninfected midgut epithelial cell

(ME) abutting against the basal lamina (BL), a tracheole epithelial

cell (TE), and a muscle cell (MC). Invaginations of the midgut

epithelial cell plasma membrane (arrows) anchor the cell to the

basal lamina. Mitochondria (M) were also seen in this region of the

midgut cell. Electron micrograph. Scale bar = 0.5 [im.

Figure 8; Uninfected midgut (ME), and tracheole epithelial cells

(TE) with basal lamina (BL) in between. Invaginations of the

midgut epithelial cell plasma membrane (arrows) anchor the cell to

the basal lamina. A tracheole (T), mitochondrion (M), and micro-

tubules (arrowhead) can be seen in the tracheole epithelial cell.

A muscle cell (MC) lies adjacent to the tracheole epithelial cell.

Electron micrograph. Scale bar = 1 ^m.

more of midgut cells examined by electron microscopy had

nucleocapsid formation by I2hpi, OB formation by 48hpi,

and OB maturation by 72hpi (Table I). Dissolution of areas

of the basal lamina was apparent by 48hpi (Figures 12 and

13). Bacteria within the cytoplasm of affected cells were

evident by 48hpi (Figures 12 and 13) and quite prevalent

by 72 hpi (Figure 16). Formation of cytoplasmic vesicles con-

taining electron-opaque material was first observed at 48 hpi,

Figure 9; Apical end of an uninfected midgut epithelial cell. The

cytoplasm contains mitochondria (M), rough endoplasmic reticu-

lum (rER), and, near where microvilli (MV) extend out into the

midgut lumen, a reticulate network (RN). Electron opaque material

(arrows) was observed around mitochondria and the reticulate

network. The zonula continua separating two epithelial cells can

be seen on the left (arrowheads). Electron micrograph. Scale bar =

1 jWm.

Figure 10: Electron opaque material, similar in appearance to

that seen in Figure 9, in the gut lumen, adjacent to an uninfected

midgut epithelial cell, and in between the microvilli (MV). Electron

micrograph. Scale bar = 1 [im.

and massed thread-like structures at 72 hpi (Figures 14, 15,

and 16). General features of nucleocapsid and OB formation

are shown in Figures 17-24. Virogenic stromata were only

evident in the nuclei of mature midgut epithelial cells but not

in the nuclei of regenerative cells (Figure 17). Viral capsids

and nucleocapsids were elongate, and were observed together

in clusters within virogenic stromata (Figures 18 and 19).

Nucleocapsids were singly enveloped prior to occlusion into

OBs (Figures 18, 20, and 21). Circular bodies of unknown
composition were also observed within virogenic stromata

(Figure 20). By 96 hpi, mature OBs were present in most, but
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PM

Figure 11: Cross-section of midgut epithelial cells at 48hpi with

NeabNPV. The basal ends of the epithelial cells abut against circular

(CM) and longitudinal (LM) muscles. A nidus of regenerative cells

(Ni) lies between two epithelial cells. The nucleus (N) appears

enlarged, and invaginations (arrow) of the nuclear envelope are

present. Dark-staining bodies (arrowhead) (perhaps the same as

those observed in Figure 10) are present in the epithelial microviUi

(MV). The peritrophic membrane (PM) is present in the gut lumen.

Epoxy section, photomicrograph. Scale bar = 20 [im.

Figure 12: Basal end of a midgut epithelial cell at 48hpi. A layer

of basal lamina (BE) lies between the midgut cell and a muscle

cell (MC). Mitochondria (M) and a bacterium (B) can be seen

in the cytoplasm of the midgut cell in between the invaginations

of the plasma membrane (arrows). These plasma membrane
invaginations appear irregular compared with those in Eigures 7

and 8. Electron micrograph. Scale bar = 1 ^wm.

not all, midgut epithelial cell nuclei (Figures 22, 23, and 24).

Gaps between the basal ends of epithelial cells and midgut

musculature were also apparent at this time (Figure 22).

By 120 hpi, NeabNPV-infected cells had detached from the

midgut epithelium, leaving gaps between the remaining

attached cells, and were free within the midgut lumen

(Figures 25 and 26). Bacteria were present both in the midgut

lumen and in the host hemocoel (Figures 25 and 26). Cell

MC

Figure 13: Basal end of a midgut epithelial cell at 48 hpi similar to

that seen in Figure 12. There is a gap between the muscle (MC) at

the top and the basal lamina (BE), which consists only of a thin layer

along the outer edge of the midgut cell, and no laminar material

can be seen within the midgut cell plasma membrane invaginations

(arrows), which appear irregular compared with those in Figures 7

and 8. A bacterium (B) and mitochondria (M) are present in the

midgut cell cytoplasm. Electron micrograph. Scale bar = 1 [
im .

Figure 14: Early stage in the formation of vesicles (arrows) accu-

mulating electron opaque material in the cytoplasm of a midgut

epithelial cell at 48 hpi. Electron micrograph. Scale bar = 1 ^wm.

lysis was apparent at 120 hpi (Figures 26 and 27), and free

OBs were also present in the midgut lumen at late stages of

infection (Figures 28 and 29). Midgut epithelial cell nuclei

full of NeabNPV OBs were also observed in active adult

female balsam fir sawflies (Figure 30).

4. Discussion

Within the Baculoviridae, the genera Gammahaculovirus and

Deltahaculovirus are thought to be the most ancient because
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Table 2: Cytopathic effects due to NeabNPV infection resulting in reduction in the microvillar border and nuclear hypertrophy based on

mean values of the proportional surface area of each compared with the area of the affected cells from 0 to 72 hpi. Proportional mean values

and standard deviations (SD) were determined for each time point. Kruskal-Wallis nonparametric and Dunn’s multiple comparison tests

were performed for each cytopathic effect to obtain a measure of the statistical significance of each trait over the course of infection. All

Kruskal-Wallis tests revealed significant differences between the time points with a KW value of 52.74 or greater.

Cytopathic NeabNPV infected N. abietis larvae

effects Uninfected Ihpi 2 hpi 5 hpi oo 12 hpi 24 hpi 48 hpi 72 hpi

Mean* 25.45 25.49 25.27 14.94 15.83 18.26 18.15 10.20 15.14

Sample size 84 79 65 68 81 73 66 120 138

SD 0.0717 0.0728 0.0763 0.0363 0.0407 0.0660 0.0532 0.0562 0.0790

Uninfected"*" P > 0.05 P > 0.05 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

IhpF P > 0.05 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

Microvillar

reduction
2hpF P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

5hpF P > 0.05 P > 0.05 P > 0.05 P < 0.01 P < 0.05

8hpF P > 0.05 P > 0.05 P < 0.01 P < 0.05

12hpF P > 0.05 P < 0.01 P > 0.05

24hpF P < 0.01 P > 0.05

48 hpF P < 0.01

72 hpi+

Mean*^ 29.35 28.92 29.54 42.35 42.35 38.15 37.36 43.87 48.70

Sample size 84 79 65 68 81 73 66 120 138

SD 0.1160 0.1073 0.1127 0.1572 0.1572 0.1535 0.1127 0.6447 0.0871

Uninfected"*" P > 0.05 P > 0.05 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

IhpF P > 0.05 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

Nuclear 2hpF P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

hypertrophy
5hpF P > 0.05 P > 0.05 P > 0.05 P < 0.05 P > 0.05

8hpF P > 0.05 P > 0.05 P < 0.05 P > 0.05

12hpF P > 0.05 P > 0.05 P > 0.05

24hpF P > 0.05 P > 0.05

48 hpF P > 0.05

72 hpF

* Proportional surface area of the microvillar border compared with the surface area of the entire cell (%).

^Proportional surface area of the nucleus compared with the surface area of the entire cell (%).
"f" Dunn’s multiple comparison tests.

of their smaller genomes, limited tissue tropism [3, 28, 29],

and more ancient lineage of their hosts [10, 1 1, 30] compared

with Alphabaculovirus and Betahaculovirus. Although still

distantly, gammabaculoviruses are thought to be more

closely related than deltabaculoviruses to alphabaculoviruses

and betabaculoviruses [3]. However, gammabaculoviruses

appear to lack an envelope fusion protein homolog [22,

28, 31] and, as a consequence, lack a budded virus (BV)

phenotype common to the other three genera. Group I

alphabaculoviruses, such as that of Autographa californica

(AcMNPV), encode GP-64 [32] whereas group II NPVs,

for example, Lymantria dispar LdMNPV, encode F-protein

[33]. Sequence data have identified F-protein homologs in

betabaculoviruses [34, 35] and the Culex nigripalpus Deltab-

aculovirus (GuniNPV) [36], indicating that F-protein maybe
more ancestral in baculoviruses [37] . Further evidence of the

restriction of gammabaculoviruses and deltabaculoviruses to

gut tissues is the absence of viral fibroblast growth factor

(vfgf) homologs [ 1 ]
that aid the establishment of alphabac-

ulovirus systemic infections [38-40], Viral FGFs mimic host

FGFs that trigger fibroblast growth factor receptor-mediated

migration of tracheal cells to the midgut epithelium. Here,

the tracheal cells release enzymes that degrade the basal

lamina, which otherwise forms an impenetrable barrier, thus

allowing BV to exit from the midgut epithelium and infect

tracheal and other cells in the host hemocoel [40].

To date, neither Deltabaculovirus [36] nor Gammabac-
ulovirus genomes [22, 28, 31] have been found to encode

enhancin genes. Enhancins are metalloproteases that degrade

mucins in insect gut peritrophic membranes, thereby allow-

ing baculovirus occlusion-derived virus (ODV) to cross this

physical barrier to the midgut epithelium [41, 42]. It is

unclear, therefore, how deltabaculoviruses and gammabac-

uloviruses achieve this feat. Although NeabNPV virion entry

into midgut epithelial cells and nuclei was not observed,

these two processes likely proceed in a similar manner to
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Figure 15: On either side of a mitochondrion (M) are vesicles at

later stages of formation than those observed in Figure 14 but still

in a midgut epithelial cell at 48 hpi. Vesicle membranes are indicated

by the arrows. Electron micrograph. Scale bar = 1 [im.

Figure 16: Midgut epithelial cell at 72 hpi. Present in the cytoplasm

are vesicles containing an electron opaque material (arrows) and

bacteria (B). Structures (arrowhead) appearing to consist of lengths

of a thread-like material were first observed at 72 hpi. Electron

micrograph. Scale bar = 1 fim.

other baculoviruses, as gammabaculoviruses possess the

core genes, found in all baculoviruses, that are associated

with oral infectivity, namely, pif-0 (p74), pif-1, pif-2, pif-

3, pif-4 (19k/odv-e28) and pif-5 (odv-e56) [35]. The initial

infection process of NeabNPV host-cell entry appears to

occur between 0.5 and 4 hpi followed by a rapid rate of

increase in NeabNPV DNA copy number between 4 and

24 hpi and a slower rate of increase between 24 and 72 hpi

[23]. In this same study, Duffy et al. [23] used RT-PCR to

examine the sequence of expression of selected NeabNPV
genes in N. ahietis larvae to 72 hpi. Transcription of all

NeabNPV genes examined was detected through to 72 hpi,

with first detection of early expressed genes lef-8 at 1 hpi,

lef-U lef-2, and dnapol at 2 hpi, and lef-9 at 6 hpi along

with late-expressed genes gp41 and p74. Very-late-expressed

genes vlf-1 and polh were first detected at 12 and 24 hpi,

respectively. These results suggest that the temporal sequence

of NeabNPV gene expression is similar to patterns reported

for lepidopteran alphabaculoviruses [23].

Insect midgut epithelial cells are generally short lived and

are rapidly replaced by regenerative cells at the basal end

and in between the epithelial cells [43]. A defense against

microbial infection can be the early onset of programmed
cell death or apoptosis of the infected cell. This can present

a challenge in the establishment of midgut infections by

baculoviruses. Baculovirus genomes (except CuniNPV [36])

encode two types of gene products that suppress apop-

tosis, P-35-like and inhibitors of apoptosis (lAP) (review

Eigure 17: Cross-section of midgut epithelium at 72 hpi. Midgut

epithelial cells abut circular (CM) and longitudinal (EM) muscle,

and regenerative cells (Ni) are present. Virogenic stroma (VS) can

be seen within the hypertrophied nucleus. Secretory activity appears

to have been reduced or has ceased as no secretions, such as those

seen in Eigures 5, 10, and 11, were evident in the microvilli (MV)
from this time point onward. Epoxy section, photomicrograph.

Scale bar = 20 pm.

Eigure 18: Virogenic stroma in the nucleus of a midgut epithelial

cell at 72 hpi. Viral capsids (Cd) and nucleocapsids (Nd) can be

seen nucleocapsids being occluded (arrows) into forming occlusion

bodies (OBs). Electron micrograph. Scale bar = 1 pm.

[37]). The genomes of NeabNPV [22], and the gammabac-

uloviruses of N. lecontei (NeleNPV) [28] and N. sertifer

(NeseNPV) [31] contain iap genes that may have transferred

from insect hosts [44]. NeabNPV IAP shares 75% amino

acid identity with NeleNPV IAP but only 24% identity

with NeseNPV IAP [22]. How IAP proteins interfere with

apoptosis is not well understood, and gammabaculovirus

lAPs are not among the few baculovirus lAPs that have been

functionally characterized and confirmed to be inhibitors of

apoptosis (review [37]). However, nuclear condensation and

fragmentation are characteristic morphological features of

apoptosis (review [45]), and nuclear fragmentation, at least,

was not observed to occur in NeabNPV-infected cells. In
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Figure 19: Virogenic stroma in the nucleus of a midgut epithelial

cell at 96 hpi. Viral capsids (Cd) and nucleocapsids (Nd) can be seen

in longitudinal section and in cross-section (arrowhead). Electron

micrograph. Scale bar = 1 ^m.

Figure 20: Virogenic stroma in the nucleus of a midgut epithelial

cell at 96 hpi showing a circular body (CB) and nucleocapsid

(arrows) occlusion into occlusion bodies (OBs). Electron micro-

graph. Scale bar = 0.5 fim .

alphabaculovirus-infected cells, heterochromatin becomes

localized at the margins of the nucleus as the virogenic

stoma develops [46, 47]. Condensed heterochromatin was

observed in apparently healthy cells (Figure 5) and in

NeabNPV-infected cells (Figure 23) but does not appear to

be concentrated at the margins of the nucleus in either case.

Gammabaculoviruses NeabNPV, NeleNPV, and NeseNPV all

have homologs to regulator of chromosome condensation

proteins (RCCl) that regulate chromosome condensation by

binding to DNA or chromatin-associated proteins (review

[48]). Flowever, we do not know whether RRCl was a factor

in heterochromatin condensation in the case of NeabNPV
infection.

With OB formation initiation in 81% and maturation in

49% of epithelial cells in NeabNPV-infected midgut within

72 hpi (Table 1) and cell sloughing by 120 hpi (Figure 26),

the timing of OB development and release in NeabNPV

Figure 21: Occlusion of nucleocapsids into occlusion bodies

(OBs) in the nucleoplasm of a midgut epithelial cell at 96 hpi.

Two nucleocapsids (arrows) have been cut in clear cross-section.

Microtubules (arrowheads) are present in the cell cytoplasm (CP).

Electron micrograph. Scale bar = 0.5 ^wm.

Figure 22: Cross-section of midgut epithelial cells at 96 hpi. Clear

gaps (arrowheads) separate the basal ends ofthe epithelial cells from

adjacent circular (CM) and longitudinal (EM) muscles. Virogenic

stroma (VS) and occlusion bodies (OBs) occupy much of the

enlarged nucleus on the left. Note that the level of NeabNPV
development does not appear to be the same in the three visible

nuclei. Large vacuoles (V) can be seen in the cytoplasm of two of

the cells. Epoxy section, photomicrograph. Scale bar = 20 fim .

appear to be similar to midgut-limited Harrisina brillians

Betabaculovirus (HabrGV) [49]. Unfortunately, the genome
of HabrGV has not been sequenced, and it is not clear

whether or not there is a BV phenotype [25], although there

appears to be secondary infection of regenerating cells after

the sloughing of earlier-infected epithelial cells [49]. To the

best of our knowledge, the loss of integrity of the midgut

epithelium basal lamina, as we have observed with NeabNPV
infection, has not been documented in either HabrGV
[49] or GuniNPV [29] and, generally, is not a feature

of either alphabaculovirus or betabaculovirus infections

(review [25]). Otherwise, NeabNPV nucleocapsid assembly.
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Figure 23: Nucleus of a midgut epithelial cell at 96 hpi. Heterochro-

matin (He), virogenic stroma (VS), and NeabNPV occlusion bodies

(OB) lie within the nuclear envelope (NE). Electron micrograph.

Scale bar = 2 [im.

Eigure 24: Midgut epithelial cell at 96 hpi. A thread-like body

(arrowhead), similar to that seen in Eigure 16, lies within the cell

cytoplasm along with mitochondria (M), microtubules (arrows)

and a developing vesicle containing electron-opaque material (open

arrow) similar to those in Eigures 14-16. A nucleocapsid (Nc) can

be seen being occluded at the lower right corner of an occlusion

body (OB) within the nucleus (N). Electron micrograph. Scale bar =

0.5 |Wm.

envelopment and occlusion into OBs appears to be very sim-

ilar to ODV assembly and occlusion in alphabaculoviruses

(review [46]), One difference, however, is the apparent

absence of p- 10-rich fibrillar bodies that are present in the

nuclei of late-stage, alphabaculovirus-infected cells and are

often associated with OB calyx formation (review [46]).

Gammahaculovirus genomes sequenced to date do not have a

p-10 gene homolog [22, 28, 31] but P-10 is not required for

calyx formation [50, 51].

The epithelial cells of healthy Neodiprion larval midguts

[52], including N. abietis [26], appear to be fairly uniform.

This is not to say that cells in different parts of the midgut

Eigure 25: Cross-section of midgut epithelium at 120 hpi. The

enlarged nucleus of the cell, to the left of center, is full of

occlusion bodies (OB). The basal end of this cell lies proximal to

circular muscle but the cytoplasm in this region of the cell appears

vacuolated (between arrowheads). Bacteria (arrows) are present in

the hemocoel adjacent to longitudinal muscles (EM). An epithelial

cell has detached (DC) from the midgut epithelium and is free

within the gut lumen near the microvilli (MV) of the surrounding,

still attached, midgut cells. Epoxy section, photomicrograph. Scale

bar = 20 pm..

Eigure 26: Cross-section of midgut epithelium at 120 hpi. One cell

has detached (DC) from the midgut epithelium. This process results

in gaps in the epithelium layer where there are no cells lying adjacent

to circular (CM) and longitudinal (EM) muscles. Masses ofbacteria

(B) lie, in the gut lumen, adjacent to an epithelial cell with an

enlarged nucleus containing virogenic stroma (VS) and occlusion

bodies (OBs). There appears to be a disruption in the cytoplasm

(between arrows) of the epithelial cell to the left of the gap in the

epithelium. Microvilli (MV) are evident in this and the adjoining

epithelial cell. Epoxy section, photomicrograph. Scale bar = 20 pm.

may not serve different functions, but most, if not all, are

probably involved in several functions including enzyme

secretion, nutrient absorption, assimilation, and transport

[53]. As NeabNPV-infected cells transition from host-cell

functions to viral replication, these host-cell processes may
become aberrant before ceasing altogether. This might



Psyche 11

Figure 27: Area of cell cytoplasmic lysis (CL) adjacent to the

nuclear envelope (NE) of a midgut epithelial cell at 120 hpi. Occlu-

sion bodies (OBs) are present within the nucleus. Electron micro-

graph. Scale bar = 1 jWm.

Eigure 28: Occlusion bodies free in the midgut lumen at 120 hpi.

Note the calyx-like covering (arrows) surrounding each occlusion

body. Electron micrograph. Scale bar = 1 ^m.

explain why we observed structures in the cytoplasm of

NeabNPV-infected cells (e.g., vesicles containing electron-

opaque material and thread-like structures; Figure 16) not

seen previously [26] or here in healthy balsam fir sawfly larval

midgut cells (Figures 5-10).

As is the case with HabrGV gut infections [49], Neab-

NPV infections can be carried over into adults. In aerial

applications of gammabaculovirus biological control agents,

effective application rates can be as low as 1 x 10^ OBs/ha

whereas, when effective, alphabaculoviruses are applied at

10^® to 10^^ OBs/ha [20, 54]. This is likely the case because

of rapid horizontal transmission of NeabNPV due to the

sloughing off of infected gut cells from live, infected sawfly

larvae, the resultant contamination of foliage, and the

gregarious nature of diprionid sawflies [18, 20, 55, 56].

When infected with low levels of inoculum and/or as late

instars, individual sawflies can survive to adulthood where

Figure 29: Cross-section of a balsam fir larva at a late stage

of NeabNPV infection. Viral occlusion bodies (OBs) lie in the

ectoperitrophic space between the peritrophic membrane (PM)

and the midgut epithelium (ME). Tissues visible in the hemocoel

include circular (CM) and longitudinal (EM) muscle, fat body (FB),

and larger muscle masses (Mu) beneath the cuticle (C). Paraplast

section, photomicrograph. Scale bar = 50 [
im .

Figure 30: Whole mount of a midgut from a live, adult, female

balsam fir sawfly. Masses ofNeabNPV occlusion bodies can be seen

within the nuclei (arrows) of midgut epithelial cells. Also visible are

fat body (FB) and trachea (Tr) from which tracheoles (T) branch.

Photomicrograph. Scale bar = 50 fim .

OBs are present in the midgut epithelium (Figure 30).

Although there is no evidence for transovarial transmission

of gammabaculoviruses, it seems quite possible that adult

female sawflies could contaminate oviposition sites with viral

OBs passed from their guts. Gammabaculovirus OBs are

known to survive on foliage in forest environments for at

least 2 years [57], yielding high levels of larval mortality as

a result [55].

This paper on the cytology of NeabNPV infection in

balsam fir sawflies is quite possibly the first detailed account

of gammabaculovirus pathology since the earlier work of

Bird and Whalen in 1954 [24], Despite being effective

biological control agents of diprionid sawfly populations
[ 14,

21], interest, such as that seen for alphabaculoviruses, has

been lacking largely because of the absence of in vitro culture

systems for gammabaculoviruses and reliance on fluctuating

field populations of sawflies for in vivo studies. Reliance on

in vivo observations [23] and the potential high levels of

NeabNPV environmental contamination and transmission
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[18, 54, 56] make it difficult to provide exact timing of

infection events at both the cytological and molecular levels.

Nevertheless, our paper and that of Duffy et al. [23] show

that the general features of alphabaculovirus pathology, viral

gene expression, replication and OB production are also

present in NeabNPV as one would expect if gammabac-

uloviruses are ancestral to alphabaculoviruses
[ 1 ]

.
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Among the mechanisms that influence herbivorous insects, fires, a very frequent historical phenomenon in the cerrado, appear

to be an important modifying influence on lepidopteran communities. The purpose of this study was to compare the richness,

abundance, frequency, and composition of species of caterpillars in two adjacent areas of cerrado sensu stricto, one recently

burned and one unburned since 1994, on the experimental farm “Lazenda Agua Limpa” (LAL) (15°55'S and 47°55'W), DL,

Brazil. Caterpillars were surveyed on two plant species, genus Erythroxylum: E. deciduum A. St.-Hil. and E. tortuosum Mart.

(Erythroxylaceae). We inspected a total of 4,196 plants in both areas, and 972 caterpillars were found on 13.3% of these plants.

The number of plants with caterpillars (frequency) differed significantly between the areas. The results indicate that recent and

accidental fires have a positive effect on the abundance of caterpillars up to one year postfire, increase the frequency of caterpillars

associated with Erythroxylum species in the cerrado and do not affect the richness of caterpillars on these plants. Moreover, the

fires change the species composition of caterpillars by promoting an increase in rare or opportunistic species.

1. Introduction

Systems represented by the associations of plants and insects

include more than one-half of the world’s multicellular

species. The impacts of disturbances, anthropogenic or oth-

erwise, affect the characteristics of communities of herbiv-

orous insects in any biome worldwide [1]. There is strong

evidence that these disturbances result in complex changes

in the interactions between plants and herbivores [2]. Fires

affect communities of herbivorous insects and provide

opportunities for changes in species richness, abundance

and species composition in space and time [3]. Among
herbivores, Lepidoptera can serve as good indicators of

environmental changes caused by these disturbances in

certain habitats [4].

Fires in the cerrado are a natural phenomenon of

recognized ecological importance [5] and occur during the

dry season, from May to September [6, 7]. The effects of fire

on the structure, composition and diversity of plants in the

cerrado are far more extensively documented [8-12] than the

effects on the fauna [13-15]. The knowledge of the effects of

fire on insect herbivores and their natural enemies is even

more limited [3, 16, 17].

The general literature on the responses of insects to fire

in comparison with the responses to other forms of manage-

ment in open habitats indicates that a significant decrease

of insects occurs soon after a fire. The magnitude of the

decrease is related to the degree of exposure to flames and

to the mobility of the insect [18]. In cerrado, a very rapid

and vigorous regrowth of vegetation occurs [19] and this

regrowth may favor an increase in the abundance of her-

bivores. The caterpillar community in the cerrado is species

rich and the abundance of most species is low but is highly

variable throughout the year [20, 21], due primarily to the

climate variability that characterizes the two seasons (dry

and wet) in the region. This pattern has also been observed

for herbivorous insects in New Guinea. It is characteristic of

the herbivorous insect communities in general and is also
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typical of tropical regions [22]. Among the mechanisms that

influence these herbivorous insect community patterns, fires,

a very frequent historical phenomenon in the cerrado, appear

to be an important modifying influence on lepidopteran

communities.

The objective of this study was to compare the richness,

relative abundance, frequency, and species composition of

caterpillars between two cerrado areas, one recently burned

and one unburned since 1994, The study hypotheses that the

richness, relative abundance, frequency, and species compo-

sition of the caterpillars on the host plants vary between

recently burned areas and areas without recent burning (used

as a control). We predict that the abundance and species

richness of caterpillars will increase significantly in a recently

burned area as a result of the intense regrowth of vegetation

in the postfire environment [19], The postfire environment

differs greatly from the prefire environment because of the

higher phenological synchrony of plants and because of

changes in microclimate result from to increased exposure

to the sun.

2. Methodology

External folivorous caterpillars were surveyed on two plant

species, Erythroxylum deciduum A, St.-Hil. and E. tortuosum

Mart. (Erythroxylaceae), in two adjacent areas of cerrado

sensu stricto, on the experimental farm “Eazenda Agua

Eimpa” (EAE) (15°55'S and 47°55'W), DE, Brazil. Both plant

species were abundant and had similar size in the burned

and unburned areas. This system, including only two plant

species in the genus and their caterpillars, was chosen for

study due to the need for simplification in the analysis and

reduction of variables. This choice also reflected the ease of

collection and identification and the prior knowledge of the

system in the protected areas of the cerrado. The two plant

species occur at high densities in the cerrado region and

their lepidopteran fauna is known from previous studies in

unburned areas [20, 23] . An accidental fire affected the entire

area in 1994, and the area suffered another accidental fire in

August 31, 2005. The area burned in 1994 was viewed as a

control, and the area burned in 2005 was considered recently

burned. Data were collected from September 2005 through

August 2006.

In both study areas (recently burned and control),

external folivorous caterpillars were collected weekly from

foliage of 50 individuals of each of the two species of plants.

All caterpillars were collected, photographed, numbered as

morphospecies, and individually reared in the laboratory in

plastic pots (except for gregarious caterpillars), with leaves of

the host plant as a food. The adults obtained from laboratory

rearing were, as far as possible, identified and deposited in

the Entomological Collection, Departamento de Zoologia,

Universidade de Brasilia.

A binomial test of two proportions was applied with a

significance level of 0.05 to evaluate the occurrence of a con-

sistent difference in the proportion of plants with caterpillars

(relative abundance and species richness) between the areas

[24]. Species rarefaction curves were constructed to analyze

the species richness of caterpillars in each area [25]. EcoSim

Table 1: Number of plants with caterpillars, abundance, and

richness of caterpillars on two species of Erythroxylum, in two areas

of cerrado sensu stricto in the FAL (burned and control areas) from

September 2005 to August 2006.

Variables
Areas

Control (%) Burned (%)
Total

Inspected plants 2,065 (49.2) 2,131 (50.8) 4,196

Plants with caterpillars 226 (10.9) 333 (15.6) 559

Abundance of caterpillars 346 (35.6) 626 (64.4) 972

Richness of caterpillars 29 (59.0) 36 (74.0) 47*

* Species richness is not the sum total of the richness ofthe two areas because

some species occur in both areas.

7,0 software was used to construct these curves based on 1000

replications [26].

The Shannon-Wiener index (H'), Simpson index (D)

and Berger-Parker index (Dbp) were used to compare the

diversity and dominance of the community of caterpillars

on Erythoxylum in the two study areas. The indices were

obtained with DivEs 2,0 software [27] . The Jaccard similarity

index was also applied to evaluate the degree of similarity of

the species composition of two communities. If the Jaccard

index is equal to one {B = 0 and C = 0), all species are shared

between the two communities. If the Jaccard index is near 0,

few if any species are shared.

3. Results

We inspected a total of 4,196 plants, with similar numbers in

both areas (Table 1). A total of 972 caterpillars were found

on 13.3% of the plants inspected. The number of plants with

caterpillars (frequency) differed significantly between areas

(pi = 0.11; p2 = 0.16; Z = -4.46; P < 0.001). The

probability of finding a plant with a caterpillar in the control

area (one out of nine plants inspected) was smaller than in

the burned area (one to six plants). The relative abundance of

caterpillars also differed significantly (pi = 0.17, p2 = 0.30,

Z = -9.69, P < 0.001) between areas. Almost twice as many
caterpillars were found in the burned area as found in the

control area (Table 1).

Eorty-seven species or morphospecies (hereafter treated

as species) of caterpillars were recorded, belonging to at least

15 families (two species belonged to unidentified families).

The burned area had 36 species, compared with 29 species in

the control area (Table 1), However, this difference in species

richness between the areas was not significant (pi = 0.08;

p2 = 0.06; Z = 1.57; P > 0.05). Even after adjustment by the

rarefaction method to a common basis of an equal number
of caterpillars in both areas {n = 346) the species richness

did not differ, and the estimated number of species varied

between 24 and 32 (Table 2; Eigure 1).

The value of dominance was higher in the burned area

(34.5%) than in the control area (29.8%) (Table 2). Eikewise,

the dominance for the burned area, estimated by rarefaction,

was between 31.2% and 37.9%, significantly higher than the

value estimated for the control area on a common basis of

346 caterpillars in both areas (Table 2). These results are
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Table 2: Diversity of caterpillars on two species of Erythroxylum

in two areas of cerrado sensu stricto in the FAL (recently burned

and control) from September 2005 to August 2006: number of

caterpillars, species richness, estimated species richness through

rarefaction in the control area {n = 346, 95% confidence interval),

dominant species and dominance observed in both areas, estimated

dominance by rarefaction in the control area (n = 346, 95%
confidence interval), diversity index (H'), and dominance (D and

•Dbp).

Control area Burned area

Number of caterpillars 346 626

Observed species richness 29 36

Estimated richness

(Rarefaction, n = 346)

Dominant species Antaeotricha sp.

24-32

Antaeotricha sp.

Observed dominance 29.8% 34.5%

Expected dominance — 31.2-37.9%

Diversity of
1.01 0.89

Shanon-Wiener {H')

Dominance ofSimpson (D) 0.16 0.21

Dominance of

Berger-Parker (Dbp)
0.30 0.35

Number of individuals

Figure 1: Rarefaction curves of caterpillar species of the control

area (line with circle) and the burned area (line with star) in relative

to the number of individuals estimated from randomizations of

the order of 1000 samples in cerrado sensu stricto in the FAL from

September 2005 to August 2006. The dotted line indicates 95%
confidence intervals.

also consistent with the dominance index values D and Dbp,

which were higher in the burned area. The diversity index H'

was higher in the control area (Table 2).

An unidentified species of Antaeotricha (Elachistidae)

was dominant, with 29.7% and 34.5% of the individuals

found in the control and burned areas, respectively. Ten

species recorded in the control area showed intermediate

dominance, between 1.2 and 7.5%, whereas six species

showed intermediate dominance in the burned area, with

values between 1.1 and 8.0%. The proportion of rare species,

those represented by less than 1% of all caterpillars, was

significantly higher {pi = 0.55, p2 = 0.75, Z = -1.68,

Table 3: Abundance of caterpillars and Jaccard similarity index

between the two areas of cerrado sensu stricto in the FAL (recently

burned and control) from September 2005 to August 2006 based on

caterpillars found on two species of Erythroxylum.

Months

Abundance

Control Burned
Jaccard index

area area

Sep 16 0 0.00

Oct 12 17 0.22

Nov 3 7 0.20

Dec 12 30 0.29

Jan 31 40 0.70

Feb 16 27 0.50

Mar 12 33 0.27

Apr 26 42 0.25

May 132 242 0.33

Jun 51 144 0.62

Jul 26 37 0.29

Aug 9 7 0.00

Total 346 626 0.38

P < 0.05) in the burned area {n = 27) than in the control

area {n = 16).

The similarity between the study areas was low (Sj =

0.38), even on a monthly basis, with January (Sj = 0.70)

and June (Sj = 0.62) being the sole exceptions (Table 3).

Of the 47 species recorded, 38.3% {n = 18 species) were

common to the two areas (Table 4), and 25.5% of the species

{n = 12) were restricted to the control area. The species

restricted to the control area included the gregarious moth
Hylesia shuessleri Strand, 1934 (Saturniidae) and the solitary

Dalcerina tijucana (Schaus, 1892) (Dalceridae), both dietary

generalists (Tabled). Approximately 40% of the species

{n = 18) were found only in the burned area. These

species included Fregela semiluna (Walker, 1854) (Arctiidae),

a generalist species, and Eloria suhapicalis (Walker, 1855)

(Noctuidae) a dietary specialist. The effects of the fire appear

to be more evident for Limacodidae as five of the eight

species of this family found in the survey occurred exclusively

in the control area. Certain species, however, appear to

benefit from the effects of fire, for example, three species

of Noctuidae found exclusively in the burned area: Cydosia

mimica (Walker, 1866), Cydosia punctistriga (Schauss, 1904)

and Noctuidae sp. The five most abundant species (more

than 15 individuals per area) were found in both areas and

are apparently restricted to the Erythroxylaceae in the region

(Table 4).

No caterpillars were found on species of Erythroxylum

until one month after the fire (Table 3). However, the relative

abundance of caterpillars was higher in the burned area

in all of the following months. Until 12 months after the

occurrence of the fire, the caterpillar relative abundance in

the burned remained higher than the abundance found in

the control area (Figure 2). The temporal occupation of the

species of Erythroxylum by caterpillars resulted in a pattern

whose abundance and richness gradually increased with
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Table 4: Families and species of caterpillars found on two species of Erythroxylum in burned and control areas of cerrado in the FAL from

September 2005 to August 2006 (NI = no information about diet breadth; polyphagous = feeds on species from two or more families of

plants; restricted = feeds only on species of Erythroxylaceae).

Family Species Gontrol area Burned area Diet breadth

Arctiidae
Fregela semiluna (Walker, 1854) 0 4 Polyphagous

Parades sp. 6 2 Polyphagous

Acraga infusa (Schauss, 1905) 4 2 Polyphagous

Acraga sp. 1 0 1 NI

Dalceridae Acraga sp. 2 0 2 NI

Dalceridae sp. 0 1 NI

Dalcerina tijucana (Schauss, 1892) 1 0 Polyphagous

Elachistidae
Antaeotricha sp.* 103 216 Restricted

Timocratica melanocosta (Becker, 1982) 2 3 Polyphagous

Dichomeris sp. 1 1 10 Restricted

Dichomeris sp. 2 22 6 Polyphagous

Gelechiidae
Dichomeris sp. 3* 26 160 Restricted

Dichomeris sp. 4 3 8 Polyphagous

Dichomeris spp. (duas especies)* 68 84 Restricted

Gelechiidae sp.* 44 50 Restricted

Cydomia mopsaria (Guenee, 1857)* 16 24 Restricted

Geometridae sp. 1 3 0 Restricted

Geometridae Geometridae sp. 2 0 1 Restricted

Stenalcidia sp. 1 0 5 NI

Stenalcidia sp. 2 1 0 Restricted

Limacodidae sp. 1 0 1 Polyphagous

Limacodidae sp. 2 0 1 NI

Limacodidae sp. 3 1 0 NI

Limacodidae
Limacodidae sp. 4 2 0 NI

Limacodidae sp. 5 2 0 NI

Miresa darissa (Stoll, 1790) 0 1 Polyphagous

Platyprosterna perpectinata (Dyar, 1905) 5 0 Polyphagous

Semyra incisa (Walker, 1855) 2 1 Polyphagous

Megalopyge albicollis (Schauss, 1900) 0 1 Polyphagous

Megalopigydae
Megalopyge braulio Schauss, 1924 0 1 Polyphagous

Norape sp. 4 3 Polyphagous

Podalia annulipes (Boisduval, 1833) 0 1 Polyphagous

Gydosia mimica (Walker 1866) 0 1 Restricted

Noctuidae
Gydosia punctistriga (Schauss, 1904) 0 1 NI

Eloria subapicalis (Walker, 1855) 0 7 Restricted

Noctuidae sp. 0 1 Restricted

Notodontidae Heterocampa sp. 7 12 Polyphagous

Oecophoridae
Inga haemataula (Meyrick, 1911) 6 1 Polyphagous

Inga phaeocrossa (Meyrick, 1912) 1 0 Polyphagous

Pyralidae Garthara abrupta (Zeller, 1881) 12 3 Polyphagous

Riodinidae
Emesis sp. 1 0 Polyphagous

Hallonympha paucipuncta (Spitz, 1930) 0 1 Polyphagous

Saturniidae Hylesia schuessleri Strand, 1934 1 0 Polyphagous

Tortricidae Platynota rostrana (Walker, 1863) 0 3 Polyphagous

Urodidae Urodus sp. 0 5 Restricted

Unidentified
sp. 1 1 0 NI

sp. 2 1 1 NI

* Indicates the five commonest species.
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c/5

Abundance, control

Abundance, recently burned

- * - Richness, control

— Richness, recently burned

Figure 2: Cumulative number of caterpillars (bars) and species

(rows) in two areas of cerrado sensu stricto in the FAL (recently

burned and control) from September 2005 to August 2006.

sampling effort and showed a greater increase during the dry

season, specifically during May and June (Figure 2).

4. Discussion

The sporadic and accidental fires in restricted areas of the

cerrado may act to renew the vegetation [19], allowing

the reoccupation of sites more rapidly by plant species.

Several studies in tropical forests and in the cerrado have

shown the importance of sprouting as a mechanism of post-

fire regeneration of shrub and tree species [28-32]. The

new foliage that results from sprouting attracts a variety of

herbivores.

In the cerrado, a low frequency of caterpillars on host

plants is a common feature [20, 33-35]. However, recent

fire in the cerrado study area produced as 4,7% increase

in the frequency of caterpillars on plants of Erythroxylum.

The reason for this increase may be that fire may benefit

herbivores by increasing the availability of resources. This

high availability of resources results from the regrowth of

plants because many new leaves are synchronously produced.

Although species richness did not differ between areas,

the higher dominance observed in the burned area suggests

a higher diversity in the control area. The most interesting

feature of this system is the increase of rare species in

the burned area. This increase may result from intense

regrowth, which may produce new oviposition sites and new
environments for these species. At the same time, nearby

areas were available to act as a source for re-colonization

[17]. However, the rarefaction curves did not reach an

asymptote. In fact, previous studies [23, 36] indicate that

species caterpillars not found in our surveys occur on the

two species of Erythroxylum that were examined. These

additional species include Erynnis funeralis (Scudder &
Burgess, 1870) (Hesperiidae), hipparchia (Cramer,

[1777]) (Limacodidae) and Automeris hilinea Walker, 1855

(Saturniidae). These species are all polyphagous and could

be present on other species of host plants.

The variation in the abundance of insects in the cerrado

occurs regardless of the passage of fire and remains seasonal

[37]. However, the mortality caused by fire produces an

immediate reduction in population size. Even, one month
after the fire, caterpillars were not found on the plants

surveyed. Moreover, the caterpillar abundance on both

species of plants during all the subsequent months was

higher in the area disturbed by the recent fire. Similar results

have been found for adults of certain insect orders, such

as Coleoptera, Hemiptera, Hymenoptera and Lepidoptera,

in the cerrado of Brasilia [37]. The return to the previous

levels of abundance depends on the order to which the insect

belongs and ranges from two to more than thirteen months

after the occurrence of the fire [3]. Up to 12 months after the

occurrence of fire, the abundance of caterpillars associated

with the Erythroxylum species studied here had not returned

to a level comparable with that observed in the control area.

Research conducted in the same region with the com-

munity of caterpillars associated with Byrsonima (Malpighi-

aceae), showed that if the fire in the cerrado is recurrent

every two years during the dry season, the results are quite

different [38] from those previously discussed. In this case,

the abundance and species richness of caterpillars in areas

with frequent fires were markedly less than the abundance

and species richness of caterpillars in areas protected from

fire for more than 30 years. These results are consistent with

other previous reports that fire reduces the populations of

caterpillars [39], and may cause local extinction of some

species [40], However, these results from areas with frequent

fires are in contrast to the results found if the fires are

accidental and sporadic, as in the case of this study.

Even with smaller losses than those caused by recurrent

fires, the recent accidental fire dramatically increased the

abundance of caterpillars and as result, the attacks on plants

in the postfire period, just at the time at which most syn-

chronous leaf production in the cerrado occurs. For this

reason, this process may produce extensive damage to

vegetation and may harm biodiversity conservation in the

region. Furthermore, a scheme of recurrent burns during

several years in the same area results in the biological and

physicochemical degradation of the soil and thus in the

reduction of aerial biomass [41].

Although we did not replicate each treatment, our results

reflect the effect of fire, as we have followed the changes

in communities of caterpillars on various plant species for

several years in protected areas from fire [21, 23, 38, 42],

and in addition, we have surveyed caterpillars on other

plant species in postfire conditions, with similar results

(unpublished data). Furthermore, some studies suggest the

impossibility of replication treatments when it comes from

natural phenomena occurring on a large scale, as in the

case of burning [43]. Thus, the results of this study indicate

that the recent accidental fire had the following effects on

the external folivorous caterpillars: (a) killed eggs and larvae

at first but had a positive effect on the relative abundance

of caterpillars up to one year postfire, (b) increased the

frequency of caterpillars associated with two Erythroxylum

species in the cerrado, (c) did not affect the richness of

caterpillars on these plants and (d) changed the caterpillar
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species composition because the effects of the fire promoted

increases of rare or opportunistic species.
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The biology and the feeding habits of the subsocial species Omaspides pallidipennis were studied at the Floresta Nacional de Passa

Quatro, MG, Brazil, during the period from October 2010 to April 2011. The species was bivoltine, beginning its reproductive

and food cycle in October (spring) and seeking its diapause sites in April (autumn). The juveniles took 54.4 days on average to

complete their development, a period in which the female remained close to offspring, only feeding during the larval stage of the

juveniles. It is a monophagous species, feeding only on Ipomoea alba Linnaeus (Convolvulaceae). In the first cycle, the average

number of eggs was 55.7 ± 15.5 eggs per egg cluster (n = 1, 837 eggs in 33 clusters) and in the second it was 61.6 ± 14.2 eggs per egg

cluster (n = 5,607 eggs in 91 clusters). Oviposition peaks were observed in the months of November and February. The average

durations of the incubation period and the larval and the pupal development in the first cycle were 19.2 ± 1.4; 26.0 ± 1.5; 8.7 ±0.8

days, respectively. In the second cycle they wrere 16.7 ± 1.4; 27.0 ± 2.4; 10.2 ± 1.5 days, respectively.

1. Introduction

The family Chrysomelidae is one of the largest among the

insects ofthe order Coleoptera
[ 1 ] . Due to its diversity ofrep-

resentatives it is subdivided into 19 subfamilies [2]. Among
these Cassidinae stands out for being the second largest in

number of species (ca. 6,000 species), with approximately

16% of the diversity [3]. Its representatives also stand out

for having unique morphological, ecological and biological

characteristics [4] . However, an evident problem that exists

regarding that subfamily is the shortage of information

regarding the biology of many of its species. Although the

majority is solitary, various species are subsocial. The study

of those characteristics can explain the determination of the

sequence and exact number of transitions among the way
of life of the solitary, gregarious, and subsocial species [5].

Moreover, to know the relationship between the performance

of the offspring and the egg laying preference, it is essential

to understand the population dynamics of herbivore insects,

as well as their distribution [6].

The majority of existing research on Cassidinae about the

biology of the species, solitary or subsocial, was conducted in

laboratory [7-10]. In field, the biology of subsocial species

is described, minutely, for Acromis sparsa Boheman, 1854

(see, e.g., [11, 12]) and Omaspides tricolorata Boheman, 1854

[13, 14]. However, the number of species that exhibiting

that behavior is much higher (16 species described, for the

Stolaini and Eugenysini tribes) and should increase, due

higher number of researchers working with this theme.

For the subsocial species Omaspides pallidipennis Bohe-

man, 1854, no data was found on its biology. Information

about the description of the pupa and adults were given

by Costa Lima [15], also registering the presence of the

subsocial behavior [11, 15-18]. As for its distribution in

Brazil, the species is found in the states of Espirito Santo,

Minas Gerais, Parana, Rio Grande do Sul, Rio de Janeiro,

Santa Catarina, and Sao Paulo [19], in environment of

Atlantic forest, riparian forest, and savanna (Fernando

Frieiro-Costa, personal information). In relation to the host

plant, information is also scarce. Few information exists
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of Ipomoea alba Linnaeus, 1753 (Convolvulaceae) as host

plant [19, 20]. Although most of the subsocial Cassidinae

have been observed in only one type of host plant, some

species can be found on different host plants genus. For

O. pallidipennis, this fact has not been observed (Fernando

Frieiro-Costa, personal information).

The objective of the present work was describe the biol-

ogy of Omaspides pallidipennis Boheman, 1854 (Coleoptera:

Chrysomelidae: Cassidinae) and its relation with host plant,

in a natural environment in the Atlantic Forest biome.

2. Material and Methods

2.1. Study Area. The research was conducted in the Floresta

Nacional (FIONA) de Passa Quatro, Municipal district of

Passa Quatro, Minas Gerais State, Brazil (22° 23' S, 44°

56' O); altitude of 900 m; 335 ha), in an Atlantic Forest

recovery area. The Conservation Unit (CU) contains roads

that are used by tourists for visitation and by the guards for

local patrols. The study was conducted on the host plants that

grew on the edge of one of those roadsides.

The vegetation of CU is characterized by the insertion

of a Semidecidual Seasonal Forest in the Atlantic Forest

Biome, with a prevalence of planted plant coverings of

pine, araucaria, and eucalyptus. Regionally, besides the

Semidecidual Seasonal Forest, the Dense Ombrophylous

Forest and Mixed Ombrophylous Forest typologies are found

in the area [21]. The climate of the area, according to

the Koppen classification, is Cwa-moderate temperatures

with hot and rainy summers and dry winters. The climatic

data were supplied by the National Institute of Meteorology

(INMET) and presented an average temperature of 21.4°C,

with precipitation and relative humidity of 291.9 mm and

76%, respectively, for the first life cycle of the species

(October/January). For the second cycle (February/April) the

temperature, precipitation, and relative humidity averages

were 21.6°C, 116.9 mm, and 75%, respectively.

2.2. Biological Study of O. pallidipennis. The population of

O. pallidipennis was observed daily, in the morning and in

the afternoon (at alternate times), during the period between

the months of October 2010 to April 2011. In this period

170 females with egg masses were accompanied and marked.

The females received a mark on their elytron, facilitating the

observation of parental care, of number of eggs deposited in

each cycle, and of the development duration of the juvenile

stages. For the marking of the females the Frieiro-Costa and

Vasconcellos-Neto methodology was used [14]. Photographs

of the egg masses, when the guardian was not over them,

facilitated the obtaining of the average number of eggs. The

oviposition and eclosion times were logged. Daylight saving

time was not taken into account at any time.

2.3. Host Plant. The latescent I. alba vine frequently occurs

in forest borders. It can also be found in crop areas, where it

is a serious competitor of cultivated plants [22]. The flowers

are solitary or gathered in groups, with a white or pinkish

coloration [23-26]. In the lamina/petiole intersection there

are extrafloral nectaries (EFNs) which are constantly visited

by various insect species, especially ants. In Brazil this plant

can be found in the states of Bahia, Rio de Janeiro, Sao Paulo,

Parana, Santa Catarina, Rio Grande do Sul, and Ceara [23].2.4.

Statistical Analysis. The data were submitted to the Kol-

mogorov-Smirnov test, to verify the distribution type, being

expressed as the average ± standard deviation (SD). To

compare the data ofnumber of eggs and developmental time

of immatures between one cycle and another, the Student’s

t-test was used for normal distribution data and the Mann-
Whitney test for free distribution. For these analysis the

Bioestat version 5.3 software was used [27].

3. Results and Discussion

3.1. General Aspects of Biology of O. pallidipennis. Bivoltine

Coleoptera, O. pallidipennis began their reproductive and

feeding activities in October (spring) and they sought the

diapause sites in the middle of April (autumn). During the

whole cycle the juveniles only received care by the female that

protected them from any imminent danger.

Species of subsocial tropical Cassidinae, like O. pallidi-

pennis, O. tricolorata [14] and Omaspides brunneosignata

Boheman, 1854, do not usually present more than two

annual generations, because they spend much time and

energy taking care of a single group of offspring. For not

being exposed to the seasonal extremes that impede repro-

duction and growth, tropical and subtropical Cassidinae,

subsocial or not, can present a greater number of generations

[28, 29], if compared to temperate region species that are

usually univoltine [30, 31] . Nevertheless, they are exposed to

the alterations of the dry and rainy stations, related to the

adequate availability of food [32]. In some of those tropical

species, the synchronization of the life cycle with the variable

conditions is enabled through the diapause [32].

In the FIONA of Passa Quatro, O. pallidipennis presented

monophagous habits. Adults as well as juveniles only fed on

I. alba. Although other plants of the same family and same

genus have been found in the CU, those Cassidinae were

never observed on another host plant species. Besides O.

pallidipennis, egg masses and adults of the solitary species

Chelymorpha inflata Boheman, 1854 (Cassidinae: Stolaini)

were found also feeding on I. alba. At no time were both

species observed feeding on the same leaf. Besides C. inflata,

grasshoppers and Chrysomelinae and Lepidoptera larvae

were found feeding on the leaves of the chosen host.

I. alba was observed in FIONA of Passa Quatro, in an

open field area as well as roadside. The specimens of the host

plant remained under direct sunlight most of the day, with

few shaded portions.

3.2. Immature Stages. These insects are holometabolic, their

cycle being completed in approximately two months (54.4

days on average, from egg to adult).

3.2.1. Eggs. The egg clusters of O. pallidipennis presents a

diamond-shaped format that, with elongated eggs, approx-

imately 2.8 times longer than their highest width and

without any covering (Figure 1(a)). When recently laid they
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(c) (d)

Figure 1: Immature stages of Omaspides pallidipennis Boheman, 1854 (Chrysomelidae). (a) Egg cluster, (b) dorsal view of last instar larvae,

(c) exuvial-fecal shield, (d) pupae in dorsal view. Photos: (a), (b), and (d); Flavia Fernandes.

presented an amber coloration (Figure 2(a)) later becoming

straw-yellow as the hardening of the chorion occurred

(Figure 2(b)). That difference in the coloration allowed the

distinction of the oldest egg clusters from the most recent.

In the first cycle (October to December) the oviposition

presented, on average, 55.7± 15.5 eggs/egg clusters {n = 1,837

eggs in 33 clusters; range 12-80 eggs), and in the second cycle

(February to April) the average corresponded to 61.6 ± 14.2

eggs/egg clusters {n = 5,607 eggs in 91 clusters; range 13-

80 eggs). The ratio between the number of egg masses in

the first and second cycles was significantly different {U =

1106.00; P = 0.0253). The factors for this difference can be

attributed to the disparity existent between one female and

another regarding their physiological and nutritional state,

the nutritional state of the host plant leaves (young leaves,

under growth have higher level of nitrogen than the mature

leaf) [33], and to the abiotic factors, as the temperature. In

many insects, the production of eggs is controlled by one or

more hormones produced in the corpora allata, that control

the initial stages of oogenesis and the yolk deposition. Factors

such as the temperature can act on these structures, thus

affecting the egg production [34].

Subsocial species of the same genus, like O. tricolorata

[14] and Omaspides convexicollis Spaeth, 1909 [35], also

present a large number of eggs per cluster (average of 55.1

and 48.8, resp.), if compared to other non-subsocial species

such as Anacassis duhia Boheman, 1854 with an average

of 9.1 eggs per cluster and Anacassis languida Boheman,

1854 with an average of 6.7 eggs per cluster [9, 36].

The female of Charidotis punctatostriata Boheman, 1856

produces, annually, an average of 235.5 ±41 eggs per female

[8] , a quantity that can be attributed to the high reproductive

effort due to the semelparity presented.

The large number of eggs in subsocial species can also

be explained by the high reproductive effort, because they

spend most of their time investing in the defense of the

offspring and in resource allocation, instead ofgoing through

various ovipositions. Ffowever, the subsociality is one of

several adaptations aimed at facing adverse conditions [37].

Unlike the physical protection provided to the eggs by the

mother, as in Acromis sparsa Boheman, 1854 [38], the non-

subsocial Cassidinae can make use of different adaptations,

such as the protection of the eggs through an ootheca [39-

41] and oootheca and feces [42] or a gelatinous matrix with

feces, as in Hemisphaerota cyanea Say, 1824 [43], thus making

access more difficult for the natural enemies.

Regarding the egg laying site, the ovipositions of O.

pallidipennis were all deposited on the abaxial surface of

1. alba, a behavior also present in other subsocial [11,

13, 44, 45] and non-subsocial species [39, 40]. For the

species Gratiana spadicea Klug, 1829 and O. tricolorata this

behavioral pattern is related to the temperature [14, 46],

Although it had not been measured, the temperature was

also pointed to as a decisive factor of this behavior, because
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(a) (b)

Figure 2: Omaspides pallidipennis Boheman, 1854 (Chrysomelidae) female (a) on recently laid egg cluster (b) after a few days. A fragment

of Atlantic Forest (Floresta Nacional de Passa Quatro, Minas Gerais State, Brazil).

the majority of the host plant leaves were under direct

sunlight several hours a day.

The choice of the female for the egg laying site is an

important factor for the growth and the survival of their

larvae [47]. When ovipositing, the female should consider

an appropriate place for the development of the juveniles,

thus maximizing their adaptive value. Factors such as the

predation risk [47, 48], host plant quality or quantity

[33, 49], larval mobility [50], and the intraspecific and

interspecific competition [51] should be considered. Of
the 170 egg masses observed, 159 allowed to know the

oviposition site with certainty. Of these, 116 (73%) were

found along the midrib and 43 (27%) in other parts of

the leaf blade, no egg masses being placed in the proximal

half of the petiole. That preference to oviposit in the distal

portions can be explained by the presence of predator

ants that constantly visited host plant EFNs. Among them

several ants of the genus Pseudomyrmex sp. (Formicidae) and

Crematogaster sp. (Formicidae) preying on eggs and larvae

were found. The oviposition preference on the host plant

was not altered by the intraspecific competition, not finding

more than one egg mass of the species or of other Cassidinae

species on the same leaf.

The oviposition peaks occurred during the months of

November and February, not observing any new egg masses,

in December, January, and April. The average of incubation

period of the eggs was 19.2 ± 1.4 days {n = 31 offspring)

for the first cycle and 16.7 ± 1.4 days {n = 71 offspring)

for the second cycle (Table 1). The incubation time differed

significantly in the two cycles {U = 239.00; P < 0.0001).

Characteristics such as abiotic factor variations can explain

such difference. In Metriona elatior Klug, 1829 the average

incubation time of the eggs is lower at 30°C (5.6 days) than

at 20°C (11.3 days) [52]. Another factor to be considered is

the quality and the quantity of the host plant that can alter

nutrient acquisition, thus interfering in the production of

eggs [53]. Flowever, more research is necessary to explain

these characteristics.

During the biological cycles, three females oviposited

twice during the same cycle. In all those cases their first

Table 1; Duration of the developmental immature stages of Omas-

pides pallidipennis Boheman, 1854 (Chrysomelidae), for the first

and second cycle in a fragment ofAtlantic Forest (Floresta Nacional

de Passa Quatro, Minas Gerais State, Brazil).

First cycle

Mean ± SD

Second cycle

Mean ± SD

Egg 19.2 ± 1.4 (n = 31) 16.7 ± 1.4 (n = 71)

Larvae 26.0 ± 1.5 (n = 19) 27.0 ± 2.4 in = 35)

Pupae 8.7 ±0.8 (n = 20) 10.2 ± 1.5 in = 30)

Total time 54.3 ± 9.0 54.4 ± 8.7

oviposition had been preyed upon. The time spent between

one oviposition and the other varied from 1 to 19 days.

3.2.2. Larvae. The larvae of O. pallidipennis are light yellow,

presenting a slightly dorsal-ventrally flat body. There are

nine pairs of lateral scoli and a caudal furcae (Figure 1(b))

where the exuvial-fecal shield is attached [18] (Figure 1(c)).

In some species of Cassidinae s.str., this structure works as

physical protection against dissection and predation [54, 55]

.

A chemical defense function, through compounds that are

present in this attachment, is evidenced, also, in other species

[56-58]. Eurypedus nigrosignatus Boheman, 1854 (Cassidi-

nae: Physonotini) obtains those chemical compounds from

its host plant Cordia curassavica (Jacques) Roemer and

Schultes [59]. Studies evidence that these structures have

been shown to be efficient against some natural enemies, but

not against others. In Cassida rubiginosa Muller, 1776 the

exuvial-fecal shield was effective against Formica exsectoides,

Forel 1886 (Hymenoptera: Formicidae) [54] but not against

Polistes dominulus Christ, 1791 (Hymenoptera: Vespidae)

[60]. The fecal shield was also not effective for Chelymorpha

reimoseri Spaeth, 1928 against Polistes sp. and Piaya cayana

Linnaeus, 1766 (Cuculiformes: Coccyzidae) [61]. However,

in H. cyanea, the fecal attachment was efficient against

the coccinellid Cycloneda sanguinea Linnaeus, 1763 and

the hemipteran Stiretrus anchorage Fabricius, 1775 but not
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Figure 3; Leaf with signs of herbivory caused by Omaspides palli-

dipennis Boheman, 1854 (Chrysomelidae) in first stages. A fragment

of Atlantic Forest (Floresta Nacional de Passa Quatro, Minas Gerais

State, Brazil).

against Calleida viridipennis Say, 1823 (Coleoptera: Cara-

bidae) [43].

In relation to the scoli, Eisner et al. [54] found evidences

in C. ruhiginosa that they act in the defense, because when
they are touched, the larvae respond by quickly raising their

fecal attachment.

Most of the Cassidinae larvae seem to have five develop-

ment stages, like O. pallidipennis, O. tricolorata [14], Cassida

ohtusata Boheman, 1854 [62], and AL. elatior [10]. However,

some species present wide variation in the larval stages [3],

arriving in Chelohasis perplexa Baly, 1858 (Hispinae s.str.) at

eight development stages. That determination of the number
of stages can be made through the measurement of the

cephalic capsule [9, 63] or by counting the accumulated

exuviae in the exuvial-fecal shield [14].

Soon after eclosion, the larvae begin to feed around the

egg mass, moving towards the distal end of the leaf. In all of

the larval stages feeding on the borders of the leaf towards

the petiole was always observed. In the first stages, “they

scraped” the parts between the ribbing, leaving the leaf with

lacy aspect (Figure 3). Starting from the third stage, they fed

on the whole leaf (primary and secondary ribs and petiole),

changing to another leaf only when the previous was totally

eaten. The larvae feed from the abaxial surface, as well as the

adaxial surface, always joining after the feeding in cycloalexy,

a form of gregariousness [64]. The larval gregariousness

provides some advantages to the initial stage larvae, such

as ease of feeding, economic use of restricted resource and

group protection against their natural enemies [65, 66] thus

not having interference of the intraspecific competition, as

already mentioned, in the choice of the egg laying site for

the female. During the whole developmental period of the

juveniles, the female was only observed just feeding when the

offspring were in the larval stage. At the end of the fifth stage,

the larvae moved via the plant stem and were positioned in

a clustered, imbricated manner, fastening the end portion of

the abdomen to the branch, to then pupate (Figure 4).

The larval stage is the longest juvenile stage. For the

first cycle, the larval development was 26.0 ± 1.5 days {n =

19 offspring), counted from eclosion to reaching the pupal

Figure 4: Imbricated pupae of Omaspides pallidipennis Boheman,

1854 in stem of its host plant Ipomoea alba L. (Convolvulaceae).

A fragment of Atlantic Forest (Floresta Nacional de Passa Quatro,

Minas Gerais State, Brazil).

stage. In the second cycle the duration was 27.0 ± 2.4 days

{n = 35 offspring; Table 1). The n sample corresponds to

the group of larvae that reached the pupal stage. The time

of larval development among the two cycles did not show

significant difference (f-test, P = 0.0555; df = 50.69).

During the research, offsprings were seen with number
of visibly smaller individuals. It can be considered another

factor, besides the predation. Because the O. pallidipennis

host plant was under constant sunlight exposure, it is

possible that death by dehydration had occurred. Gandolfo

et al. [52] reared M. elatior under different temperatures

(20° C, 25° C, and 30° C) and their juveniles had faster

development at higher temperatures. However, at 30°C the

larvae suffered damage, not reaching the pupal stage. Frieiro-

Costa and Vasconcellos-Neto [14] suggest that the larvae of

O. tricolorata exposed to high temperatures can dehydrate

and die.

3.2,3. Pupae. Soon after reaching the pupal stage they

presented yellowish coloration, becoming yellowish brown
with dispersed dark patches on the body after a period of

24 hours (Figures 1(d) and 4). As in the A. languida [36]

species O. pallidipennis did not retain the exuvial-fecal shield

at pupation. However, there are Cassidinae species that keep

the exuvial-fecal attachment [67] or only the exuviae [68].

The pupal stage was the shortest of the development

stages. In the first cycle, the duration was 8.7 ±0.8 days {n =

20 offspring), presenting an average of 10.2 ±1.5 days {n = 30

offspring) for the following cycle (Table 1). The difference

in the time of development between the cycles was highly

significant (f-test, P < 0.0001; df = 45.97), a reason that can

be attributed here, as well as in the incubation period, to the

variation of the abiotic factors. In the duration of the pupal

development time, the larval stage group individuals that

reached the subsequent stage were used as a basis. The pre-

pupal period was not considered due to the short duration of

that stage, which did not allow precise verification.

Of 43 studied groups, 35 pupated on the stem, and seven

of these pupated on plants other than the host, which were
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support for L alba. The eight groups remained pupated

on the abaxial leaf surface. Of the groups, 19 were found

pupated in areas under sunlight and the others in shaded

locations. When the pupas stayed under direct sunlight,

they protruded out, probably to increase the air circulation

among them. High temperatures can hinder or impede the

development of juvenile stages [52].

3.3. Adults. The adults are gregarious and they show no

apparent sexual dimorphism. Upon emergence, the elytra

and pronotum were a translucent yellow color, becoming

straw-yellow after total sclerotization, that occurred in

approximately seven days. During this period the female

stayed close to juveniles on the abaxial leaf surface of the host

plant. In H. cyanea, the adult, when emerging, was under

its exuvial-fecal shield until total sclerotization of the elytra

[43]. Recently emerged adults were not found mating.

Juveniles feeding started after about seven days. The

adults started feeding from the edges of the I. alba leaf or

preexisting holes in the leaf blade.

This paper explains the importance of observational

studies in the field to understand the biology and ecology

of the species. Subsocial Cassidinae provide excellent study

material, because they are easily observed since they remain

restricted to the development site of the juveniles throughout

their development. However, further research should be

conducted to further elucidate the relationship between

subsocial or non-subsocial Cassidinae and their host plants.
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Evarcha culicivora, an East African jumping spider, is known for feeding indirectly on vertebrate blood by actively choosing

blood-carrying mosquitoes as prey. Using cold-anthrone tests to detect fructose, we demonstrate that E. culicivora also feeds

on nectar. Eield-collected individuals, found on the plant Lantana camara, tested positive for plant sugar (fructose). In the

laboratory, E. culicivora tested positive for fructose after being kept with L. camara or one of another ten plant species {Aloe vera,

Clerodendron magnifica, Hamelia patens, Lantana montevideo, Leonotis nepetaefolia, Parthenium hysterophorus, Ricinus communis.

Senna didymobotrya, Striga asiatica, and Verbena trivernia). Our findings demonstrate that E. culicivora acquires fructose from

its natural diet and can ingest fructose directly from plant nectaries. However, experiments in the laboratory also show that E.

culicivora can obtain fructose indirectly by feeding on prey that have fed on fructose, implying a need to consider this possibility

when field-collected spiders test positive for fructose. In laboratory tests, 53.5% of 1,215 small juveniles, but only 3.4% of 622 adult

E. culicivora, left with plants for 24 hours, were positive for fructose. These findings, along with the field data, suggest that fructose

is especially important for early-instar juveniles of E. culicivora.

1. Introduction

Trophic switching and feeding at more than one trophic

level, although often overlooked in the literature on spiders,

are common themes in the evolution of arthropods [1, 2].

For example, many predatory heteropterans are known to

feed facultatively on plant products [3, 4]. Spiders, however,

are typically characterized as being obligate predators. The

most striking known exception is Bagheera kiplingi [5],

a Central American jumping spider (Salticidae), which is

almost entirely herbivorous despite cohabiting with edible

ant species {Pseudomyrmex spp.). B. kiplingi feeds primarily

on the Beltian bodies (specialized leaf tips) of the ant-acacia

{Vachellia spp.), which also dominate the ants’ diet [6-8].

Although no other spiders are known to rely as heavily

on herbivory as B. kiplingi, many spiders do supplement a

predatory diet with nectar taken from the floral or extra-

floral nectaries of plants (e.g., [9-12]).

Taylor and Pfannenstiel [13] and Chen et al. [14] pro-

vided evidence of fructose ingestion by one or more species

from each of 13 spider families (Agelenidae, Anyphaenidae,

Araneidae, Clubionidae, Corinnidae, Lycosidae, Miturgidae,

Nephiliidae, Oxyopidae, Pisauridae, Salticidae, Tetragnathi-

dae, and Thomisidae). Presence of fructose was confirmed

using cold-anthrone testing, a procedure developed by Van

Handel [15, 16] for detecting the presence of fructose in

mosquitoes. While field and laboratory observations suggest

that nectarivory might be especially prevalent among jump-

ing spiders (Figure 1) [12, 17], only one species {Plexippus

selipes) has been shown to be fructose positive by cold-

anthrone testing [14].

Salticids have intricate vision-guided predatory strategies

supported by their complex eyes
[ 18-20], and the predatory

strategy of Evarcha culicivora is unusually intricate even

by salticid standards [21]. This species feeds indirectly

on vertebrate blood by actively choosing blood-carrying

female mosquitoes as preferred prey [22], a choice it can

make even when restricted to using chemoreception alone.

Olfactometer experiments [22, 23] have also shown that E.
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Figure 1; Evarcha culicivora juvenile approaching nectar on an

extrafloral nectary of Ricinus communis.

culicivora is attracted to the odour of two plant species,

Lantana camara and Ricinus communis, but the role of these

plants in E. culicivora’s biology remains largely unknown.

Here we investigate whether E. culicivora^ attraction to

L. camara and R. communis can be explained, at least in

part, by the spider acquiring nectar meals from these plants.

Using cold-anthrone testing, we confirm that some of the E.

culicivora individuals collected from L. camara in the field

have ingested fructose. We then repeat cold-anthrone testing

under laboratory conditions to minimize the possibility of

the spiders acquiring fructose by any means other than

feeding directly on the plants nectaries, such as feeding

on other parts of the plant or on fructose-carrying prey

(see: [14, 24]). Finally, we determine the specificity of E.

culicivora’s interest in particular plants by testing for the

presence of fructose in individuals that had been housed with

one of ten other plant species.

2. Materials and Methods

2.1. General. Our field site was the Thomas Odhiambo
Campus (Mbita Point) of the International Centre of Insect

Physiology and Ecology (ICIPE) in Western Kenya (elevation

1200m above sea level; latitude 0°25'S-0°30'S; longitude

34°10'E). For the rearing and maintenance of spiders in the

laboratory, we followed procedures that are standard for our

salticid research (see: [25]) and summarize only essential

details here.

The laboratory photoperiod was 12L: 12D, with lights

coming on at 07:00 am. Except for recently hatched juveniles

(see below), each individual spider was maintained in a

standard cylindrical cage (diameter 45 mm, height 55 mm)
made of transparent plastic with two holes in the top

(a screen-covered hole for ventilation and another hole

used for introducing prey). Each spider had continuous

access to water in its cage via a cotton roll that protruded

through a hole in the bottom of the cage into a water-

filled pot below. All holes were 10mm in diameter. The

spiders were maintained on a mixed diet of non-biting

midges (Chironimidae) collected as needed from the field

and blood-fed female mosquitoes {Anopheles gambiae s.s.)

from cultures (see: [26]). The spiders were provided with

these prey three days per week (Monday, Wednesday, and

Friday).

2.2. Cold-Anthrone Testing. No later than 4 hours before

use (see: [27]), a fresh batch of anthrone reagent was

prepared by mixing 150 mL of distilled water with 380 mL of

concentrated sulphuric acid, after which 150 mg of anthrone

powder was mixed with 100 mL of the diluted sulphuric acid.

Each spider from the field or from an experimental trial

in the laboratory (see below) was placed in a vial and stored

at -80°C to arrest enzymatic activity. After 4 hours, the

frozen spider was removed and transferred to a 5 mL test

tube. Moisture was evaporated off the spider by holding

the test tube in a hot water bath (80-90° C) for 15 minutes

(see [15]). The next step in preparing the spider for cold-

anthrone testing was to remove cuticular wax and expose the

spider’s digestive tract. This was achieved by using a solution

of chloroform and methanol (ratio of 1 : 1), which had been

prepared ahead of time and stored at -25° C. Two drops of

this solution were added to the test tube with the spider.

20 minutes later, the spider was gently crushed using a glass

stirring rod.

Next, 0.5 mL of the anthrone reagent was added to the

test tube, which was then agitated for 60 minutes on a vortex

mixer held at 26°C in a water bath. We followed established

procedures for preparing colorimetric standards correspond-

ing to different fructose concentrations [28] . These standards

were made by pipetting 1 pL of each of nine standard sucrose

solutions (see below) into test tubes (one test tube per

standard) and adding two drops of the chloroform-methanol

solution and 0.5 mL of anthrone reagent. The initial sucrose

solution was made by dissolving 25.6 g of reagent grade

sucrose in 50 mL of distilled water and adding enough water

to make 100 mL of solution. Next, we made eight two-fold

serial dilutions (“standards”), as explained by Taylor and

Pfannenstiel [13], each standard corresponding to a specified

concentration of fructose. Standards were stored at -45° C.

Samples from cold-anthrone testing of spiders were

evaluated by visual inspection for colour change. When
fructose was present, samples turned green or blue green,

but samples lacking fructose remained dear yellow. We
adopted matches to the standards at above Ipg as our

criterion for recording a sample as being positive for fructose.

This criterion was derived from “sponge tests” (see below)

designed to determine how effective our cold-anthrone

methods were at detecting fructose specifically in spiders

(i.e., we determined the threshold match to sample above

which glucose would not give a false positive for fruc-

tose). Accordingly, estimates for how many spiders ingested

fructose should be envisaged as conservative. Considerable

digestion of fructose might have occurred during the interval

between the spider ingesting nectar and the spider being

transferred to a freezer (-80°C), and this is another factor

suggesting that our estimates of numbers of spiders that

ingested fructose are conservative.
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2.3. Sponge Testing. Earlier research [29] has shown that

sponge discs soaked in honey solutions can be used for

supplementing the diet of spiders. Here we used sponge discs

to provide E. culicivora juveniles with opportunity to feed

on nectar in the absence of plants. To initiate a sponge test,

a clean disc (diameter 5 mm, thickness 2 mm) cut from a

rubber sponge was dipped in a vial containing nectar or a

sugar solution (30% fructose or 30% glucose) for 10 seconds,

then transferred to a clean rearing cage. There was a cork,

rather than a cotton roll, in the hole in the bottom of the

cage and the disc was pinned to the inside end of this cork.

A spider was put into the cage at 08:00 am and a 1-hour or

a 24-hour individual test (see above) was carried out. There

were no plant cuttings in the cage.

The nectar came from Leonotis nepetaefolia grown in

a field plot. We used this plant species because its flowers

produce copious volumes of nectar. Nectar was squeezed

by hand into plastic vials (diameter 10 mm; height 48 mm),
after which the vials were stored in a freezer at -25°C.

We discovered that nectar volume was usually low in the

afternoon, probably due to depletion by nectarivorous birds

and insects. We avoided this problem by collecting early in

the morning (06:00-07:00 am).

2.4. Testing Spidersfor Fructose after BeingHoused with Plants.

In the field, we collected individuals of E. culicivora that we
found on the flowers of a particular plant species, Lantana

camara, and, within 60 minutes, transferred each collected

spider to a freezer (-80°C) in preparation for cold-anthrone

testing. The rationale for the focus on E. camara was partly

that it is one of the two plants known to attract E. culicivora

[23] and partly that it is one of the most common plant

species in our field site.

For laboratory testing, we used E. camara and Ricinus

communis, the two plant species known to attract E. culi-

civora [23], as well as another nine species chosen as an

arbitrary sample of the numerous plants present in the study

site (see [30]). Plant cuttings collected from the field were

held in a closed plastic box under 100% carbon dioxide for

10 minutes and then examined carefully with a microscope

for any arthropods (e.g., plant-eating insects) that might

have remained on the plant. None were found. Next, the

plant cutting was put into a cage (the size of the cutting was

sufficient to almost fill the cage). The cut stem at the bottom

of the cage was wedged next to the cotton roll and extended

into the water in the pot below the cage, while the rest of

the cutting (flowers, stems, and leaves) was within the cage.

Testing began at 08:00 am, when spiders were introduced

into cages. We decided not to consider differences in how
the plants responded to the treatment (e.g., drying out

with exposure to CO2 ) because we were primarily interested

in determining qualitatively whether the spiders ingest any

nectar at all from the various plants.

In the laboratory, E. culicivora females put their eggs

in silk egg sacs situated inside cocoon-like silk nests. To

acquire the juvenile spiders used for testing in the laboratory,

females were removed from their cages on the day eggs

were laid. After the eggs hatched and the juveniles emerged

from the nest, we waited 3 days before using these juveniles

in experiments. The juveniles we used had not yet fed

before testing. By using recently emerged unfed juveniles, we
eliminated the possibility of these spiders having acquired

fructose indirectly by feeding on insects that had been

feeding on plants. A 3-day waiting period was adopted

because after longer fasting periods juveniles often appeared

weak and, after more than 3 days, many of these spiders died.

For laboratory testing, we also used adult spiders that had

matured 3-4 weeks before use. Adult spiders had not mated

and were fasted for 7 days before testing.

For testing spiders with plants, three protocols were

adopted: 24-hour communal testing (juveniles only, all plant

species), 24-hour individual testing (adults only, all plant

species), and 1-hour individual testing (juveniles only, E.

camara, R. communis, and L. nepetaefolia only). All testing

began at 08:00 am. For 24-hour testing (communal and

individual), spiders were left in cages with plants until

08:00 am on the following day. Communal testing included

a group of about 20 spiders per cage and individual testing

included only one spider per cage.

Directly observing the behaviour by which spiders

acquired fructose was not part of the protocol for field-

collected spiders or during 24-hour testing in the laboratory.

However, we defined “feeding on nectar” as instances of the

spider having its mouth-parts pressed against floral or extra-

floral nectar and, by this definition, we saw spiders feeding

on nectar during casual observations. We saw no instances

of the spider having its fangs extended or making back and

forth movement of chelicerae (i.e., no biting was seen).

The procedure adopted for 1-hour individual testing was

to place one spider directly on the plant and then observe it

continuously. Testing ended when the spider stopped feeding

(i.e., when it moved its mouthparts away from the nectar

for 60 seconds). We aborted the test whenever an individual

had not initiated feeding after 60 minutes had elapsed.

This procedure meant that, in 1-hour individual testing, we
were certain the spiders we assayed using the cold-anthrone

method had, according to our definition, fed on nectar and

that there was no alternative means by which these spiders

might have acquired fructose (i.e., none were seen with fangs

extended or chelicerae making biting movements, and none

were seen feeding on prey).

2.5.

Mosquitoes as an Indirect Source of Fructose for Spiders.

For normal rearing, mosquitoes were given access to a 6%
glucose solution soaked into cotton wool (see: [26]). For our

experiments, instead of the normal 6% glucose solution, we
used female mosquitoes that had been given access to a 6%
fructose solution (via a sponge disc that had been soaked in

the fructose solution). None of these mosquitoes had been

fed blood. We kept each mosquito in a separate cage with

a sponge disc. This was preferable to trying to feed fructose

to mosquitoes in a group, as competition for access to food

would have made it difficult to ensure that most mosquitoes

would receive a fructose meal during the feeding period. At

08:00 am on the following day, these fructose-fed mosquitoes

were put with the spiders (each juvenile spider in a separate



4 Psyche

cage). 24 hours later, the spider was transferred to a freezer

(-80°C) in preparation for cold-anthrone testing.

2.6. Statistical Methods

2.6.1. Field-Collected Spiders. We measured the body size

(accurate to the nearest mm) of 95 field collected individuals

before testing them for fructose. We then conducted a logistic

regression analysis [31] and compared the resulting model

to a constant only model to determine whether body size

was an accurate predictor of fructose presence. We calculated

Nagelkerke’s [31] to assess the strength of this association

and the Wald criterion [31] to determine the degree to

which the predictor contributed to the strength ofthe model.

Finally the odds ratio [31] was calculated to show the

magnitude of change across the regression.

2.6.2. Spiders Housed with Plants or Mosquitoes. When one or

more adults tested positive for fructose we conducted a test

of independence [31] to compare results of the fructose tests

between males and females. We conducted a further series of

tests to compare the results of the fructose tests between

adult and juvenile spiders.

All statistical tests were run using PASW Statistics

software [32].

3. Results

3.1. Presence of Fructose in Field-Collected Spiders. As body

size of the spiders sampled from the field increased, fewer

individuals tested positive for fructose (Table 1). A test of

the full model from the logistic regression against a constant

only model was statistically significant, indicating that the

predictor reliably distinguished between individuals that had

consumed fructose and those that had not {x^
= 10.455, P <

0.001, df = 2). Nagelkerke’s was 0.168, indicating a weak

relationship between prediction and grouping. Prediction

success overall was 81.1%. The Wald criterion demonstrated

that body size made a significant contribution to prediction

(X^
= 7.876, P = 0.005). The EXP(B) value indicated that

when body size is raised by one unit (1 mm) the odds ratio

becomes 0.461 times as large.

3.2. Sponge Testing. 28 out of 35 spiders were positive for

fructose after being left for 24 hours with the sponge pieces

that had been soaked in a fructose solution. Three of 35

spiders left with sponge pieces that had been soaked in a

glucose solution were positive after cold-anthrone testing.

These samples matched the 2pg standard. Based on these

findings, we required a match to standard above 2 /rg as our

criterion for recording that a spider was positive for fructose

(i.e., our data from sponge testing suggest that match to a

sample of 2 pg cannot be distinguished from a false positive).

Although continual observation was not part of the 24-

hour testing protocol, we frequently saw spiders with their

mouthparts pressed against the damp pieces of sponge dur-

ing casual observation. 40 out of 102 spiders were observed

feeding during 1-hour continual observation trials. 37 of

Table 1: Cold-anthrone results from testing field-collected Evarcha

culicivora individuals of different sizes. All spiders collected from the

plant Lantann camara.

Spider body length (mm)
Number positive for fructose

(% positive for fructose)

2 mm 10 of 29 (34.5%)

3 mm 5 of 22 (22.7%)

4mm 2 of 18 (11.1%)

5 mm 1 of 19 (5.3%)

6mm Oof 7

those 40 spiders subsequently tested positive for fructose.

All spiders that were not seen feeding tested negative for

fructose.

3.3.

Presence of Fructose in Spiders Housed with Plants or

Mosquitoes. Only 21 out of 622 (3%) adult spiders tested

negative for fructose after being housed with a plant cutting

for 24 hours. The small number of spiders that tested positive

had been housed with Aloe vera, Leonotis nepetaefolia, or

Ricinis communis. A series of x^ tests comparing results

between males and females for each of these groups showed

no significant difference between adults of the two sexes

(Table 2). Accordingly, data from adult males and females

were pooled before being compared with data from juveniles.

For each plant species used, juveniles tested positive for

fructose significantly more often than adults (Table 3) after

being housed with a plant cutting for 24 hours.

When housed with a nectar source and observed con-

tinually for 1 hour, those individuals that were seen with

their mouthparts on the plant nectaries almost always tested

positive for fructose (Table 4). Spiders were never observed

feeding from parts of the plant other than the nectaries.

In the absence of plants or sugar on sponge pieces, 19 of

57 (33%) spiders tested positive for fructose after feeding on

fructose-carrying mosquitoes.

4. Discussion

Findings from cold-anthrone testing of field-collected E.

culicivora suggest that ingesting fructose is characteristic of

this spider species. As in other studies in which spiders from

the field have been sampled for fructose [13, 14], we could

not rule out the possibility that our spiders from the field

fed from some part of the plant other than the nectaries or

that they acquired fructose indirectly by feeding on fructose-

carrying prey. However, our laboratory data support our

hypothesis that spiders in the field acquire fructose primarily

by taking nectar directly from the plants’ nectaries.

Owing to pretesting procedures, which should have

removed most potential prey from the experimental plants,

it is unlikely that instances of spiders being positive for

fructose after 24-hour tests in the laboratory were the result

of indirect acquisition of fructose from prey. Moreover, we
can be especially confident that fructose was not acquired by

means other than feeding directly from nectaries during the
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Table 2: Intersexual comparisons of the numbers ofEvarcha culicivora adults positive for fructose (cold-anthrone testing) after having been

left with plants for 24 hours. There were no positive results for 8 of the 1 1 tested plant species, so these results are omitted.

Plant species
Females positive for fructose

(% positive for fructose)

Males positive for fructose

(% positive for fructose)
Test for independence, a = 0.05

Aloe vera 1 of 40 (2.5%) Oof 37 = 0.937, P = 0.333 ns

Leonotis nepetaefolia 5 of 35 (14.3%) 1 of 33 (3.0%) = 2.675, P = 0.102 ns

Ricinus communis 6 of 35 (17.1%) 10 of 48 (20.8%) = 0.177, P = 0.674 ns

Table 3: Number ofEvarcha culicivora (juveniles and pooled data for adult females and males) that were positive for fructose (cold-anthrone

testing) after being left with plants for 24 hours. Ranked from highest to lowest percentage positive for juveniles.

Plant species
Juveniles positive for fructose

(% positive for fructose)

Adults positive for fructose

(% positive for fructose) X^ Test for independence, a = 0.05

Lantana montevideo 39 of 45 (86.7%) Oof 29 = 53.139, P< 0.001

Lantana camara 155 of 195 (79.5%) Oof 109 = 176.771, P< 0.001

Clerodendron magnifica 43 of 62 (69.3%) Oof 31 = 39.990, P < 0.001

Striga asiatica 26 of 43 (60.5%) Oof 25 =24.474, P< 0.001

Ricinus communis 85 of 140 (60.7%) 16 of 83 (19.3%) = 36.106, P< 0.001

Leonotis nepetaefolia 44 of 81 (54.3%) 4 of 68 (5.9%) = 39.719, P< 0.001

Verbena trivernia 75 of 149 (50.3%) Oof 24 = 21.326, P< 0.001

Senna didymobotrya 38 of 77 (49.3%) 0 of 61 = 41.543, P< 0.001

Aloe vera 68 of 184 (37.0%) 1 of 77 (1.3%) = 35.490, P < 0.001

Parthenium hysterophorus 51 of 154 (33.6%) Oof 89 = 37.303, P< 0.001

Hamelia patens 26 of 85 (30.6%) Oof 26 = 10.386, P = 0.001

Table 4; Number ofEvarcha culicivora juveniles that were observed

feeding and number that were positive for fructose (cold-anthrone

testing) after being left with plants for 1 hour. Spiders not seen

feeding were never positive for fructose.

Plant species
Number seen feeding

(% seen feeding)

Positive for fructose

(% positive for

fructose)

Lantana camara 12 of 25 (48.0%) 10 of 12 (83.3%)

Ricinus communis 18 of 32 (56.3%) Hof 18 (94.4%)

Leonotis

nepetaefolia
10 of 45 (22.2%) 10 of 10 (100.0%)

1-hour tests, as there was continuous observation. None of

these spiders were ever seen feeding on prey or feeding on

any part of a plant other than the nectaries and almost every

spider that was observed feeding on nectaries subsequently

tested positive for fructose.

From these data, we can confidently conclude that E.

culicivora has the capacity to ingest nectar directly from

nectaries. However, after having access to mosquitoes that

had been feeding on a fructose solution, many E. culicivora

juveniles tested positive for fructose and, in these tests, the

mosquito was the only fructose source that could account

for the findings. This result suggests that indirect fructose

acquisition should be considered as a potential contributor

to our fructose-positive results when field-collected spiders

were sampled. Further research is needed to determine the

relative importance of direct and indirect ingestion of plant-

derived nutrients by E. culicivora.

Examining data from field-collected spiders, we found a

negative relationship between the spider’s size and whether it

was positive for fructose. Fructose-positive results were also

considerably more common for juveniles than for adults in

the 24-hour laboratory tests. Although a number of factors,

such as differential fructose metabolism and how the total

amount of fructose ingested is related to the spider’s body

size, may also play a part in explaining these results, perhaps

the most interesting hypothesis suggested is that nectar

meals are especially important for the smaller juveniles. As

we are currently investigating this hypothesis, here we will

only mention some of the factors that might be particularly

relevant.

Optimal foraging models often use energy intake as

a proxy for the fitness benefits gained by feeding [33].

However, numerous examples [34], including some from

studies on spiders [35, 36], show that nutrient regulation, not

energy maximisation, may be the more important function

of feeding. Perhaps nectar meals are more relevant to the

optimal nutrient balance for small juveniles than for larger

E. culicivora individuals. Furthermore, it may be that the

volume of nectar readily acquirable from L, camara is large

enough to be significant to small juvenile E. culicivora, but

too small to be considered by larger individuals [37, 38].

The type of benefit gained by small juveniles from nectar

may also be important. Although nectar does contain other

nutrients, such as amino acids, its primary component is

sugar [39, 40]. Our results may indicate that sugar meals

are more important to small E. culicivora than they are to

larger individuals. Early-instar spiders are more vulnerable
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to starvation than their later-instar counterparts [41, 42],

which may make easily acquired sugar meals more beneficial

to small juveniles than they would be to larger juveniles or

adults. A sugar meal may act to sustain a small juvenile long

enough that it can succeed at capturing prey and thereby

acquire a more nutrient-rich meal.

Earlier olfactometer experiments [23] showed that the

odours of two plant species, L. camara and R. communis,

attract E. culicivora. Nectar meals from these plants might be

particularly important, but we have shown that E. culicivora

can acquire nectar meals not only from these two plant

species but also from each of the nine other plants used

in our experiments. The full significance of L. camara and

R. communis to E. culicivora may include more than just

providing nectar meals. One of our goals in ongoing research

is to fully investigate the role of particular plants in E.

culicivora’s biology.
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Ant assemblages are almost all related with the vegetation composition and so can provide us important information for

conservation strategies, which are especially relevant to an environmentally protected area. We sampled the ant fauna in three

different phytophysionomies in order to verify if the composition of ant species is different among the areas, especially because

one of the areas is a Rocky Field and there is little information about the ant fauna in this habitat. A total of 8730 individuals

were registered and an NMDS analysis showed that the ant assemblies are different at the three phytophysionomies (Rocky

Field, Riparian Forest, and Secondary Forest). This study shows that the species that compose the ant assemblies in different

phytophysionomies are a reflex of the environment, supporting the hypothesis that the vegetational composition results in different

compositions in the ant assembly. Vegetal composition is determinant in the formation of the litter and consequently in the

occurrence of ant species that depend on this layer of organic matter for nesting and foraging.

1. Introduction

Ants exert important effects in most ecosystems due to their

abundance, population stability, and foraging activity [1, 2].

Some of their main activities are the nutrient cycling and

control of other invertebrate populations [3]. They also

participate actively in the composition ofvegetation through

seeds dissipation [4, 5], which gives them great importance

in recovering degraded areas [6].

Besides their ecological importance, the Neotropical ants

fauna are still little studied, especially if we consider the

region of “Mata Atlantica” (Atlantic Forest) which occupies

only 7% of its original area, according to the Ministry of

Environment data [7]. Studies made in this biome indicate a

high diversity of endemic species, which may comprise 50%
of total species and 95% in certain groups [8, 9].

Actually in recent years, myrmecologists attention has

been concerned essentially with ant communities, ant-

plant relations, mutualisms, biomonitoring, biogeography,

morphology and anatomy, genetics and cytogenetics, and

taxonomy [10]. Ant species inventories made in Brazil are

used to evaluate the conservation state of the environments,

especially in fragmented areas, as the Atlantic Forest [11].

Also, according to Delabie et al. [10] perusal of recent papers
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indicates there are still new ant species to be described in

Neotropical.

Inserted in the Atlantic Forest Biome, the State Park of

Ibitipoca (PEIb) is classified in the category of “Extreme Bio-

logical Importance” because of endemism of some species,

the relevance, the speleological singularity, and the diversity

of habitats [12]. This park occupies an isolated hilly area

from other areas of Rocky Field, presenting a distinctive

flora of “Cadeia do Espinha^o” itself, being considered a

disjunction concerning this Range [13].

PEIb presents significant diversity not only of vegetation,

but also of fauna, landforms, soils, and microclimates [14]

and covers two areas of regional vegetation, originally

composed by semideciduous seasonal forests and “cerra-

dos” [15]. It may be distinguished by five basic types

of phytophysiognomies—altitude “cerrado”. Rocky Fields,

Riparian Forest, capon of forest, and an area of dense

ombrophilous secondary forest.

The Rocky Fields are distinguished mainly by the grass-

land vegetation consisting of grass, herbs, and shrubs on

outcrops of quartzitic rocks associated to shallow soils and

high solar incidence [16]. The PEIb floristic studies indicate

predominance of “candeia” specimens {Vanillosmopsis ery-

thropappa).

The Semideciduous Secondary Forest covers an area

of 90 hectares at the south of the PEIb and it is totally

surrounded by woodlands, being named “Mata Grande.”

Due to the presence of anticlinal crests, this environment

is greatly influenced by clouds, winds, and lightning [17].

There is marked abundance of epiphytic plants and lichens,

with predominance of high trees (up to 25 m) [18].

The Riparian Forest in its extension mostly consists of

shrubs patches that accompany the distribution of thicker

soils, in slope conditions or concave lands. This subtype

of vegetation is humid, with reduced wind action and

remarkable presence of bromeliads and mosses and, in the

edges or less shaded areas, many kinds of lichens [19].

Considering that the vegetation is a good predictor of the

structure of community of ants [20-23], one could suppose

that in different phytophysionomies the composition of ant

species is equally distinct. In this context, a comparison

of ant assemblies in three distinct phytophysionomies was

accomplished—Rocky Field, Semideciduous Secondary For-

est, and Riparian Forest—in the PEIb. The knowledge of

how the ant species composition varies according to different

characteristics of habitat provides important information for

conservation strategies, which are especially relevant to an

environmentally protected area.

2. Material and Methods

2.1. Area of Study. This study was conducted in the State

Park of Ibitipoca—PEIb (2r40'44" S and 43°52'55" W) in

the city of Lima Duarte, Minas Gerais, Brazil (Eigure 1). The

PEIb has approximately 1.488 ha with a mesothermic humid
climate (Koppen classification), with dry winters, pleasant

summers, and average annual temperature around 18.9°G.

The influence of the relief over the climate is very important.

Figure 1: Parque Estadual do Ibitipoca (PEIb) in Minas Gerais

State, Brazil. Red pins: Rocky Fields (RKF); Green pins: Riparian

Forest (RPF); Yellow pins: Semidecidous Secondary Forest (SSF).

Font: Google Earth, 2010.

because the altitude and topography are differentiated and

the anticlinal crests in the PEIb stand out locally concerning

the neighboring areas, leading to a differentiated climate in

the area [17]. In the PEIb three phytophysionomies were

sampled: Rocky Eields (RKE), Semideciduous Secondary

Eorest (SSE), and Riparian Eorest (RPE).

2.2. Ants Sampling. In each of the three phytophysionomies,

three quadrants of 800 m^ each were established. The

minimum distance between the quadrants within the same

phytophysionomy was 50 m. The sampling of ants was

accomplished monthly between July and December 2008.

In each quadrant three parallel transects were established,

spaced from each other by 10 m. Along each transect the

sampling points were determined apart from each other

also by 10 m, in a total of 15 samples/quadrant. In each

transect a different method was employed, as follows: honey

and sardine attractive baits, pit-fall traps, and extraction in

Berlese funnel of litter samples.

The baits contained 5 g of a mixed paste of honey and

sardine (1:1 vol), distributed over paper tissues. The baits

remained in the field for 60 min [24], after been collected for

screening. Pitfall traps consisted of 500 mL plastic cups filled

with 200 mL of water and liquid neutral detergent (10%).

Pitfall traps remained in field for 24 h. Litter samples were

standardized with a plastic grid of 0.25 m^ on soil. The litter

was put in Berlese funnel for 48 h for screening material.

In the quadrants of Rocky Fields, the pitfall traps and the

litter samples were replaced by the attractive bait, considering

the impossibility of using these methods, because litter is

absent in the Rocky Fields and the installation of pitfalls

under the rock is infeasible.

Gollected ants were sorted, counted, and stored in

alcohol 90%, recording phytophysionomy, method, and date

of collect. After, a taxonomic identification was made under

stereoscopic microscope (Leica), from dichotomous keys
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— Rocky Field

Riparian Forest

— Secondary Forest

Figure 2: Sample-based rarefaction curves for the ant species at

three phytophysionomies at Parque Estadual do Ibitipoca—Brazil.

July-December, 2008.

[25, 26]. Ants were coded at genera level and separated

in morph-species. Dr. Rodrigo Feitosa from the Museum
of Zoology of Sao Paulo confirmed the species identifica-

tion. The specimens were mounted and deposited in the

thematic collection of MirmecoLab, ICB-UFJF (Campus

Universitario, Cidade Universitaria-s/n, Juiz de Fora-MG,

CEP: 36036900).

2.3. Data Analysis. To evaluate the sampling effort, we
constructed a rarefaction curve [27], using the program Esti-

mates [28]. Sample-based rarefaction curves indicate that

sampling effort was significant for three phytophysionomies

(Figure 2).

The content of five samples per method of collect was

grouped to obtain a single sample for each transect in

each quadrant. To compare the ant species composition

from different phytophysionomies, we used multivariate

analysis with the program PAST [29]. Data were organized

in a binary matrix, considering the taxonomic level of

genera (presence and absence) and submitted to nonmetric

multidimensional ordination (NMDS). The dissimilarity

between the phytophysiognomies was calculated through the

Bray-Curtis index, which is less affected by the occurrence of

rare species in the samples [30]. The stress index calculated

by NMDS is a measure of goodness-of-fit [31].

Also a one-way analysis of similarity was applied (one-

way ANOSIM), with 10 thousand permutations. This anal-

ysis compares the differences between the averages of the

ranked similarities among the samples within and between

the phytophysiognomies, verifying if there are significant

differences in the composition of genera. ANOSIM generates

a statistic R, which is a measure of dissimilarity between

the areas. R values near zero indicate high similarity while

R values near 1 indicate low similarity [32]. To calculate

ANOSIM, the Bray-Curtis index was also used and each R
value has its corresponding probability.

A similarity percentage test (SIMPER) was applied,

which permits to determine which genera more contributed

to discriminate among assemblies. SIMPER analysis provides

a percentage of dissimilarity among the phytophysiog-

nomies, presenting a percentage of contribution of each

genera for such dissimilarity [31].

3. Results

A total of 8.730 individuals were collected, belonging to

46 species, 20 genera, and eight subfamilies: Ecitoninae,

Ectatomminae, Heteroponerinae, Ponerinae, Eormicinae,

Dolichoderinae, Pseudomyrmecinae, and Myrmicinae, pro-

viding a list of ant species that occur in the PEIb (Table 1).

The greatest number of species was recorded for Riparian

Forest, followed by Rocky Field and Secondary Forest,

listing as exclusive species of Riparian Forest: Pheidole sp6,

Strumigenys louisianae, Brachymyrmex sp2, Paratrechina spl,

and Lahidus spl. As unique species of Rocky Field are listed

up: Cephalotes pusillus, Brachymyrmex sp3, Camponotus

genatus, Myrmelachista sp2, Myrmelachista sp3, and Pseu-

domyrmex spl; and in the Secondary Forest: Brachymyrmex

spl, Myrmelachista spl, and Hypoponera foreli (Table 1).

Among the 19 ant species shared within the three

studied areas, the most representative genera were Pheidole

(7 species), Camponotus (4 species), and Hypoponera (3

species). We highlight the Camponotus absence in the

Secondary Forest and the exclusive occurrence of each one

of the three Brachymyrmex species in each phytophysionomy

(Table 1).

Ant species composition in the three phytophysionomies

differed significantly. (ANOSIM, R = 0.48, P = 0.0001),

being more similar to the samples belonging to the same

phytophysionomies (Figure 3, Table 2). The ordination

NMDS indicates a stress value of 0.16, with the coordinates 1

and 2 explaining 48% and 26% of data variation, respectively.

Actually, the greatest values of dissimilarity were verified

between the Secondary Forest and the Rocky Fields (Table 3),

being their samples, respectively, separated by coordinate

1 .

According to the SIMPER test, the genera that most con-

tributed for the dissimilarity among the phytophysionomies

were Crematogaster and Myrmelachista which are responsible

for 66.58% ofthe variation of species composition among the

phytophysionomies (Table 4).

4. Discussion

The phytophysionomies showed differences in the com-

position of ant species, especially between SSF and RKF
(Figure 3), evidencing the relationship between the vegeta-

tion and the ant fauna.

The SSF presents larger diversity of vegetal species, with

genera of the families Rubiaceae, Lauraceae, Myrtaceae,

Euphorbiaceae, Nyctaginaceae, Melastomataceae, Annon-

aceae, Palmae, Apocynaceae, and Monimiaceae [19]. This
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Table 1: Relative frequency of occurrence of ant species in the three phytophysionomies in the Parque Estadual do Ibitipoca, Brazil. July-

December, 2008.

Species Rocky Field Riparian Forest Secondary Forest

Myrmicinae

Acromyrmex aspersus F. Smith, 1858 0.00 92.29 7.71

Acromyrmex hispidus Santschi, 1925 20.08 78.74 1.18

Apterostigma fgr. pilosum) spl Mayr 20.00 40.00 40.00

Apterostigma sp2 Mayr 94.12 0.00 5.88

Cephalotes pavonii Latreille, 1809 93.52 6.48 0.00

Cephalotes pusillus Klung, 1824 100.00 0.00 0.00

Crematogaster sericea Forel, 1912 98.46 1.50 0.05

Octostruma balzani Emery, 1894 0.00 37.50 62.50

Octostruma rugifera Mayr, 1887 0.00 50.00 50.00

Pheidole obscurithorax Forel, 1985 77.78 15.56 6.67

Pheidole radoskowskii Mayr, 1884 44.32 5.68 50.00

Pheidole spl Westwood 21.90 59.65 18.45

Pheidole sp2 Westwood 39.20 14.20 46.60

Pheidole sp3 Westwood 48.88 26.85 24.27

Pheidole sp4 Westwood 33.33 18.52 48.15

Pheidole sp5 Westwood 60.14 17.39 22.46

Pheidole sp6 Westwood 0.00 100.00 0.00

Solenopsis spl Westwood 1.03 97.94 1.03

Solenopsis sp2 Westwood 38.96 57.14 3.90

Strumigenys louisianae Roger, 1863 0.00 100.00 0.00

Wasmannia ajfinis Santschi, 1929 27.78 50.00 22.22

Wasmannia auropunctata Roger, 1863 19.28 57.83 22.89

Formicinae

Brachymyrmex spl Mayr 0.00 0.00 100.00

Brachymyrmex sp2 Mayr 0.00 100.00 0.00

Brachymyrmex sp3 Mayr 100.00 0.00 0.00

Camponotus crasswsMayr, 1862 92.14 7.86 0.00

Camponotus genatus Santschi, 1922 100.00 0.00 0.00

Camponotus melanoticus Emery, 1894 59.46 40.54 0.00

Camponotus pr bonariensis Mayr, 1868 60.00 40.00 0.00

Camponotus renggeri Emery, 1894 78.02 21.98 0.00

Myrmelachista spl Roger 0.00 0.00 100.00

Myrmelachista sp2 Roger 100.00 0.00 0.00

Myrmelachista sp3 Roger 100.00 0.00 0.00

Paratrechina spl Motschoulsky 0.00 100.00 0.00

Ectatominae

Ectatomma edentatum Roger, 1863 58.23 40.51 1.27

Heteroponerinae

Heteroponera dentinodis Mayr, 1887 0.00 18.75 81.25

Heteroponera inemis Emery, 1894 0.00 5.56 94.44

Ponerinae

Hypoponera foreli Mayr, 1887 0.00 0.00 100.00

Hypoponera spl Santschi 1.75 8.77 89.47

Hypoponera sp2 Santschi 25.00 25.00 50.00

Hypoponera sp3 Santschi 0.00 7.32 92.68

Pachycondyla striata Smith, 1858 22.22 50.00 27.78

Ecitoninae

Labidus spl Jurine 0.00 100.00 0.00
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Table 1: Continued.

Species Rocky Field Riparian Forest Secondary Forest

Dolichoderinae

Linepithema cerradense Wild, 2007 89.61 7.79 2.60

Linepithema pulex Wild, 2007 9.35 90.65 0.00

Pseudomyrmicinae

Pseudomyrmex spl Fund 100.00 0.00 0.00

Table 2; Comparisons ANOSIM paired of the composition of ant

species in the three phytophysiognomies sampled in the Parque

Estadual do Ibitipoca, Brazil. July-December, 2008.

Riparian

Forest

Secondary Rocky

Forest Field

Riparian

Forest
0.257 (P = 0.0003) 0.435 (P = 0.0003)

Secondary

Forest
— 0.747 (P = 0.0003)

Rocky Field —

Table 3: Dissimilarity values (SIMPER) between the three phyto-

physiognomies sampled in the Parque Estadual do Ibitipoca, Brazil.

July-December, 2008.

Riparian Forest Secondary Forest Rocky Field

Riparian Forest — 83.45 86.31

Secondary Forest — 88.61

Rocky Field —

vegetation composition promotes the litter formation and,

consequently the occurrence of cryptic ant species that

depend on this layer to their nesting and foraging [33]

.

Actually we sampled seven and six cryptic ant species at

SSF and RPF, respectively, while there are just four cryptic ant

species at RKF. We pointed out that among these four cryptic

species at RKF, two ofthem are arboricolous (Myrmelachista)

[34], so they are not litter-dependent for nesting or foraging.

The Rocky Field presents characteristics completely

different from the other areas. With a rocky soil, this

open environment has a predominance of small trees with

extra floral nectaries, especially of the genera Vanillosmopsis

(“candeia”). Also the lack of nearby water bodies makes this

phytophysionomy a hostile environment. According to Cam-
pos

[ 16] ,
rocky and sand exposed at the top of these fields are

among the most extreme combinations of an environment.

Mountainous areas, on which are found the rocky fields, are

comparable to islands separated by very different ecological

conditions [35]. The occurrence of arboreal ant species that

present association with plants {Crematogaster, Cephalotes,

Pheidole, Camponotus, Myrmelachista, Linepithema, and

Pseudomyrmex) is a reflex of Rocky Field characteristics.

We emphasize the high frequency of Camponotus in the

Rocky Field in contrast to its absence in the Secondary

Forest. Camponotus is cited as the most frequent in open

habitats such as sandbanks [36], “cerrado” [37-39], and

“caatinga” [40]. This study includes Rocky Field as a habitat

that allows to its occurrence. The absence of Camponotus in

Coordinate 1

Figure 3; Nonmetric multidimensional ordination (NMDS) of

ant species composition in three phytophysionomies sampled in

the Parque Estadual do Ibitipoca, Brazil. July-December, 2008.

Secondary Forest (triangles). Riparian Forest (squares), and Rocky

Field (circles). Stress value = 0.16.

the Secondary Forest could be related to the achievement of

collects exclusively in soil, combined with the high scale of

the vegetation in this area.

Besides Camponotus, Brachymyrmex is also noteworthy,

given the observed spatial segregation in which each of the

three species was exclusively sampled in one of the areas.

This spatial segregation can be explained given the high level

of aggression recorded for the genera, even in intraspecific

interactions [41].

For Riparian Forests the values of dissimilarity are near

50% and can be considered as a transition range between

the two other phytophysiognomies, agreeing with the spatial

location of this habitat in the PEIb (Figure 1) and with the

presence of specialist (e.g., Acromyrmex, Lahidus), invasive

(e.g., Solenopsis, Paratrechina), and cryptic ant species {Stru-

migenys).

This study shows that the species that compose the ant

assemblies in different phytophysiognomies are a reflex ofthe

environment, especially of the plant species, supporting the

hypothesis that differences in the vegetational composition

result in different compositions in the ant assembly.

Also the vegetational composition is determinant in the

formation of the litter and consequently in the occurrence

of ant species that depend on this layer of organic matter for
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Table 4: Cumulative contribution of ant genera for the dissimilarities among the phytophysionomies (SIMPER) sampled at Parque Estadual

do Ibitipoca, Brazil. July-December, 2008.

Genus Cumulative contribution %
Rocky Eield

Average abundance

Riparian Eorest Secondary Eorest

Crematogaster 42.64 1.78 0.05 0

Myrmelachista 66.58 0 1.78 0.05

Pheidole 80.35 0.05 0.27 2.78

Acromyrmex 93.13 3.83 0.33 0.11

Camponotus 96.92 0 0.22 2.83

Linepithema 98.83 0.22 0.5 0.27

Solenopsis 99.41 0.88 0 0.05

Wasmannia 99.68 0.11 0.11 0.27

Heteroponera 99.85 0 0.05 0

Strumigenys 100 0.11 0 0

nesting and foraging as the cryptic ant species [42] . Obtained

data suggest that determination ofant fauna in the Secondary

Forest and Riparian Forest is dependent of the conditions

and resources provided by these phytophysiognomies, for

instance, the presence of litter, shaded areas, and high trees.

Unlike, in the Rocky Field, it is expected that the competition

is the most important factor in determining the species that

compose the assembly, considering the absence of litter, high

insolation, and scarcity of resources.
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Fragments of Atlantic Rainforest and extensive eucalyptus plantations are part of the landscape in the southeast region of Brazil.

Many studies have been conducted on litter ant diversity in these forests, but there are few reports on the nesting sites. In the present

study, we characterized the ant communities that nest in twigs in the leaf litter of dense ombrophilous forests and eucalyptus trees.

The colony demographics associated with the physical structure of the nest were recorded. In the eucalyptus forests, the study

examined both managed and unmanaged plantations. During five months, all undecomposed twigs between 10 and 30 cm in

length containing ants found within a 16-m^ area on the surface of the leaf litter were collected. A total of 307 nests and 44

species were recorded. Pheidole, Solenopsis, and Camponotus were the most represented genera. Pheidole sp.l3, Pheidole sp.43 and

Linepithema neotropicum were the most populous species. The dense ombrophilous forest and a eucalyptus plantation unmanaged

contained the highest number of colonized twigs; these communities were the most similar and the most species rich. Our results

indicate that the twigs are important resources as they help to maintain the litter diversity of dense rain forest and abandoned

eucalypt crops.

1. Introduction

The Brazilian Atlantic Forest, which once covered about one

million and two hundred thousand square miles, is reduced

to 12% of its original area [1] and considered one of the

most endangered biodiversity hot spots in the planet [2, 3].

Currently, part of its original area is occupied by Eucalyptus

[4], which is a genus originating from Australia. In general,

eucalyptus plantations can be found in approximately 50% of

all tropical forests [5], but the leaf litter has a low nutritional

quality [6, 7], which adversely affect the plant communities

and various animals [8], including ants [9-11].

In tropical forests, approximately 50% of the ant fauna

may be associated with the leaf litter [12], participat-

ing actively in the soil structure [13, 14]. However, the fac-

tors that structure their communities are poorly understood

[15, 16], especially communities that live in the leaf litter of

the Brazilian Atlantic Rainforest. One fundamental goal of

ecology is to understand the structure and maintenance of

diverse tropical assemblages [17]; the availability of nests is

one of the factors structuring litter ant communities
[ 18]

.

Ants primarily find food and nesting sites in the leaf litter

of tropical forests [19, 20], and diverse nesting sites are a

prerequisite for maintaining ant species richness in this forest

stratum [21]. Their nests are found in interstices, in twigs,

inside fruit, and between decomposing leaves or trunks [22].

Among the resources provided by the leaf litter, twigs/trunks

are essential for ant nests to occur [23], and this microhabitat

is part of the life cycle of several species [24, 25]

.

In Brazil, the leaf-litter ant fauna has been extensively

studied in areas reforested with eucalyptus [9-11, 26], but

few studies have addressed the communities found on fallen
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Figure 1: Location of the Itatinga (a) and Upper Tiete (b) river watersheds where the samples were collected.

twigs in this stratum. Thus, in the present study, we exam-

ined the ant communities in the twigs of the leaf litter from

dense ombrophilous forests and eucalyptus plantations and

compared the nest and population characteristics. Due to the

specific abiotic and biotic conditions of eucalyptus forests,

we expected to find smaller populations, a reduced number
of species, and a decreased number of twigs containing

colonies compared to in the native forests.

2. Methods

2.1. Study Area and Sampling. The colonies were collected

in 20 areas located in the Itatinga and the Upper Tiete river

watersheds (Figure 1) in the southeast region of Brazil. The

types of forest analyzed can be described as follows.

(i) Dense ombrophilous forests (DOF, n = 5), charac-

terized by a developed understory, the presence of

herbaceous plants, and shrubs and trees between 2

and >20 m in height.

(ii) Eucalyptus grandis forests: plantations in areas of def-

orested DOF.

(1) Commercial plantation managed for 7 years

(El, n = 5) characterized by the absence of an

understory, soil covered by grasses, and 25 m
tall eucalyptus trees;

(2) commercial plantation managed for 28 years

(E2, n = 5), characterized by a poorly devel-

oped understory, soil covered by grasses, and

25 m tall eucalyptus trees;

(3) plantation left unmanaged for 28 years (E3, n =

5), characterized by a well-developed under-

story with herbaceous plants, shrubs, and trees

up to 20m in height and 30m tall eucalyptus

trees.
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The samples were collected weekly between December

2010 and April 2011, spanning the region s rainy season [27]

.

Each sampling expedition was conducted one day after rain

in locations without trails and without flooded areas.

In each area, six 16 m^ plots were delimited in each area

along a linear transect. The plots were separated by 50m
to ensure the samples independence [28, 29]. The sampling

effort for each plot was constant (collection time = 30

minutes and number of collectors = 3 per plot). All of the

undecomposed twigs with lengths from 10 to 30 cm and con-

taining ants were manually collected and individually placed

in plastic bags for later identification. This twig size was

selected because smaller twigs were generally decomposing

in the sampling areas of dense ombrophilous forest, which

would make it impossible to compare with fallen twigs in

the litter of eucalyptus forests. Furthermore, the selected size

was the approximate size of most ant-colonized twigs [23].

Only the twigs that were found on the surface were collected

because they are the most recent resources in the leaf litter.

The twigs with colonies were counted (i.e., density of

nests), and the ants were identified according to their genus

and named according to Bolton et al. [30], except for the

group Prenolepis, which followed the LaPolla et al. classifi-

cation [31]. The species were identified by comparing them

with specimens deposited in the reference collection at the

Museum of Zoology, University of Sao Paulo, Brazil (Museu

de Zoologia da Universidade de Sao Paulo—MZUSP). The

classification proposed by Bolton [32] was used to classify

the subfamilies. Voucher specimens were deposited in the

Myrmecology Laboratory collection at the University of

Mogi das Cruzes and at MZUSP.

2.2. Characterization of Nests, Demographic Data, and Litter

Depth. Using a digital caliper, the total diameter of the twigs

that contained colonies was measured; five measurements

were conducted on each twig. The immature stages (eggs,

larvae, and pupae) and workers were counted using a manual

counter. The litter depth was measured using calipers at the

corners and in the center of each 1 m^ plot. These small plots

were randomly marked within each 16 m^ plots. The average

of five values was used to define the stratum depth.

2.3. Data Analysis. Comparisons between forest types were

performed using the number of occurrences ofa species (pre-

sence and absence data). The species accumulation curves

and estimated richness curves (Chao 2) were calculated based

on the number of samples using the Estimates software [33].

The laccard similarity coefficient was calculated between the

different forest types.

The species richness, nest abundance, abundance of

immature stages, and the diameter of the twigs were com-

pared between the different forest types using the Kruskal-

Wallis test. The relationships between species richness and

leaf-litter depth were identified using scatter plots and

Pearson correlations. The same analyses were performed for

nest abundance. All analyses were preceded by the Lilliefors

test to check for data normality. The BioEstat software [34]

was used for both of the tests with a 5% significance level.

3. Results

Out of the 1,920 m^ of leaf litter, 307 nests were counted,

including seven subfamilies, 18 genera, and 44 species. Myr-

micinae was the richest subfamily, in both the num-
ber of nests (83) and species (19). Pheidole, Camponotus,

and Solenopsis were the richest genera, with five species each

(Table 1). Only one species was recorded from each twig.

The sampling effort was sufficient to record 93% of the

species that live in fallen twigs in the leaf litter of the dense

ombrophilous forest, 36% in commercial plantations man-

aged for 7 years, 60% in commercial plantations managed

for 28 years, and 73% in the plantations left unmanaged for

28 years (Figure 2). The Jaccard similarity coefficient ranged

from 0.16 (El X E2) to 0.44 (DOF X E3) among different

forest types.

The dense ombrophilous forest and the eucalyptus

plantation left unmanaged for 28 years exhibited the most

richness, including 28 and 26 species (Table 1) and an

average richness of 11 (±3.36) and 11 (±2.61), respec-

tively. The species density was 0.06 species/m^ in the dense

ombrophilous forest, 0.05 species/m^ in crops left unman-
aged for 28 years, and 0.02 species/m^ in commercial crops

managed for 7 years and commercial crops managed for 28

years.

The richness was significantly different between forest

types (Kruskal-Wallis = 14.1064; df = 3; T < 0.05)

(Figure 3(A)). The abundance of nests also differed between

forest types (Kruskal-Wallis = 16.7154; df = 3; P < 0.05)

(Figure 3(B)). The depth litter did not differ between forest

types (P > 0.05) (Figure 3(C)). The number of workers

(Kruskal-Wallis = 14.8629; df = 3; P < 0.05) and immature

stages (Kruskal-Wallis = 16.3486; df = 3; P < 0.05) also

differed between forest types (Figures 4(A) and 4(B)). The

diameter of the twigs occupied by ant colonies did not differ

between forest types (Kruskal-Wallis = 2.5200; df = 3; P >

0.05) (Figure 4(C)). The leaf-litter depth was related to the

nest abundance (r = -0.6299; P < 0.05) (Figure 5), but not

to species richness in twigs (r = -0.3826; P > 0.05).

The DOF fragments had the highest density of

nests colonized by ants (0.34nests/m^), followed by E3

with 0.2nests/m^, E2 with 0.06nests/m^, and El with

0.03 nests/m^. The colonies of Heteroponera sp.3, Pheidole

sp.l3, Hypoponera sp.4, Linepithema neotropicum (Alex Wild,

described the species in 2007), and Hypoponera sp.4 occurred

in the twigs with larger diameters (Table 1). The colonies of

Pheidole sp.l3 and Pheidole sp.43 were registered with the

highest number of workers; the colonies of L. neotropicum

have more immature individuals (Table 1).

The presence of alates and a queen was recorded for a

higher number of species in the FOD fragments. The pres-

ence of more than one queen in the same colony was only

recorded for Solenopsis sp.2 (Table 2).

4. Discussion

Many nests recorded in the litter of the different forest types

can be characterized as ephemeral because only workers and

immature stages were found [23]. These places of temporary
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Samples

(a)

Samples

(b)

Figure 2: Curves for the observed (a) and estimated (b) richness of ants recorded in twigs from the leaf litter of the different forest types.

DOF: dense ombrophilous forest, El: commercial plantation managed for 7 years, E2: commercial plantation managed for 28 years, and E3:

plantation left unmanaged for 28 years.

Study areas

(C)

Eigure 3: Species richness values (A), mean nest abundance (B), and average depth litter (cm) (C) differed between forest types. DOE: dense

ombrophilous forest, El: commercial plantation managed for 7 years, E2: commercial plantation managed for 28 years, and E3: eucalyptus

plantation left unmanaged for 28 years. Vertical bar: standard deviation. Different letters: P < 0.05.
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Figure 4: Average number ofworker (A), immature stages (B), and the mean diameter of the twigs (C) containing ant colonies in each forest

type. DOF; dense ombrophilous forest, El; commercial plantation managed for 7 years, E2; commercial plantation managed for 28 years,

and E3; eucalyptus plantation left unmanaged for 28 years. Vertical bar; standard deviation. Different letters; P < 0.05.

Eigure 5; Relationship between depth litter (cm) and nest abunda-

nce in twigs of the leaf litter differed between the forest types.

shelter may represent satellite nests [23, 35] or polidomic

nests, without the presence of queens [36]. Thus, the nest

structure increases the chances of territory defense [37],

survival of the colony itself, which is most at risk for pre-

dation when it is concentrated in a single place [38], increase

foraging area [39] and the occupation of new areas [38, 40].

The most of the species recorded in the twigs are

common in leaf litter of dense ombrophilus forest [41, 42] or

eucalyptus crops [9-11]. Arboreal genera, such as Cremato-

gaster, Myrmelachista, Procryptocerus, and Pseudomyrmex

[23, 43-45], have also been reported in twigs, which can

cause the occasional detection of arboreal ants in the leaf

litter, as discussed by Delabie et al. [46]. Specifically M/rmc-
lachista, which is an exclusively arboreal genus [44] ,

may have

external nests, with immature workers, queens and winged

in fallen twigs in the Brazilian Atlantic forest litter [24, 25]

was also recorded in eucalypt forests. In this case, the nests

were found primarily in areas with understory. Probably, in

the forests of eucalyptus, Myrmelachista species use more of

understory vegetation for foraging and nesting; twigs/trunks

of eucalyptus trees should be little occupied. In forests of

Araucaria angustifolia (Bertol.) Kuntze [47] reported the

presence ofMyrmelachista nests in tree and fallen twigs near

it.

Species diversity in ombrophilus forest was much higher

than in eucalyptus forest, and this richness may be due

to greater number of twigs in older forests [28, 48, 49],

with attractive features (soft, hollow, wet, and twigs with

holes) [23]; moreover, ant species having different body

sizes and colony sizes may use a wider variety of nest sizes

[50]. Regarding twigs originating from eucalyptus forests,

they are hard, dry, and slightly moist, which makes difficult

the colonization [49]. The moisture is an important factor

for ants in colonizing new habitats [51, 52], but species

of Brachymyrmex, Camponotus, Crematogaster, Linepithema,

Myrmelachista, Pachycondyla, Pheidole, and Pseudomyrmex

have also been recorded in bamboo [35, 53], which is a

microhabitat with low humidity.

Along with other resources, twigs are important compo-

nents of leaf litter [23] despite only supporting the colony
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Table 2: Presence of a queen and alates according to the recorded species in twigs and forest type.

Species/morphospecies Nests with

FOD

Queen

a queen

E3

Queens/nest

FOD E3

Nests with alates

EOD E3

Alates

Total number

EOD

or range

E3

Brachymyrmex incisus 2 1 2 2-20

Camponotus {Myrmaphaenus) 1 1

Camponotus sp.9 5 1 1 5

Camponotus sp.lO 1 1 1 1

Crematogaster gr. Arthocrema 3 1 1 4

Hylomyrma sp. 1 1 1

Hypoponera sp.7 1 1

Linepithema iniquum 6 1-42

Linepithema neotropicum 1 1

Mycetosoritis sp. 1 1 13

Myrmelachista catharinae 9 1-15

Myrmelachista ruszkii 12 1-18

Pachycondyla crenata 3 1-16

Pheidole sp.7 3 1 12 14 1-18 1-38

Pheidole sp.l3 6 1 26 1-12

Pheidole sp.43 9 1

Procryptocerus sp.2 3 1-10

Pseudomyrmex phyllophilus 1 1 1 9

Solenopsis gr. Diploroptrum 1 3

Solenopsis sp.2 1 5 1 1

Total number of species 9 3 11 7

for a short time because of the scarcity of food or the

decomposition of the wood [28]. Twigs at different stages of

decomposition can accommodate 0.88 nests/m^ in Lowland

rainforest (Equador) [16], 0.22 nests/m^ in the central Ama-
zonian rainforest (Brazil) [23], and 7.43 nests/m^ in tropical

wet forest (Costa Rica) [28]. The number of nests recorded

in the present study for the dense ombrophilous forest was

lower than previously reported but fell within the range of

0 to 23nests/m^ in twigs and between leaves in the leaf

litter [28, 54, 55]. In Eucalyptus citriodora Hook forests with

understory were recorded 0.2nests/m^ [49], corroborating

the results of this work for the eucalyptus forest without

management.

Variation in the density of nesting colonies and species

richness between the different forest types may be related to

the complexity of the vegetative structure. The structure and

composition of ant communities are affected primarily by

vegetation [56, 57], which provides the necessary resources

for food and nesting [58, 59]. Changes in the floristic

composition influence the arboreal ant communities [60],

the soil [61], the leaf litter [60, 62], and, possibly, those who
seek to use twigs for nesting.

Since twigs heterogeneity directly affects the ants diver-

sity [63], species richness and abundance increase with

natural twig density [64], the eucalyptus forests being more

homogeneous, resulting in a less varied supply of resources.

reduced richness and decrease in the organisms diversity [10,

65]. The release of different allopathic substances [66] that

compromise nutrient cycling [67] and the size of macroin-

vertebrates [68], a canopy cover that exposes the leaf litter to

intense sunlight, rain, and wind, thus modifying the micro-

climate, the decomposition of the leaf litter, and the compo-

sition of the local fauna [7] are also factors that influence the

diversity of ants in the leaf litter of eucalyptus forests. These

factors may also affect the ant species that seek the twigs as

resources. Thus, even the litter of eucalyptus forests is similar

to native forest, their resources are scarce and similar and, as

consequence, the number of twigs colonized by ants is lower

when compared to the dense ombrophilous forest.

The undecomposed twigs, despite harboring a smaller

number of species compared to twigs in different stages of

decomposition [23] and in leaf litter from dense ombrophi-

lus forest [69] and eucalyptus forests [9-11], represent

another source of resources for nesting. Consequently, unde-

composed twigs compose part of the set of structural ele-

ments that maintain the diversity of ants that forage in leaf

litter, especially in dense ombrophilus forest and abandoned

eucalyptus plantations. The present study also shows that,

with time, the ant communities that seek undecomposed

twigs as resources in abandoned eucalyptus plantation are

similar to those in native forests. These results are important

for understanding the recovery process of ant diversity in
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the leaf litter of areas of dense ombrophilus forest following

an anthropogenic action, in addition to providing informa-

tion on the biology of some ant species of tropical forests.
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While it has been known for at least a decade that the colony

numbers of the managed pollinator, the Western honey bee

Apis mellifera, was on the decline, pollinator problem was not

well publicized until the Colony Collapse Disorder (CCD)
further ravaged the honey bee population in the United

States
[ 1 ] . In addition to honey bees, now it is known that

bumble bees [2] and other pollinators [3] are also on the

decline, perhaps due to combined effects of pesticide use and

habitat destruction by Homo sapiens. While in the past the

main focus has been on the honey bees, we felt that a special

issue that includes other pollinators was warranted. Thus

was born this special issue, highlighting various important

challenges pollinators face.

Stress from Pathogen. The paper by S. L. Bushmann et al.

determined if the prevalence of Nosema homhi infection was

related to history of commercial bumble bee use. Previous

studies suggested that bumble bee rearing facilities can

spread parasites to local bumble bee populations, but it is not

clear whether use ofcommercial bumble bees in the field may
increase infection rate of a pathogen. The study did not find a

higher infection rate ofNosema in wild bumblebees {Bombus

spp.) sampled in lowbush blueberry fields with a history of

commercial bumblebee use, compared to those without such

a history. However, the study shows for sure one species

of bumble bee, B. terricola, declined in sampled regions.

This was most likely due to Nosema infection because about

half of the bees were infected. However, it could also be

due to other factors that first weakened the immune system

of the host bees, then causing a higher rate of infection

contributing to the population decline. These factors could

be due to suboptimal habitats or pesticides used in the crops

(blueberry) that end up in the nectar or pollen that these bees

foraged upon. Future studies are needed to determine why
this native species suffered such a high rate of infection.

Stress from Transportation. There are specific stressors only

experienced by managed pollinators. Case in point, each year,

over one million managed honey bee colonies are moved
across the United States to California for almond pollination.

Imagine being transported across three time zones in a

highly crowded environment with poor ventilation—it does

not sound healthy. Yet, we understand little about how
transportation affects honey bee physiology or behavior. K.

Ahn et al. conducted an extensive study with three trials

in three different states (California, Georgia, and Michigan)

to determine the effects of long distance transportation

on honey bee physiology. They used a common source

of bees, age-marked them by painting, then split them

into two colonies, one experiencing transportation and

one being stationary. They measured juvenile hormone
titers, reasoning that transported bees will experience more

stress, higher mortality of older bees, and thus young bees

should develop faster to become foragers. Foragers would

have higher juvenile hormone titers. Yet, they found no

significant differences in juvenile hormone titers between

bees reared in the two types of colonies. Protein content

in head or thorax and lipid content in abdomen were also

largely not different. The only constant measurement that

responded to transportation seems to be the size of the food

glands, the hypopharyngeal glands. This gland produces the

protein portion of royal jelly or worker jelly, which also

has lipid component secreted by mandibular glands. This

study suggests that bees experiencing transportation have

trouble fully developing their food glands, and this might

affect their ability to nurse the next generation of workers.
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It would be interesting to determine the lasting effects of

this transportation stress: do bees recover at all from such

an effect? If so, how much time is needed?

Stress from Climate Change. Climate change is a rather

large topic currently, but how climate change would affect

pollinators remains unknown. D. L. Delgado et al. presented

a model study to tackle this question for honey bees.

The authors asked two questions for Puerto Rico. First,

what is the relationship between honey yield and climate?

Second, what is the extent of its spatial variability under

current and future scenarios of climate change? The authors

developed a number of bioclimatic models that were used in

a geographical information system to identify suitable areas

for honey production under current and future scenarios

of climate change. Models indicated importance of three

bioclimatic variables: (1) temperature seasonality, (2) mean
temperature of the wettest quarter negatively correlated

with honey yields, and (3) precipitation of the wettest

month positively correlated with honey yields. In general, the

models showed that both honey yields and areas suitable for

honey production will decrease under scenarios of climate

change. These results illustrate the possible impacts of

climate change on honey bees and a method for investigating

impact of environmental factors on pollinators.

Plant-Pollinator Interactions. It is known that both biotic

and abiotic factors can affect soil quality, which in turn

can significantly impact plant growth, productivity, and

resistance to pests. Y. J. Cardoza et al., therefore, examined

whether soil enhancements of vermicompost (earthworm

compost) affected the behavior and physiology of a bumble

bee species Bombus impatiens. Soil enhancement seems

positive for pollinators because it significantly increased the

bees’ visit durations and reduced time to first discovery of

flowers. Bumblebee workers that had fed on flowers from

plants grown on enhanced soil also possessed significantly

larger and more active ovaries, suggesting a better nutrition

of these flowers to bees. Indeed, pollen from these plants had

significantly higher protein content, although sugar content

from nectar was higher but not significant. It would be

interesting to pursue further what nutrients are enriched in

these vermicompost added soils.

Plant-pollinator interactions are often considered as

tightly coevolved, mutualistic relationships. Flowever, not all

visitors may be efficient pollinators. R. W. M. U. M. Wani-

gasekara and W. A. I. P. Karunaratne studied the bees visiting

flowers of the vegetable crop, Solanum violaceum, and the

efficiency of buzz pollination by bees on fruit and seed

production in Sri Lanka. Four buzzing bee species: Hoplono-

mia westwoodi, Amegilla comberi, Patellapis kaluterae, and

Xylocopa tenuiscapa, and 3 nonbuzzing species: Apis dorsata,

Trigona iridipennis, and Ceratina hieroglyphica visited the

flowers of S. violaceum. Buzzing bees were the first to visit

Solanum flowers and were followed by nonbuzzing bees.

Handling time of H. westwoodi and P. kaluterae varied with

the availability of pollen in anthers that deplete with the age

of flower and stayed longer at new flowers than at old flowers.

Handling time of the larger buzzing bee, H. westwoodi, was

higher than that of the smaller P. kaluterae. The fruit set,

seed set, and seed germination ability in flowers visited by

buzzing bees were significantly higher than those of the

flowers bagged to exclude pollinators.

The work on potential pollinators or floral visitors to

Brazil nut in the central Amazon rainforest could be a

classic because of careful observation and description first

being reported in this issue (M. C. Cavalcante et al.).

This study is similar to the study by Wanigasekara and

Karunaratne which studied bee visitors of one plant species,

Solanum, but was carried out with cultivated Brazil nut trees

{Bertholletia excelsa Bonpl., Lecythidaceae) in the Central

Amazon rainforest, Brazil. The study aimed to determine

pollination requirements and floral visitors of Brazil nut

trees and to investigate foraging behavior of these visitors in

commercial plantations. Results showed that B. excelsa was

predominantly allogamous but capable of setting fruits by

geitonogamy. Nineteen bee species, belonging to two fam-

ilies, visited and collected nectar and/or pollen throughout

the day. Individuals from 16 of 19 bee species succeeded

entering the flower and potentially acted as pollinators.

However, after considering abundance, flower frequency, and

foraging behavior of floral visitors, it was concluded that only

two species, Eulaema mocsaryi and Xylocopa frontalis, could

be, considered relevant potential pollinators.

Invasive Species. Invasive species also take part in plant-

pollinator interactions. The “tour-de-force” study of pollina-

tors of invasive and native species of Potentilla by J. Mclver

and K. Erickson demonstrates how invasive plants and

invasive pollinators could augment the risk to native species.

In other words, interactions of invasive species in a region

should be considered and not just each invasive species on its

own accord! The authors studied four sites in northeastern

Oregon, USA in a relatively long-term study (2002 to 2004),

and found that invasive plant sulfur cinquefoil and its native

congener slender cinquefoil attracted over 100 insect species

in 4 orders. Interestingly, compared to the native, nearly

twice as many seeds germinated for sulfur cinquefoil, with

seeds germinating over a longer period of time. The greater

frequency of nonnative pollinators such as honey bees was

observed on the invasive Potentilla species.

As the subtitle of this special issue indicates, by its nature,

studying pollinators requires combining many different

fields of expertise such as taxonomy, physiology, behavior,

and others. We would like to thank all contributors, many
reviewers from diverse fields, and all authors who submitted

their work for this issue. Pollination has a great impact on

life on earth, and we do hope that this special issue would be

a beginning to combine basic and applied studies to expand

our knowledge on pollinator biology.

Zachary Y. Huang
Tugrul Giray
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True bugs (order Hemiptera; suborder Heteroptera; about

40,000 species) are increasing in importance as pests

because of international commerce, insecticide resistance,

range expansion due to global warming, and immunity

to genetically modified crops (GMOs). Haematophagous

bugs suck blood from humans and other animals, and

phytophagous species are crop pests. Damage caused by

plant bugs (Miridae) and stink bugs (Pentatomidae) is

escalating everywhere GMOs have been adopted, not only

because bugs are unaffected by the 5t-endotoxins used

to transform crops, but also because the advent of no-

till agriculture with herbicide-resistant GMO crops leaves

debris and fallen seeds favoring infield survival of bugs.

Resurgences of phytophagous bugs has also occurred in

crops treated for mating disruption for control of primary

pests such as codling moth, with a consequent decrease in

pesticides that used to incidentally control bugs. Finally,

adoption of GMOs has dramatically reduced insecticide

usage, facilitating establishment of invasive species such as

the brown marmorated stink bug (BMSB) {Halyomorpha

halys) that is currently wreaking havoc in many parts of the

United States.

For this Special Issue we have broadened the scope of

chemical ecology to include recent advances in heteropteran

endocrinology, genetic research, symbionts, electronic pest

detection, acoustic communication, and parasitoid host

searching, as well as more mainstream investigations of

semiochemicals and their use for trapping and monitoring

pest species. In all, this compilation includes 17 manuscripts,

with authors from nine countries.

The issue includes semiochemical-related articles on

species from seven heteropteran families. T. Yasuda and

H. Higuchi describe the sex pheromones of two plant bug

(Miridae) species, and their use for monitoring these rice

pests in Japan. A. Gonzalez et al. and G. Martins et al. report

original semiochemical pheromone and allomone research

on a “rare” bug native to Australia, Thaumastocoris peregrinus

(Thaumastocoridae), which is now ravaging eucalypt planta-

tions in Brazil and Uruguay. R. A. Laumann et al. identified

the female-produced attractant pheromone of a South

American bean pest, Neomegalotomus parvus (Alydidae), and

A. Khrimian et al. identified the male-produced attractant

pheromone of an Australian fruit-spotting bug {Amblypelta

lutescens lutescens) from the alydid sister family, Coreidae. G.

Manrique and M. Lorenzo report on investigations of the

chemical signals used between male and female triatomine

bugs (Reduviidae: Triatominae), vectors of Trypanosoma

cruzi, the protozoan etiological agent of Ghagas’ disease in

the Americas. N. Singh et al. studied the interactions between

carbon dioxide, heat, and chemical lures in attracting the

bed bug, Cimex lectularius (Gimicidae), which is resurging

as a nuisance pest worldwide. There are five manuscripts

involving stink bug (Pentatomidae) communication. (1) T.

G. Leskey et al. report on the impact of the invasive BMSB
{H. halys) in mid-Atlantic fruit orchards in the United States,

based upon traps baited with the aggregation pheromone
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(methyl (2£,4£,6Z)-decatrienoate) of the Asian pentatomid

{Plautia stall) to which BMSBs are powerfully attracted.

(2) N. Endo et al. documented age-related and individ-

ual pheromone variation in males of another pentatomid

exhibiting pheromonal cross-attraction in Japan, Piezodorus

hybneri. (3) R G. Tillman and T. E. Cottrell reported

results of a 2-year on-farm experiment in the southeastern

United States using a trap crop with pheromone-baited

traps to suppress Euschistus servus in cotton, (4) C. C.

A, Silva et al. studied substrate vibrations, the close-range

acoustic communicative modality common to pentatomids

and other bugs, that are produced by males and females of

the South American stink bug, Edessa meditahunda. (5) D.

C. Degenhardt et al. described their research on an electronic

nose (“E-nose”) for monitoring stink bug feeding in cotton

as a guide for management decisions.

The Special Issue also includes five review papers on

aspects more or less related to mainstream heteropteran

chemical ecology. E. Conti and S. Colazza thoroughly review

the chemical ecology of egg parasitoids associated with true

bugs. I. Hurwitz et al. review the amazing paratransgenic

“vaccination” of Chagas’ disease vectors against transmission

of T. cruzi; and S. S. Prado and T. D. Zucchi summarize

the host-symbiont interactions of heteropteran pests, espe-

cially plant pests, and discuss the potential for managing

these pests via manipulation of their symbionts. J. M. C.

Ribeiro et al. provide a detailed insight into the sialomes

(i.e., the salivary gland transcriptomes) of bloodsucking

Heteroptera. Einally, T, Kotaki et al. present details of

their discovery of a novel juvenile hormone (JH) from the

pentatomid, P stall, containing a second epoxide moiety

(methyl (2R,3S,10R)-2,3;10,ll-bisepoxyfarnesoate: JHSB3).

Overall, we believe that this Special Issue highlights most

current aspects of semiochemical-related research on true

bugs.

Jejfrey R. Aldrich

Jocelyn G. Millar

Antonio R. Panlzzl

Mark M. Peldlaufer



Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 618701, 12 pages

doi:10.1155/2012/618701

Research Article

The Effect of Decreasing Temperature on Arthropod
Diversity and Abundance in Horse Dung Decomposition

Communities of Southeastern Massachusetts

Patrick Kearns and Robert D. Stevenson

Biology Department, University ofMassachusetts Boston, 100 Morrissey Boulevard, Boston, MA 02125-3393, USA

Correspondence should be addressed to Patrick Kearns, patrick.kearns001@umb.edu

Received 14 July 2012; Accepted 5 November 2012

Academic Editor: David G. James

Copyright © 2012 P. Kearns and R. D. Stevenson. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

Dung from large mammalian herbivores provides a concentrated food resource, rich in bacteria, nitrogen, and many forms of

carbon that support a diverse community of arthropods. Detrital communities, while essential to nutrient cycling, are poorly

studied. From July 2010 to October 2010, we sampled these arthropod assemblages using pitfall traps baited with horse dung at

five sites southeast of Boston, MA. A total of 396 samples were collected, resulting in 10,299 arthropod specimens. We found

a highly diverse group of arthropods dominated by Coleoptera {n = 3696) and Diptera (n = 3791) and noted the absence

of hymenopterans, a group that was dominant in previous studies on these communities. The community had a high level

of evenness (0.93 Shannon evenness) and lacked a dominant species, with no one species obtaining more than 7% relative

abundance. Species accumulation curves indicate near maximum diversity was reached for each site and the study as a whole

(93% maximum calculated Shannon Diversity). A strong effect of seasonality was also observed on the community, as shown by a

strong shift in community at the end ofAugust. The community sampled displayed a high similarity to previous studies, indicating

a cosmopolitan distribution as well as an opportunistic community.

1. Introduction

Detrital matter, including plant material, feces, and car-

rion, provides an important resource for a wide variety

of organisms ranging from microbes to invertebrates [1].

Dung is an important resource and many organisms have

evolved to use this nutrient source [2, 3]. Several taxa of

terrestrial arthropods are known to inhabit dung and are

important in its recycling. Large quantities of dung can

be eaten and dispersed by arthropods in a matter of days,

returning valuable nutrients back into the environment [4].

Arthropods that congregate at dung are vitally important to

the earth as a whole and represent a dynamic community.

Research on fecal decomposition has historically focused

on cattle and their dung as they are a highly important

economic entity and are known to harbor pest species

of flies such as the face {Haematobia irritans) and horn

flies {Musca autumnalis) [5]. Dung processing impacts both

pasture health [6] and livestock susceptibility to parasites [7].

Dung removal has become such a big concern to ranchers

that species of dung beetles have been introduced in Texas

[8], Australia [9], and other areas [10]. Introduction of

dung beetle species appear to have a positive effect on the

ecosystem via added dung removal and suppression of pest

species [7]; any ancillary effects still remain unclear.

While studies conducted in the United States addressing

dung beetle ecology are prevalent in the literature [11],

there are few studies on the community structure of dung

inhabiting arthropods. Those that are available have demon-
strated that a diverse and abundant assemblage ofarthropods

regularly inhabit feces. Researchers have investigated dung

communities west of the Mississippi [3, 12, 13], central New
York [14], Canada [15], and New Zealand [16]. Each study

used similar techniques (retrieving placed cow pats) and

observed a highly similar community of arthropods. The

high level of similarity across these studies demonstrated
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that many of the arthropods inhabiting dung are common
throughout the United States and often have ranges outside

of North America.

Fecal decomposition communities in North America

have displayed a high degree of similarity (Table 1) because

they utilized similar techniques and sampled highly similar

areas (pasture land). Equine and bovine fecal decomposition

communities in the Chihuahuan Desert had a community

dominated by ants (Hymenoptera: Formicidae) and docu-

mented a strong presence of spiders (Aranea), moths (Lep-

idoptera), crickets (Orthoptera), and Tenebrionid beetles

(Coleoptera: Tenebrionidae), taxa lacking from other stud-

ies. While there were no observed community differences

between cattle and horse dung in the Chihuahuan Desert,

Coffey [17] and Finn and Ciller [18] observed distinctive

dung preferences for flies and beetles, respectively.

Prior studies which collected arthropods associated

with fecal decomposition reported communities typically

dominated by flies (Diptera), beetles (Coleoptera), and

wasps (Hymenoptera). Other arthropods like springtails

(Collembola) and mites (Acari) were also collected as a part

of this community. Many of these groups have demonstrated

a strong specificity for certain dung types and environmental

parameters, for example, a squirrel den or grassland [19].

Despite the high levels of diversity within these assem-

blages, competition for nutrients is scarce. Valiela [20]

demonstrated that dung communities are rarely saturated

and can support higher number of individuals than studies

have reported within pasture ecosystems. However, com-

petition for space is vitally important as dung varies in

quality even within a single cow patty [21]. Though there

is competition for space, generally the earliest to arrive

dictates what organisms are able to colonize the habitat

[18, 22]. Studies have demonstrated that there is a sequence

of succession of arthropods within dung communities

as the dung ages. Flies are generally the first to arrive,

often landing within minutes of excrement deposition [23,

24]. They are followed by several beetle families, both

carnivorous (Staphylinidae, Hydrophilidae, Carabidae, and

Histeridae) and coprophagous or dung inhabiting organisms

(Scarabaeidae and Geotrupidae) [25]. The final stages of

decomposition are characterized by the presence of generalist

taxa such as fungi and earthworms [23, 26].

Succession in communities is often controlled by the

presence of organisms within the system, but can be strongly

influenced by environmental factors [27]. Valiela [20] quan-

tified changes in community structure in bovine dung and

found that environmental parameters were the limiting

factors, not dung or prey availability. Merritt [6] further

showed that climate was the primary determinant of diversity

and abundance except in cases where overabundance of

one organism or group can strongly dictate the structure

of the community. Human perturbations, through habitat

fragmentation and destruction, have also been shown to

strongly influence dung-inhabiting communities [28].

In the present study, we focused on horse dung as its

communities are rarely investigated and it is readily available

in Massachusetts. We aimed to survey the biodiversity of

arthropods associated with equine feces, to characterize the

arthropods present, and to examine the impacts of environ-

mental parameters.

2. Methods

2.1. Site Descriptions. We collected arthropods at five sites

less than 25 km apart, located 9-40 km south of Boston

(Figure 1) in Norwell, Plymouth County and Milton, Nor-

folk County, Massachusetts, USA. The arthropods were

intensively sampled from July 01, 2010 to October 15,

2010. This choice of time period was based upon the

peak and subsequent end of arthropod activity on horse

dung observed during a pilot study conducted in 2009.

Each collection site is located on privately owned land,

consisting of a family-run horse stable which houses four

to six adult horses. The sites are approximately 1.2 hectares

in size, consisting of two or three fenced in dirt corrals,

a family residence, and a medium-sized barn surrounded

by a similar area of mixed hardwood conifer forest. The

stables reside at about 0.04 km above sea level with an

average annual temperature of 10°C and average annual

precipitation of 1.3 m. Horses at each site were fed similar

standard diets (hay, grain, vegetables, and water) and

were given minimal antiparasitics; strong antiparasitics were

absent from their diets (personal communication from

owners).

2.2. Arthropod Sampling Methods. We constructed pitfall

traps to capture arthropods. At each site, eight 16.5 x

16.5 X 15.25 cm white plastic buckets were dug into the

earth and baited with approximately 100 grams of fresh

horse dung (balled and flattened into patties) obtained from

the resident horse population. We set traps approximately

10m apart outside of the corrals, bordering wooded areas,

in order to avoid interference from horses and humans.

Traps were shielded with a board to protect the traps

from rain and animal disturbance. To prevent desiccation

of the dung, samples were collected within two days and

traps were immediately rebaited with fresh dung. After

each sampling, adult arthropods were sorted in the labo-

ratory via hand picking and stored in 90% ethanol until

identification. Larval insects were reared to adulthood in

the laboratory, allowing for proper identification. Identi-

fication was based upon group specific keys indicated in

Table 1.

2.3. Weather Data. Air temperature, humidity, and precip-

itation data were gathered from NOAA (http://www.ncdc

.noaa.gov/) for sites four and five from the geographically

closest weather station (42.1895°, -70.8665°), approximately

3 km from site four and 3.5 km from site five. Weather data

for sites 1-3 was obtained from the Blue Hill Observatory

(http://www.bluehill.org/), a long-term observatory located

within the Blue Hill Reservation (42.213072, -71.094375)

and, within 1 km of site one, two and three. The weather

between each site was highly similar over the course of

the experiment, allowing us to examine how abiotic factors

affected the community.
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Table 1: A table containing the 76 species of insects (n = 61), arachnids (n = 8), myriapods (n = 2), spring tails (n = 3), and crustaceans

(n = 2) collected from the five sites over the course of the 4-month experiment. Individuals were identified from the key indicated next

to each family. Average lengths were determined from the average of 25 measurements (when possible) taken after storage in 90% ethanol.

The standard deviation (in mm) of the 25 measurements is indicated next to each average. Our captured species were compared to similar

studies; bracketed numbers indicate the references compared to.

Taxa Number
Physical length

(mm)
Sites occurred at

Occurrences in

literature

Coleoptera [29-34]

Scarabaeidae

Onthophagus pennsylvanicus (Harold) 152 4.79 (0.12) 2, 3, 4, 5 [3, 12, 13]

0. orpheus (Panzer) 79 5.55 (0.09) 1,2, 3,5

0. striatulus (Blatchley) 46 6.29 (0.20) All

Aphodius rubripennis (Horn) 132 8.21 (0.01) All

A. distinctus (Muller) 81 5.55 (0.41) All [12,15]

A. bicolor (Say) 132 7.12 (0.24) All [12, 13]

A. rubeolus (Beauvois) 40 4.12 (0.09) All

A. lutulentus (Haldeman) 56 5.16 (0.10) All

A. fossor (Linnaeus) 142 9.00 (0.11) All [12, 14, 15]

A. stercorosus (Melsheimer) 91 3.55 (0.02) 1,3, 4,5 [12, 14]

Dialytes truncates (Melsheimer) 43 4.11 (0.17) All

D. striatus (Melsheimer) 118 5.91 (0.22) All

Ataenius spretulus (Haldeman) 46 5.21 (0.19) 1,3, 4,5 [3, 12]

Canthon sp. 1 92 10.10 (0.08) All [3]

C. sp. 2 37 11.01 (0.13) 1,4,5 [3]

Geotrupidae

Geotrupes hornii (Blanchard) 83 14.91 (0.55) All

G. egeriei (Germar) 118 13.99 (0.20) All

G. blackburnii (Fabricius) 39 14.51 (0.06) All

G. splendidus (Fabricius) 25 16.12 (0.66) All

G. balyi (Windham) 69 14.33 (0.11) All

Garabidae

Carabus sp. 116 19.15 (0.42) All

Agonum sp. 85 9.12 (0.29) All

Staphylinidae

Platydracus maculosus (Gravenhorst) 43 24.95 (0.41) All

P. fossator (Gravenhorst) 40 19.45 (0.09) All

Ocyptus sp. 38 17.55 (0.22) 2,3,4

Tachinus basalis (Erichson) 114 7.45 (0.31) 2, 3, 4, 5

T. frigidus (Erichson) 129 6.99 (0.08) 1,3, 4,5

T. luridus (Erichson) 135 8.11 (0.41) All

Platystethus sp. 85 2.22 (0.10) All

Aleochara littoralis (Ma, klin) 106 5.21 (0.92) 1,3, 4,5

A. bimaculata (Gravenhorst) 179 5.11 (0.40) All [3, 12, 15]

Falagria sp. 138 4.99 (0.11) All

Hydrophilidae

Cercyon sp. 1 165 6.11 (1.01) All [12-15, 35]

Cercyon sp. 2 46 3.33 (0.50) All [12-15]

Sphaeridium sp. 42 9.91 (0.31) 1,3, 4, 5 [3, 12-15, 35]

Histeridae

Saprinus sp. 101 7.41 (0.02) All [3]

Hister abbreviatus (Eabricius) 73 5.91 (0.10) All [3, 12-15]

Ptiliidae

Acrotrichis sp. 243 1.00 (0.05) All

Nephanes sp. 197 1.20 (0.20) All
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Table 1: Continued.

Taxa Number
Physical length

(mm)
Sites occurred at

Occurrences in

literature

Diptera [34, 36-40]

Sphaeroceridae

Scathophaga sp. 1 219 7.42 (0.41) All [3]

Scathophaga sp. 2 94 6.89 (0.91) 1,3, 4, 5

Leptocera sp. 111 7.21 (0.83) All [3, 13-15]

Calliphoridae

Lucilla sp. 1 585 9.46 (0.09) All

Lucilla sp. 2 218 5.21 (0.20) All

Lucilla sp. 3 27 8.32 (0.39) All

Phorima sp. 248 12.39 (0.08) 2, 3, 4, 5 [3]

Chrysomya sp. 245 8.11 (0.21) All

Muscidae

Musca sp. 1 215 10.13 (0.40) 2, 3, 4, 5 112-15]

Musca sp. 2 162 8.12 (0.50) 1,2, 3,5 [14, 15,35]

Hydrotaea sp. 1 90 9.90 (0.08) All [3, 12, 14]

Hydrotaea sp. 2 156 11.21 (0.09) All [12, 14]

Sepsidae

Sepsis sp. 1 212 6.12 (0.07) All [3, 12-14, 35]

Sepsis sp. 2 224 6.95 (0.10) All [3, 12, 14, 15,35]

Syrphidae

Eristalis sp. 288 7.48 (0.11) All [14]

Sarcophagidae

Sarcophaga sp. 1 279 16.51 (0.20) All [3, 13, 14]

Sarcophaga sp. 2 67 15.80 (0.33) 1,3,5 [13, 14]

Sarcophaga sp. 3 76 17.12 (0.08) All [13]

Ravina sp. 275 15.63 (0.11) All [3, 12-15, 35]

Orthoptera [41]

Gryllinae

Gryllus sp. 66 16.51 (0.74) All [3]

Neomemboius sp. 67 10.01 (0.45) All

Anurogryllus sp. 72 11.09 (0.90) All

Opiliones [42]

Phalangiidae

Phalangium sp. 56 7.15 (0.09) All

Sclerosomatidae

Leiobunum sp.

Aranea [43, 44]

62 5.97 (0.40) All

[16]

Lycosidae sp. 71 3.31 (0.08) All

Salticidae

Sp. 1 63 5.12 (0.10) All

Sp. 2 61 8.83 (0.19) 2, 3,4

Sp. 3 84 4.99 (0.14) 1,3,5

Mesostigmata (Acari) [45]

Dinychidae 618 0.56 (0.01) All [14,15]

Parasitidae 320 0.91 (0.02) All [12, 14-16]

Poduromorpha (Collembola) [46]

Poduridae 538 1.12 (0.10) All [14, 16]

Entomobryomorpha (Collembola)

Paronellidae 224 1.24 (0.02) All

Entomobryidae 353 1.52 (0.02) All [14, 16]
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Table 1: Continued.

Taxa Number
Physical length

(mm)
Sites occurred at

Occurrences in

literature

Isopoda [47]

Armadillidiidae

Armadillidium sp. 53 11.15 (0.09) All

Cylisticidae

Cylisticus sp. 20 7.95 (0.05) All

Julida (Diplopoda) [48]

Julidae

Cylindroiulus caeruleocinctus (Wood) 29 14.12 (0.29) All

Spirobolida (Diplopoda)

Rhinocricidae

Eurhinocricus sp. 55 17.65 (0.71) All

Total 10,299

Figure 1: Map of the study area. The GPS coordinates for the 5 sites are as follows: (1) 42.240909, -71.067724, (2) 42.212054, -71.096306,

(3) 42.226801, -71.098194, (4) 42.15351, -70.798774, and (5) 42.146049, -70.831583.

2.4. Data and Statistical Analysis. The 10,299 biodiversity

observations were organized and maintained in spreadsheet

files. All graphs were created using the R statistical package (R

Core Development Team). Species accumulation curves were

plotted for each of the five sites based upon the collection

data. To examine how temperature affected the diversity

and abundance, we plotted the number of species collected

and the number of arthropods collected as a function of

temperature. Data among sites showed a high degree of

similarity. Data was combined into two-day intervals (53

data points).

We quantified the diversity and evenness of the com-

munity by calculating the Shannon Diversity Index for the

study using the Primer 5 (Primer LTE) statistical package.

The maximum diversity {H '
) was determined by using

H'=ln(S), (1)

where, S is the total number of species. Community evenness

(^Shannon) was Calculated based upon the Shannon Diversity

Index and the equation

-^Shannon = 77T' (^)
ln(S)
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Figure 2; A graphical breakdown of the arthropods collected during the study, (a) represents the totals for the whole study, (b) the totals

for the 7 beetle families, (c) the totals for the 6 fly families, and (d) the remaining individuals collected. Values above each bar represent

the number of individuals collected while the values within the bars represent the number of species observed. Abbreviations represent the

following: Car.: Carabidae, Geo.: Geotrupinae, Flis.: Histeridae, Hyd.: Hydrophilidae, Pti.: Ptiliidae, Sea.: Scarabaeidae, Sta.: Staphylinidae,

Cal.: Calliphoridae, Mus.: Muscidae, Sar.: Sarcophagidae, Sep.: Sepsidae, Sph.: Sphaeroceridae, Syr.: Syrphidae, Aca.: Acari, Aran.: Aranea,

Coll.: Collembola, Dipl.: Diplopoda, Isop.: Isopoda, Opili.: Opiliones, and Ortho.: Orthoptera.

Species richness {d) was calculated based upon the Margalef

species richness index:

where S is the number of taxa, and n is the number of

individuals. To determine how the community composition

changed over the course of the sampling period. Primer 5

was used to construct a multidimensional scaling plot (MDS)
based upon presence/absence data (Bray-Curtis Similarity)

for the observed species over one-week periods. No standard-

ization was applied and no transformations were performed

on the data.

To compare the five sites, a similarity matrix was con-

structed and analyzed in Primer (Primer LTE) based upon

Bray-Curtis Similarity [49]. To tease out the driver behind

the change in the community composition, we performed

a similarity percentage analysis (SIMPER) based upon the

Bray-Curtis similarity index.

3. Results

3.1. Community Composition. Over the four month study

period, 10,299 arthropods were collected from 398 sam-

ples across the five sites. Arthropods collected represented

11 orders, 27 families, 49 genera, and approximately 76

species (Table 1). Coleoptera was the most species rich taxa

(Eigure 2), equaling 48% {n = 39) of the species, while

comprising 36% {n = 3696) of the arthropods collected.

The majority of coleopteran species came from the families

Scarabaeidae {n = 15) and Staphylinidae {n = 10).

The remaining 35% of the beetles came from 6 families:

Geotrupidae {n = 5), Ptiliidae {n = 2), Carabidae {n = 2),

Histeridae {n = 2), and Hydrophilidae {n = 3). In terms of

abundance, small dung beetles (Scarabaeidae) were the most

abundant {n = 1007). Staphylinid beetles were a close second

with n = 1260 and they were followed by Ptiliidae {n = 440),

Geotrupidae {n = 334), Hydrophilidae {n = 253), Carabidae

(n = 201), and Histeridae (n = 174).

The order Diptera marked the next largest and diverse

group of arthropods collected, comprised of 6 families repre-

senting 3791 individuals. Ply species were more evenly spread

among the six families than beetle species with Calliphoridae
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Table 2: Calculated diversity and evenness values. Maximum Shannon Diversity was calculated using the formula: H'(Max) = ln(S), where

S is the maximum number of species observed.

Number of

individuals

(N)

Number of

species

(S)

Shannon

Diversity, H'

Shannon evenness,

Em
Maximum
Shannon

diversity

Species richness

id)

Site 1 2,176 70 3.78 0.88 4.24 8.97

Site 2 2,011 66 3.83 0.90 4.18 8.54

Site 3 3,028 76 3.88 0.92 4.33 9.35

Site 4 968 71 3.89 0.91 4.26 10.1

Site 5 2,116 72 3.82 0.89 4.27 9.27

Total 10,299 76 4.03 0.93 4.33 8.11

• Sitel Site 4

^ Site 3

Figure 3: Species accumulation curves for each of the five sites.

From the 10,299 arthropods collected, the total number of species

gathered was 76 and included a wide range of arthropods including

beetles, flies, arachnids, and springtails. Further, the curves all

displayed a similar steep slope before leveling out at their respective

maximum number of species and arthropods collected site 1: 70 and

2176, site 2: 66 and 2011, site 3: 76 and 3028, site 4: 71 and 968, and

site 5: 72 and 2116.

{n = 5), Muscidae {n = 4 species), Sarcophagidae {n = 4),

Sepsidae {n = 2), Sphaeroceridae {n = 3), and Syrphidae

{n = 1) accounting for the observed 19 species. The family

Calliphoridae was the most abundant of the fly families with

n = 1323. This was followed by Sarcophagidae {n = 697),

Muscidae {n = 623), Sepsidae {n = 436), Sphaeroceridae

{n = 424), and Syrphidae {n = 288). Flies represented 37%
of the arthropods collected in the study.

The remaining 2812 individuals collected were repre-

sented by about 18 species. Of these, springtails {n = 1115)

and mites {n = 938) dominated numerically. A group of

predators, omnivores, and decomposers including crickets

(Orthoptera, n = 205), harvestmen (Opilliones, n = 118),

isopods (Isopoda, n = 73), spiders (Aranea, n = 279) and

millipedes (Diplopoda, n = 84) rounded out the remaining

759 individuals captured.

3.2. Comparisons Among Sites. Minor differences in species

composition were observed among the five sites (Table 1).

All genera occurred at each site, but specific species were

often absent from a given site. Site three was the most diverse

(species total n = 76), capturing all the species in the study as

well as possessing the most arthropods collected {n = 3028).

Site one and five had similar species totals {n = 70 and n =

72 resp.) as well as possessing nearly identical abundances

{n = 2176 and n = 2116 resp.). Site 2 was the least diverse

of all the sites {n = 66) despite capturing 2011 arthropods

at the location. Half the number of arthropods of the other

sites {n = 968) were collected at site 4, while nearly the same

species total {n = 71) was reached. In light of the differences

between the sites in species number and abundance, no one

site had an organism unique to it. The five sites demonstrated

a high degree of similarity, with greater than 90% similarity

between the five sites.

To determine how complete our sampling of each site

was, we plotted species accumulation curves (Figure 3). Each

site plateaued at their respective maximum, well before the

end of the experiment. Sites one, two, and five displayed

highly similar curves. While the curves are relatively steep,

they do not exhibit as strong of a plateau as seen in site

three. The curves for sites three and four closely mimic one

another as individuals were collected. Site four had far fewer

individuals collected than site three {n = 968 to n = 3028)

yet showed a similar curve. The defining characteristic of site

three is its extreme plateauing for the last 1500 individuals

collected. The steep slopes of all five sites indicate that the

diversity was at a maximum when the experiment began and

the weather was warmer. The diversity slowly decreased over

the course of the experiment, in line with the temperature, as

seen in Figure 4(b).

3.3. Diversity, Community Evenness, and Relative Abundance.

The Shannon Diversity Index was calculated to determine the

maximum diversity possible for each site as well as our total

captured diversity (Table 2), The total maximum diversity

was 4,33 while our calculated diversity was 4.03 (93.08%

of the maximum diversity), indicating that near maximum
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Figure 4: Plots of arthropod abundance (a) and diversity (b) as

functions of temperature. Each of the graphs demonstrated an

increasing linear trend with increasing temperature (y = 2.84x -

17.63, = 0.715 (a) and y = 20.05v - 219.67, = 0.521 (b)).

diversity was reached in the study. Shannon Diversity for

each site ranged from 3.78 to 3.89 (Table 2). With between

89 and 92% of maximum Shannon Diversity, each site

possessed near maximum diversity, supporting our species

accumulation curves.

The community displayed a high degree of species

evenness as demonstrated by the lack of a dominant species

or small group of species (Table 1). Calculated relative abun-

dance values (data not shown) showed that the three most

numerically dominant species represented less than 17% of

the total community and no one species was more abundant

than 7%. To examine the evenness of the community, the

Shannon Diversity Index was used. Shannon evenness values

(Table 2) indicated that each site was extremely even with

evenness close to or above 0.90 for each site and the study

as a whole.

3.4. The Effect of Temperature and Seasonality

3.4.1. Activity, Diversity, and Temperature. Air tempera-

ture is positively correlated with arthropod abundance

(Figure 4(a)) and arthropod diversity (Figure 4(b), y =
2.84X - 17.63, = 0.72, y = 20.05x - 219.67, = 0.52).

We observed that the abundance of arthropods changed over

the course of the experiment. While we did not observe

seasonal pulses for a majority of the organisms collected, a

majority of arthropods demonstrated an appreciable decline

near the end of August (data not shown), as seen in the

abundance of large flies and hydrophillid beetles (Figures

5(a) and 5(b)). Hister beetles and small flies (Figures 5(a)

and 5(b)) experienced increases in their numbers as all other

arthropods began to drop off.

o Histeridae

• Hydrophilidae

(a)

A Large flies

A Small flies

(b)

Figure 5: Stacked plots of temperature over the length of the

experiment, as well as the fluctuations of select groups of arthro-

pods (large flies, small flies, hister beetles, and hydrophilid beetles)

as their abundance varied over time. Small flies are represented

by the genera; Sepsis and Eristalis. Large flies are represented by

the genera: Scathophaga, Leptocera, Lucilla, Phorima, Chrysomya,

Musca, Hydrotaea, Sarcophaga, and Ravina.

3.4.2. Seasonal Changes in the Community. The multidimen-

sional scaling plot (MDS) showed five distinct clusters of data

that were strongly grouped by time and were independent of

site (Figure 6). Group one represented samples from the first

eight weeks of the experiment (July 1-August 26). Despite

spanning two months of the experiment, the community
experienced only minor changes in community structure

across all sites. The final six weeks of the experiment,

groups 2-5 (Aug. 27-Oct. 15), demonstrated a great deal

of variability in community structure between weeks. The

plot showed a distinct change in the community in the

middle to end of August. Further, the community changed

more radically in the last third of the experiment than in

the first third. When one compares the temperature data

(Figure 5(c)) to this change in community, we see that they

are correlated to one another as the weather appreciably

changes around the middle to end of August. The abrupt

change in temperature near the end of August ushered in a

change in diversity across all five sites, and to determine the

main cause of this shift, further analysis was performed.

SIMPER analysis indicated that the absence of large fly

larvae (-30.74% contribution) was the main driver behind
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Figure 6; Multidimensional scaling plot (MDS) of the community composition as it varied over time. The data clustered into 5 distinct

groups based upon the time and was independent of site. Group 1: July 1-August 26, Group 2: August 27-September 2, Group 3: September

3-September 9, Group 4; September 10-September 16, and Group 5: September 17-October 15. Numbers (x.x) in the plot indicate week

number, followed by site number and the average temperature for each time period.

the drastic change in community. Mites (-10.26%) and

springtails (-10.6%) also experienced appreciable drops in

their numbers at this junction as well. Other groups such

as large predatory beetles (-2.57%), hydrophilid beetles

(-4.09%), small fly larvae (+6.44%), small Staphylinid bee-

tles (-9.18%), and Hister beetles (+3.41%) also experienced

noticeable changes to their populations. Taken together with

Figured, the SIMPER analysis indicates that all groups of

organisms are affected by the change in temperature.

4. Discussion

Mohr [24] was one of the first to recognize bovine droppings

as a distinct ecological habitat and, since then, many studies

have shed light on the communities inhabiting fecal matter.

Most studies have focused on cattle excrement as they are

motivated by hefty economic interests [25] . Our study marks

one of the few to examine the communities associated

with horse dung as well as the second examination of

fecal decomposition communities in the northeastern United

States [14, 20].

Compared to similar studies on fecal decomposition

communities, our data show similar species composition

(Table 1) and relative abundance of arthropods (see [12]

and references within). With approximately 76 species of

arthropods, our work is on par with similar studies which

have species totals ranging from 30 to 125 individuals. While

we only sampled one dung type, our study was less diverse

than Valiela [14], the closest geographic study (~400km);

our findings were consistent with Coffey [17], who showed

that cow dung has the most diverse communities. Horse

dung is a much different resource than cow dung, possessing

more undigested material [11] allowing for a slightly differ-

ent community to thrive. The differences in the communities

reflect the differences in dung type and that even dung from

the same animals can have remarkably different qualities

[
22 ].

Despite the great deal of similarities between the studies,

our study contained several unique groups of arthropods,

in particular a strong presence of crickets, spiders, and

harvestmen. Outside of Moeed et al. [16] and Schoenly

[50], these organisms were unique to our study. A defining

characteristic from our study is the lack of hymenopterans,

in particular, wasps, which were a major contributor in all

other studies up to this point, generally representing ~20%
of the observed abundance and diversity. While the cause of

their absence is unknown, it may be as simple as the sample

technique (pitfall traps versus retrieving placed cow pats)

employed.

Despite being highly similar (>90% similarity) in terms

of species composition and number of species present (66-

76 species for all sites), the sites demonstrated distinct

species accumulation curves and yielded different amounts

of arthropods. Site three demonstrated the most diversity

{n = 76), while site two {n = 66) was the least diverse. The

small differences in the sites could be a reflection of local

differences in weather or habitat, but the underlying cause

is currently unknown.

Species accumulation curves (Figure 3) indicate that near

maximum diversity was reached for each of the five sites

and the study as a whole; this is further supported by the

calculated Shannon Diversity Index (Table 2). With the high

level of sampling (398 samples in 3.5 months) over the

course of the experiment, it is probable that the maximum
species diversity was reached for this study. Given the poor

taxonomic information on mites [51], we may possess a
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greater diversity than reported here. Several parameters

could influence our observed diversity including habitat

disturbance and the sampling technique employed. Longino

et al. [4] document that at least three different sampling

techniques are needed to properly sample a community,

while human perturbations have been shown to have a large

impact on dung beetle communities [52]. With a greater

diversity of sampling techniques as well as sampling a more

natural area, we could possibly capture more diversity within

the community.

Several studies have reported a strong seasonal effect

on dung beetles [53, 54] and arthropod communities alike

[40]. Temperature, soil conditions, sun exposure, and pre-

cipitation have all been shown to influence the degradation

and quality of dung [19, 55-57] which in turn influences

the arthropods that congregate there [22]. Wright [58],

Maelzer [59], and Tyndale-Biscoe [60] reported that activity

of dung inhabiting arthropods was strongly influenced by

rainfall while Doube et al. [9] and Vernes et al. [54] both

indicate that temperature was the main driver behind dung

arthropod activity. In observational studies, evaluating the

effects ofa specific environmental variable on communities is

complicated by the simultaneous variation in other environ-

mental parameters [57]. While humidity and precipitation

demonstrated no appreciable effect on the community

(data not shown), temperature appears to be the strongest

correlate of arthropod abundance and diversity within our

study (Figures 4(a) and 4(b)). As ectotherms, arthropods

are more subject to environmental temperature than are

endotherms. Within a wide range of temperatures, high

temperatures being the exception, growth, development, and

metabolism increase with increasing temperatures [61, 62].

Thus from the perspective of the individual organism, our

results are not surprising, but linking physiological process to

population and community levels remains a challenge [51].

Certain groups of arthropods also demonstrated a

differential effect to temperature within our experiment

(Figures 5(a) and 5(b)). Though we did not observe species

specific seasonality as seen in Vernes et al. [54] and similar

studies, we did observe seasonality in select groups of our

arthropods. Outside of hister beetles and small fly larvae,

which experienced an increase in numbers, all collected

arthropods demonstrated a noticeable decline in abundance

during the middle to end of August. Large fly larvae may
illicit an inhibitory effect upon the populations of small

fly larvae. Figure 5(b) shows that small flies only become

abundant once large flies are in substantial decline. This

could also be due to a preferred temperature preference by

the small flies, but the limited literature does not indicate

such a life history for the three species of small flies. Because

large flies are the most numerically abundant in our and

other studies, it may be that they are the main biological

drivers behind the community structure. A similar idea is

seen in Merritt [6], where the presence of an aphodiine

dung beetle, Aphodius fimetarius, was the strongest driver of

community structure and abundance. The regulatory effects

of large flies within our community are still unclear and

future work could be done to illuminate these and other

interactions.

All of the arthropods collected in the study are able

to occupy several niches (personal observations). Though
dung beetles are commonly thought to use only dung, they

are able to utilize other nutrient sources such as carrion

and mushrooms. A better assessment of the community

would be that it is an opportunistic one, utilizing dung

when it becomes available but switching to other nutrient

sources when dung is unavailable. Dung is generally a rapidly

decomposed ecological unit [63] and could not support a

permanent community.

The idea of an opportunistic community is further

supported by the lack of a truly dominant species or small

group of species. One generally observes a few dominant

species representing >60% of the individuals collected [35],

but we do not see that in this community. Without a

single species achieving more than seven percent dominance,

our system represents a community with a high level of

species evenness (0.9307 Shannon evenness) as well as high

species richness (8.12 Margalef species richness) [64], further

supporting an opportunistic community. Valiela [20] and

Merritt [6] also arrive at the same conclusion in their

studies based upon the cosmopolitan distribution of the

collected arthropods. Despite the lack of obligate dung going

organisms, the organisms found in our study as well as others

have developed an elaborate community that can effectively

dispose of dung. The inner workings of the community, with

respect to trophic interactions, remain largely unknown [35]

.

In conclusion, our investigations into the communities

associated with horse dung have demonstrated a high level

of diversity as well as high degree of evenness. Our datum

suggests that air temperature may be a driver of the diversity

and abundance of arthropods, as indicated by sharp drop offs

in abundance and diversity at the end ofAugust. Future work

could be done to characterize the spring communities of

dung beetles as well as the arthropods associated with other

dung types.
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There is a whole host of chemicals employed in plant

protection practices around the world for pest and disease

control. Some of the same groups of chemicals are also

used for controlling pests and vectors of human diseases.

With the advent of DDT some 7 decades ago, a variety of

synthetic pesticides were discovered, designed, and evaluated

for pesticidal activity. Compounds and moieties having

different modes of action were studied and developed

for the control of pests and diseases. In the realm of

insecticides, the organochlorine insecticides generated great

hope and yielded tremendous successes in the area of

plant protection and management of some vector-borne

diseases. The organochlorines were followed by even more

powerful insecticides such as organophosphate, carbamate,

and other groups of active agents. Although these insecticides

provided excellent control of major pests of crops and

humans, they posed considerable environmental problems,

such as adverse effects on fish and wildlife, high toxicity

to mammals, biomagnification, persistence in water, soil,

and food crops. Additionally, the emergence of resistance

in target species appears over large areas of the globe,

and many of the newly developed control agents became

obsolete in a matter of a few years. Responding to these

concerns, experts and stake holders in plant protection and

disease vector control programs shifted their research focus

to the discovery, development, and use of alternative and

envirofriendly agents. Thus a new era for the development

and practical use of natural and biorational products and

biopesticides dawned. Biopesticides include not only plant

based bioactive agents but also other natural products of

various origins. Since 1995, we have been organizing and

holding regional international conferences on the broad

subject of biopesticides, where the last one, ICOB6, was held

in Chiang Mai, Thailand.

This special issue addresses the role of biopesticides in

pest management. The themes include biorational agents,

plant-based products, natural products, microbial control

agents, antagonistic bacteria, and fungi. From 14 submis-

sions, 6 papers were selected and are published in this special

issue, of which 5 were research papers and 1 was a review

article. Each paper was reviewed by at least two reviewers and

revised according to review comments.

In Intirach et al.’s paper, the authors presented the

larvicidal efficacy of essential oils of five plants

—

Piper

sarmentosum, Foeniculum vulgare. Curcuma longa, Myristica

fragrans, and Zanthoxylum piperitum—against laboratory-

colonized Anopheles cracens mosquitoes, showing 95%-
100% larval mortality at concentration of 100 ppm. The

strongest larvicidal potential was established from P.

sarmentosum, followed by F. vulgare, C. longa, M. fragrans,

and Z. piperitum, based on the LC50 values. The authors also

analyzed the chemical compositions by gas chromatography

coupled to mass spectrometry, demonstrating the main

component in the oil derived from such plants. Binary

mixtures between P. sarmentosum, the most effective oil, and

the others were proved to be highly efficacious, indicating
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synergistic activity. This paper offers some interesting

thoughts of the synergistic effects from mixed formulations

of different essential oils, which may be helpful in developing

effective, economical, and ecofriendly larvicides, as favorable

alternatives for mosquito management.

In this special issue, there are two papers studying the

fungi or plant extracts against agronomical mites. Bussaman

et al.’s paper presented the efficacy of 23 rhizome and

leaf extracts against adult female of the Mushroom mite,

Luciaphorus sp., a destructive pest of several mushroom
species. The rhizome extracts derived from Curcuma xan-

thorrhiza and Zingiber montanum revealed strong acaricidal

activities, followed by Curcuma longa. Zingiber zerumbet,

Kaempferia parviflor and Zingiber officinale. In addition,

the leaf extracts of Ocimum sanctum and Melissa officinalis

also caused strong mortality. Such information provided

a great potential for future development as natural aca-

ricides for controlling Luciaphorus sp. Another paper is

by Erdogan et al.’s, reporting the efficacy of biopesticides

extracted from five different plants (i.e.. Allium sativum,

Rhododendron luteum, Helichrysum arenarium, Veratrum

album, and Tanacetum parthenium) against the two-spotted

mite, Tetranychus urticae, an economic pest causing serious

damage to vegetables, flowers, and fruit crops worldwide.

The bioassays demonstrated not only the high mortality but

also lower numbers of eggs’ production.

Research on the fungicide activity of some crude plant

extracts or bacteria has also been published. Bussaman et

al. evaluated in vitro the efficacy of 14 crude leaf extracts

against Colletotrichum gloeosporioides—a fungus that causes

anthracnose disease in tropical fruits. The crude leaf extracts

from Piper sarmentosum, using the ethanol, methanol, and

chloroform as solvents, showed high antifungal activities by

inhibiting both mycelium growth and spore germination.

Such information provides the potential of these new natural

fungicides for management of anthracnose disease. Another

paper on fungicide activity of bacteria is provided by

Loliam’s et al. The authors demonstrated the results of using

antagonistic actinomycetes, Streptomyces rubrolavendulae S4,

against Phytophthora infestans, the pathogenic fungi causing

the seedling damping off disease in several economic crops

in Thailand. This bacterium was proven to induce most

effective growth inhibition of fungi tested on potato dextrose

agar. In P. infestans contaminated peat moss, the survival of

tomato and chili seedling was significantly increased for S.

rubrolavendulae S4 treatment. In addition, S. rubrolavendulae

S4 showed high efficiency equivalent to fungicide, metalaxyl

with no significant difference. The authors propose that

this bacterium can prevent the tomato and chili seedling

damping off disease in economic plant nurseries.

Only one review article is published in this special issue

by Rajashekar et al., focusing on the current state of the

botanical insecticides as grain protectants and their mode
of action, based on numerous references. On the basis of

physiological activities on insects, the plant components

has been conventionally classified into 6 groups, namely,

repellents, feeding deterrents/antifeedants, toxicants, growth

retardants, chemosterilants, and attractants. Focus on the

activity oftoxicants and grain protectants using essential oils.

extracts, and their constituent has sharpened since the 1980s.

Some insecticidal active principles of plants are listed. The

botanical insecticides that have primarily been used and are

commercially available include ryania, rotenone, pyrethrin,

nicotine, azadirachtin, and sabadilla. This review proposed

that it is possible to develop methods for grain protectants

with reduced use of synthetic chemical insecticides.

These papers represent an exciting, insightful observa-

tion into the biopesticides point of view. However, research

efforts should focus not only on their efficacy but also

on mammalian toxicity, mode of action in insects, seed

germination, effect on nutritional quality, seedling growth,

and stability of the compound. The insecticides of plant

origin could be exploited for the development of novel

molecules with highly precise targets for sustainable insect

pest management in stored grain. We hope that this special

issue would attract a major attention of the peers. We would

like to express our appreciation to all the authors, reviewers,

and the Editor-in-Chief, Dr. Kabkaew L. Sukontason, for

great support that made this special issue possible.

Kabkaew L. Sukontason

Mir S. Mulla

Siriwat Wongsiri

John T. Trumble

Jittawadee R. Murphy
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We carried out a research on the Palicourea rigida (Rubiaceae) inflorescences, a distylous shrub of Brazilian Cerrado. Our objective

was to compare the inflorescence architectural complexity and its quality in the two floral morphs and search for any relationship

with spider occurrence. In order to assess the quality of inflorescence resources, we quantified the nectar volume and its sugar con-

centration and the number of fruits and flowers (intact and aborted) for both inflorescence morphs with and without spiders. For

the architectural heterogeneity, we quantified floral structures and inflorescence levels ofbranching. Spider occurrence was higher

in longistylous inflorescences than in brevistylous ones. The sampled spiders were classified into the guilds ambushers, jumpers, or

orb-weavers. Ambushers, jumpers, and total richness were much higher among longistylous inflorescences. We found no

difference between morphs neither in volume or nectar concentration nor in amount of fruits and flowers. However, longistylous

inflorescences presented greater architectural heterogeneity than brevistylous ones. Therefore, we suggested that architectural

heterogeneity is an important factor underlying the occurrence of cursorial spiders on P rigida inflorescences, which possibly arose

from the relationship between refuge availability and inflorescence architecture.

1. Introduction

Spiders occur in almost all land environments, but more

abundantly in vegetation-rich areas [1]. They frequently

use plants as substrate to forage and represent one of

the main predators that control phytophagous arthropods

in natural and agricultural systems [2, 3]. Furthermore,

spiders also represent a key-assemblage to plants, since they

play a potentially critical role over the dynamics of local

trophic networks [4, 5]. Consequently, basic knowledge of

what regulates spider richness and abundance is crucial to

understand the dynamics of the arthropod community on

plants.

Spiders can select substrate based largely on cues from

host plant architecture, which may influence the spider

assemblage distribution [4, 6, 7]. It has been shown,

for example, that spider richness and abundance may be

influenced by the density of branches [8], leaves [7], and

spines [4] by the leaf morphology [9] and by the availability

of plant structures distributed vertically [10, 11]. Although

the patterns between spider diversity and plant architectural

complexity have been frequently demonstrated (e.g., [4, 6, 7,
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12]), the causal mechanism which determines these patterns

has yet to be identified, and different physical [13] and

biotical [5] components of the habitat should be involved.

Among the possible causal mechanisms pointed out by the

literature are refuge against intraguild predation, increases

of prey abundance, refuge against physical disturbances, and

providing of milder microclimatic conditions [13].

Inflorescences are more propitious to colonization by

spiders once they present high prey abundance, favourable

microclimate conditions, and refuge availability against

predation [14, 15]. However, the habitat patch choice by

spiders can be influenced not only by the reproductive

branch architecture, but also by the flower or inflorescence

quality, such as nectar production and flower senescence

state
[ 16] . Since some flowers could be more or less attractive

to spiders establishment and, therefore, present a more or

less diverse spider assemblage, it would be possible that

this differential spider distribution leads to variations of

phytophagous impact on floral structures or seeds and,

consequently, in reproductive success. For instance, [3] it

was experimentally demonstrated that the spiders on or at

least near inflorescences can influence herbivory rate, as well

as visits by pollinators, which, by the way, leads to straight

consequences for the plant adaptive value.

The species Palicourea rigida H.B.K. (Rubiaceae) is a

common shrub (0.5-1.5 m tall) from Cerrado, a Brazilian

savannah-like system, with a simple vegetative structure

(1-2 stems and few large leaves). However, this plant

species presents a very variable architecture regarding its

reproductive branches, since inflorescences can have 1 up

to 6 branching orders as well as from few up to hundreds

of flowers. Even after the fall of the corolla, the nectaries

still remain active in plants, as for other Rubiaceae species

[17]. The plant of the P. rigida can be allocated to two

distinct morphs (i.e., distyly): brevistylous or longistylous

(Figure 1). The heterostyly in P. rigida may be distinguished

through inflorescence architectural complexity and quality.

So, the objectives of this study were (1) to compare the

architectural complexity and spider occurrence between the

two morphs of P. rigida; (2) to compare the inflorescence

quality, which in this study we took as the nectar volume and

sugar concentration, and as the number of fruits and flowers,

intact and aborted, in the two morphs ofP rigida and in the

presence and absence of spiders. Therefore, we used the P.

rigida shrubs as a case study to test the following hypothe-

ses: (1) spider richness would be higher on the morph
with the highest architectural complexity; (2) the habitat

(i.e., inflorescence) quality differ between brevistylous and

longistylous morphs; (3) higher habitat quality, such as

greater volume and sugar concentration, larger numbers

of fruits and intact flowers, and lower number of aborted

flowers, is positively correlated to the presence of spiders on

brevistylous and longistylous inflorescences.

2. Materials and Methods

2. 1

.

Area ofStudy. The study was conducted in Caldas Novas

Mountain State Park (PESCAN), in south-eastern of Goias

(b)

Figure 1: The P. rigida inflorescences: (a) brevistylous morph
and (b) longistylous morph. Note the difference between the two

morphs with regard to the architectural complexity.

state, at Brazil midwest (17°43'56"S to 17°50'55.7"S and

48°40'0"W to 48°42'57.6"W). The Park has 12,500 ha,

where Cerrado, tropical savanna-like vegetation, is predomi-

nant. The climate in the region has two well-defined seasons:

dry from May to September and wet throughout the months

of November, December, and January [18].

2.2.

Studied Plant Species. The shrub Palicourea rigida H.B.K.

(Rubiaceae) has its flowering season from September to

March and fructifies from November to April. Additionally,

P. rigida is the most common Palicourea species of the Brazil-

ian Cerrado [19-21]. This species presents heterostyly of the

distylous type (i.e., brevistylous and longistylous) (Figure 1),

with the size and shape of stigmas and anthers differing

between both of morphological types [22]. Heterostylous

plants usually possess a self-incompatibility system, where

fruit set occurs only after cross-pollination between morphs

(legitimate cross-pollination) [21]. The species is pollinated

by hummingbirds [22].

2.3.

Spider Sampling. In the middle of the flowering season

of 2008 in an area of 15,000 m^, we marked all the 36 shrubs

of P. rigida with reproductive branches and with open flowers

at a transect of 200m long and 75 m wide using a global

positioning device. As for each individual dealt with, we
inspected, classified, and labelled the reproductive branches

according to morphs of flowered inflorescence. Summing
up, we observed whether they belonged to brevistylous or

longistylous types. From the 36 plants, 15 were brevistylous

and 21 were longistylous. We randomly selected one inflores-

cence from each of these 36 shrubs and collected manually

the spiders on them. The spiders sampled were identified
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to the species level or assigned to a morphospecies. We
also assigned the different spiders species or morphospecies

sampled on P. rigida inflorescences to three different guilds:

(1) ambushers, which included spiders thatdo not build

snare webs for capturing prey and forage by sit-and-wait

strategy—in this study, this guild was only composed by the

family Thomisidae; (2) jumpers, which comprised spiders

that do not build snare webs for capturing prey and hunt

actively, often by jumping on their prey—the guild was

composed by the families Salticidae and Oxyopidae; (3) orb-

weavers which included spiders that build snare orb-webs for

capturing prey—the guild was composed only by the family

Araneidae. In this study, we referred to the nonweb-building
guilds ofjumpers and ambushers as cursorial spiders.

2.4. Architectural Heterogeneity. Firstly, we measured the

architectural heterogeneity through quantifying the number
of primary, secondary, tertiary, quaternary, quinary, and

senary branches, if they occurred, also, we quantified the

number of different structures (such as closed and open

buds, floral abortions, and infrutescences) presented in the

distal part of each inflorescence and measured inflorescence

length. For these measures, we sampled two inflorescences

from eight shrubs of each morph. Finally, we divided,

for each inflorescence sampled, the branch quantity from

each branching level and the number of structures by

their respective inflorescence length standardization of the

architectural heterogeneity measures for inflorescences of

different sizes. Furthermore, we also took note about spider

presence or absence on the sampled inflorescences.

2.5. Sugar Concentration and Nectar Volume Produced. We
used glass graduated micropipettes (20 /^L) for extracting and

measuring the volume of nectar, whereas for measuring sugar

concentration, we used the handheld refractometer ITREF-

90. For nectar and sugar measures, we sampled flowers

from six randomly chosen brevistylous plants and five

longistylous ones. From each plant, we sampled randomly

two inflorescence and used, according to the availability of

open flowers, 4.42 ± 0.38 (mean ± SE) flowers per inflores-

cence for brevistylous plants and 4.3 ± 0.47 for longistylous

ones. We bagged the inflorescences with organza one day

before the measurement in order to avoid contact with floral

visitants. As nectar is produced continuously throughout

the day, the volume and concentration measures were

standardised for the same period of the day, between nine

and eleven o’clock in the morning. We also took note

whether the sampled inflorescence had spider on it or not.

2.6. Abundance ofFruits and Flowers. In plants where spiders

occurred in some of their inflorescences, we randomly

selected, from the same shrub, two inflorescence, with similar

size and architecture, but one with spiders and another

without. In both of these inflorescences, we quantified the

number of intact and aborted flowers as well as the growing

fruit. A total of 5 brevistylous and 15 longistylous plants were

utilized. This difference in sampling size between the two

morphs was unavoidable, since brevistylous inflorescences

with spiders associated were far more scarce than longisty-

lous ones.
2.7.

Data Analysis. In order to compare the spider guild

richness per inflorescence and the proportion of shrubs with

spiders between brevistylous and longistylous morphs, we
run the nonparametric bilateral Mann-Whitney (7-test and

test, respectively. The number of spider species associated

with the two P. rigida morphs was estimated by Coleman

rarefaction curve. We tested whether the nectar volume and

sugar concentration differed between the two morphs and

between inflorescences with and without spiders. Once we
collected two inflorescences from each P. rigida individual,

the nested ANOVA with type III sum of squares was chosen

for comparisons, since the inflorescence factor was nested

within individual factor, which, in turn, was nested within

morph factor or spider presence/absence factor. We con-

sidered inflorescence as individual random factors, whereas

the morph or the spider presence/absence we considered

as fixed factors. In order to compare the amount of fruits,

intact and aborted flowers between inflorescence with and

without spiders, we performed paired t-tests for each morph.

We also tested, by performing bilateral Mann-Whitney U-

tests, whether the amount of fruits and flowers differed

between brevistylous and longistylous inflorescences, with

spiders and without spiders. We compared the architectural

heterogeneity between brevistylous and longistylous inflo-

rescences through the principal component analysis (PCA)

of correlation with a centered matrix, once the data set

included eight architectural variables. The PCA matrix was

set up by putting each sampled inflorescence as objects and

architectural variables as the object attributes. By performing

PCA, we could visualize general architectural patterns for

both morphs as well as how the different architectural

variables covariate with each other, allowing us to detect what

architectural variables are most likely responsible for the dif-

ferentiation between brevistylous and longistylous morphs.

We used the software Statistica 7.0 (StatSoft) to perform

the Mann-Whitney (7-Test, t^^t, nested ANOVA, and

paired t-test, whereas for multivariate analysis of PCA and

for estimation of species number by Coleman rarefaction,

we used the softwares FITOPAC 2.1.2.85 [23] and Estimates

7.5.0 [24], respectively. For the nested ANOVA and paired

f-test, we transformed the response variable data set into

log {n+ 1) in order to normalize and equalize the variances

for parametric tests. We assumed the level of statistical

significance as P < 0.05 for all analyses performed.

3. Results

3.1. Spider Occurrence and Richness. Among the inflores-

cences with spiders on them, just about one or two spiders

were collected per inflorescence. So, the spider richness

on P. rigida inflorescence was a measure close to the

spider abundance. Although the abundance of spiders per

inflorescence was low, the spider presence/absence was still

remarkably discrepant between the two floral morphs. The

proportion of shrubs with adult spiders differed between
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Table 1: Frequency of spider morphospecies sampled on longisty-

lous and brevistylous inflorescences of P. rigida.

Spider species and

morphospecies

Frequency on

longistylous

inflorescences (%)

Frequency on

brevistylous

inflorescences (%)

Oxyopidae

Oxyopes salticus Hentz,

1845
23.81 —

Thomisidae

Misumenops sp.l 19.04 —
Deltoclita sp.l 9.52 —
Deltoclita sp.2 4.77 —

Salticidae

Corythalia sp. 1 38.09 13.3

Araneidae

Araneus sp. 1 4.77 —
Total 21 2

1.2 n

Ambushers Jumpers Orb-weavers Total

Brevistylous

Longistylous

Figure 2: Spider guild richness per inflorescence in brevistylous

and longistylous shrubs of P. rigida. Error bars represent ± SE.

The unequal letters above error bars indicate statistically significant

differences at significance level of 0.05.

brevistylous and longistylous morphs (x^
= 28.49, df =

1, P < 0.0001), since 2 out of 15 brevistylous shrubs

sampled featured spiders on their inflorescences, whereas all

the longistylous ones had spiders. We have found a total of

six different spider species belonging to four families on P.

rigida inflorescences (Table 1). Cursorial spider guilds were

predominant on P. rigida inflorescences, since Corythalia sp. 1

(Salticidae) was the most frequent species (38,09%), followed

by Oxyopes salticus Hentz, 1845 (Oxyopidae) (23.81%),

and Misumenops sp.

I

(Thomisidae) (19.4%) (Table 1). Only

Corythalia had often been found inside silk structures, which

were frequently built on inflorescence extremities and used as

retreats. The retreat of each spider individual occupied about

one third of the inflorescence length.

Brevistylous

Longistylous

Figure 3: Coleman rarefaction curve for samples of brevistylous

and longistylous inflorescences. Each inflorescence sample repre-

sents one distinct individual of P. rigida. Error bars across the two

curves represent ± SD.

Total spider richness per inflorescence was higher among
longistylous shrubs than among brevistylous ones (Mann-

Whitney (7-test; z = -5.263, P < 0.001) (Figure 2). The

same happened to the spiders of the guilds of Ambushers

(Mann-Whitney (7-test; z = -2.456, P = 0.014) and

Jumpers (Mann-Whitney (7-test; z = -2.873, P = 0.004)

(Figure 2). However, the richness per inflorescence of the

Orb-weavers guild did not differ between brevistylous and

longistylous morphs (Mann-Whitney (7-test; z = -0.845,

P = 0.398). The estimated total number of spider species by

the Coleman rarefaction method was higher for longistylous

inflorescences, since the estimate was about five up to six

species for longistylous and only one species for brevistylous

(Figure 3). Thus, although each P, rigida inflorescence with

spider on it presented just about one spider species, all

the longistylous inflorescences sampled sheltered about five

more spiders than the brevistylous ones.

3.2. Architectural Heterogeneity. The PCA performed for the

architectural variables of inflorescences explained about 60%
of all proved successful [25] (Table 2). On the plane formed

by the first two PCA axes, we can observe the general

tendency of longistylous inflorescences being architecturally

more complex than brevistylous ones (Figures 1 and 4).

Longistylous inflorescences tend to have higher density of

different floral structures, such as closed or open buds,

aborted flowers, and infrutescences. The density of higher

order branches (such as secondary, tertiary, quaternary, and

quinary branching) appears to be positively correlated to

each other and more abundant among longistylous inflores-

cences. Although there is overlapping regarding architecture

features between the two morphs, which is expected since

the morphs belong to the same plant species, longistylous

inflorescences seem to reach more extreme values among
most architectural traits, which was responsible for much
of the variance embraced in the first PCA axis (Figured).
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Longistylous with spiders

• Brevistylous with spiders

O Brevistylous without spiders

Figure 4: Graphic representation for the first two axes of the PCA performed with the architectural variables of P. rigida inflorescences.

Objects; sampled brevistylous and longistylous inflorescences, the object number indicates the number of the sampled P. rigida shrub.

Vectors and Structures: number of floral structures such as open and closed buds, floral abortions, and infrutescences; branch length; total

inflorescence length; 1st, 2nd, 3rd, 4th, 5th, and 6th branching; density of primary, secondary, tertiary, quaternary, quinary, and senary

branches, respectively.

The pattern of spider presence/absence on inflorescences

also seems to follow the pattern of architectural complexity,

since spiders tend to occur on architecturally more complex

inflorescences. It is also noteworthy that the few brevistylous

inflorescences with associated spiders present architectural

features relatively more complex than the other brevistylous,

such as greater density of secondary and senary branches

(Figure 4, block arrows).

3.3. Sugar Concentration and Nectar Volume Produced. There

was no difference neither in nectar volume (Fi ,74 = 0.243,

P = 0.633) nor sugar concentration (Fi ,74 = 0.855,

P = 0.378) between the two morphs (Figure 5). There was

also no difference between inflorescences with and without

spiders regarding to nectar volume (Fi ,74 = 0.538, P =

0.48) or sugar concentration {Fij4 = 0.35, P = 0.566

(Figure 5). Indeed, nectar volume and sugar concentration

varied significantly from individual to individual, regardless

ofwhich morph it belonged to (nectar volume: F9J4 = 4.828,

P = 0.008; sugar concentration: F9J4 = 14.8, P < 0.0001)

or of the spider presence (nectar volume: F9J4 = 7.721,

P = 0.001; sugar concentration: F9J4 = 4.045, P = 0.014).

So, we do not have evidence for difference in nectar volume

Table 2; Eigenvalues, cumulative percent variation, and eigen-

vectors of the first three principal components axes for the eight

architecture variables of longistylous and brevistylous P. rigida

inflorescences.

Axis 1 Axis 2 Axis 3

Eigenvalue 3.246 1.622 0.883

Percent variation 40.57 20.27 11.04

Percent variation as expected

by the broken stick model
33.97 21.47 15.22

Eigenvectors

1st branching -0.2123 0.3369 -0.4324

2nd branching 0.2382 0.5445 0.2173

3rd branching 0.5034 0.0770 0.0039

4th branching 0.4984 -0.1012 -0.1052

5th branching 0.4591 0.0212 -0.4433

6th branching 0.1925 -0.2925 0.6737

Branch length 0.1218 -0.6626 -0.3186

Structures 0.3658 0.2208 0.0536

or sugar concentration between the two morphs or between

inflorescences with and without spiders.
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20 n

Nectar volume (/rL) Sugar concentration %

I I Brevistylous

H Longistylous

(a)

20 n

Nectar volume (/rL) Sugar concentration %

I I With spiders

H Without spiders

(b)

Figure 5; Nectar volume and sugar concentration between (a)

brevistylous and longistylous morphs and between inflorescences

(b) with and without spiders. Error bars represent ± SE.

3.4. Abundance ofFruits and Flowers. The differences in the

amount of fruits, intact flowers, and aborted flowers between

inflorescences with and without spiders were not significant

for both brevistylous (paired f-test fruits: t = 0.241, df = 4,

P = 0.821; intact flowers: t = -1.362, df = 4, P = 0.245;

aborted flowers: t = -2.234, df = 4, P = 0.089) and

longistylous morph (paired t-test fruits: t = 1.685, df = 12,

P = 0.118; intact flowers: t = -0.054, df = 12, P =

0.958; aborted flowers: t = 0.343, df = 12, P = 0.737)

(Figured). There was also no difference in the amount of

fruits and flowers (intact or aborted) between brevistylous

and longistylous inflorescences with spiders (Mann-Whitney

(7-test fruits: z = 1.178, P = 0.239; intact flowers: z = 1.004,

P = 0.315; aborted flowers: z = 0.829, P = 0.407) and

without spiders (Mann-Whitney (7-test fruits: z = 0.000,

P = 1.000; intact flowers: z = 1.626, P = 0.104; aborted

flowers: z = 1.128,P = 0.200). Therefore, we did not find any

evidence for a relationship between the inflorescence morph
or the spider occurrence and the abundance of fruits and

flowers (intact or aborted) in P. rigida inflorescences.

4. Discussion

The spider occurrence pattern was remarkably distinct

between the two morphs, with most of the spiders occurring

on the longistylous morph. The total spider richness was also

higher on longistylous inflorescences than on brevistylous

ones. Thus, the evidence supports the view that there is

some sort of difference in habitat quality between these two

morphs. However, the two morphs differed more consis-

tently only with respect to architectural heterogeneity, since

longistylous inflorescence is, on average, architecturally more

complex than brevistylous. Therefore, this study presents

some evidence in favor of the structural heterogeneity

hypothesis [26, 27] regarding the spider occurrence pattern

on related inflorescences. The habitat architecture actually

is often related to the availability of refuge for protection

against predators and abiotic adversities, such as physical

disturbance and harsh climatic conditions [13]. The higher

refuge availability against intraguild predation can result in

a higher predator richness and abundance in architecturally

complex environments [28, 29]. Furthermore, complex

architecture provides more attaching points for spider silk

structures, such as snare webs and retreats [4, 15]. So, the

higher spider occurrence and total richness on longistylous

inflorescences may then be explained, at least partially,

by their greater architectural complexity due to increasing

shelter availability and suitability for building silk structures.

We have no evidence that other characteristics related

to habitat quality in P. rigida inflorescences, such as nec-

tar volume, sugar concentration, and quantity of flowers

and fruits, are in some way correlated to the presence

of spiders. Such characteristics are usually related to the

prey abundance on inflorescences, since they are largely

responsible for attracting pollinators and phytophagous [30-

32]. However, we should note that P. rigida, like many
other of Rubiaceae family [33], is an ornithophilous species

that is primarily pollinated by hummingbirds, with insects

such as bees, moths, and flies only occurring as occasional

visitors [21]. For example, [14] compared inflorescences of

an ornithophilous species {Palicourea guianensis, Rubiaceae)

with a species pollinated by bees and butterflies {Lantana

camara, Verbenaceae) and found that the ornithophilous one

had much lower density of insects and spiders than the one

pollinated by insects. Since insect pollinators represent an

important prey source for spiders on inflorescences [34, 35],

it is possible that, for ornithophilous species such as P.

rigida, prey availability would not be a main factor influenc-

ing foraging substrate choice by spiders on inflorescences,

rather other factors would be more important such as

refuge availability provided by the complex architecture of

reproductive branches. In [6], for example, even artificial

inflorescences, which were very poor in prey, attracted more

spiders than vegetative branches, indicating that spiders can

select habitat based only on architecture per se. Taking into

consideration the significant importance of tactile signals for

the environment perception by spiders [1, 35], it is possible

that the architectural configuration of plant structures is one

of the main cues used by spiders in selection of foraging

substrates.
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Another important aspect is the presence of nectaries

at the corolla base of the plant, which could attract other

visitors to these resources, such as ants. The presence

of ants culminates in the protection of the plant against

herbivores action, reducing leaf area loss and increasing

fruit set production [36]. Thus, multiple predators (ants

and spiders) often have effects on their common prey

populations that cannot be predicted by summing the effects

of each predator at a time. Recently, [5] experimentally

evaluated the effects of spiders and ants on herbivory and

reproduction of Q. multiflora by dividing the trees in four

experimental groups, depending on the presence or absence

of ants and spiders. Results showed that the presence of

ants reduced the abundance and richness of spiders, but

spiders did not affect the abundance and richness of ants.

Only the removal of ants resulted in a statistically significant

increase in the herbivore abundance and richness. Herbivory,

however, was also affected by spiders. In addition, authors

found a significant interaction effect of ants and spiders

on herbivory, indicating an emergent multiple predator

effect. This study highlights the importance of evaluating

the effect of the predator fauna as a whole and not only

one specific group on herbivory. Moreover, the presence of

ants on P. rigida as well as its ornithophilous pollination,

as discussed before, is likely the cause, at least partially,

of the low spider species richness and abundance on P.

rigida inflorescences. Also, once spiders are usually solitary

and aggressive toward both heterospecific and conspecific

spiders [37] and the fact that many spider retreats occupied

about one third of P. rigida inflorescence length, it would be

possible that the paucity of spiders on P. rigida inflorescences

is partly due to the lack of proximity tolerance among
spiders. The presence of spiders on inflorescences may
easily affect the plant reproductive success. Spiders can

prey on phytophagous harmful to the floral structures and

consequently reduce their abundance, a fact that lead to an

increase in plant reproductive success [3]. Indeed, several

studies have demonstrated that spiders may play an effective

role in biological pest control [2, 38]. Although intra-guild

predation and generalist spider habits could dilute their

impact on phytophagous, the presence of a rich araneofauna

and refuge availability may reduce the dilution effect, leading

to the control and stability of prey populations by the

spider assemblage [2, 28, 39]. Speculatively, it would be
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possible that longistylous inflorescences, due to the higher

spider occurrence and architectural complexity, suffer less

damage from phytophagous in their floral structures than

brevistylous ones. The fact that cursorial guilds, such as

ambushers and jumpers, are present mostly on longistylous

inflorescences than on brevistylous ones also supports this

conjecture, since cursorial spiders are the main predators

in multispecies arthropod interactions [3] and probably the

main agents of biological control [2]. Also, although there

was a low spider number per longistylous inflorescence,

synergic effects with other predators like ants might enhance

the effect of spider presence on floral phytophagous. Albeit

in this study we had not presented differences in number
of fruits or intact and aborted flowers between the two

P. rigida morphs, it would be possible that the effects

of spider presence on longistylous inflorescences become

evident on other P. rigida reproductive factors, such as

seed viability and successful establishment of seedlings.

Thus, it should be interesting for a future study to com-

pare the viability of seeds and seedlings between the two

morphs.

The fact that two floral morphs of the same plant species

present a spider occurrence so distinct from each other

is a really intriguing fact and worth further investigation.

Moreover, the fact that the spiders are still present on almost

all the longistylous inflorescences despite the unfavorable

conditions for their establishment on P rigida, such as

the presence of ants and the ornithophilous pollination,

reinforces the idea that longistylous inflorescences have some

traits that enhance the habitat suitability for spiders. If

plant architecture is the main factor for the spider presence

differentiation between the two morphs, we might say

that architectural modifications in inflorescences may alter

the occurrence pattern of at least some predator groups.

Thus, plant architecture variations could lead to bottom-up

effects and influence the phytophagous abundance through

modifications on predator occurrence pattern. Hence, would

it be possible that a distinct architecture between two

floral morphs may yield differential reproductive success

due to variations on the phytophagous damage magnitude?

Experimental studies with P rigida and other heterosty-

lous plant species, preferentially with higher spider abun-

dance on their inflorescences, would eventually answer this

question.
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We studied the temporal activity pattern of the spider wasp Pepsis montezuma Smith (Hymenoptera: Pompilidae) in a disturbed

lower montane rainforest, which is located in the city of Manizales, Colombia, at an altitude of 2,150 m. Females of this

species are diurnal with two peaks of activity: one in the morning and the other in the afternoon. During the morning, nectar

foraging occurred at Baccharis latifolia. During the afternoon, females hunted for tarantulas of the genus Pamphobeteus (Araneae:

Theraphosidae), which were dragged backwards to the nest by the wasp. The nest was excavated before hunting. This is the first

description of the behavior of Pepsis montezuma.

1. Introduction

Pompilids (spider wasps) are a distinct group of wasps that

have an interesting natural history where single spiders are

used as hosts. Spider wasps have energetic search behaviors,

and distinct morphology, with notably robust bodies and

long spiny legs. Short flight durations with rapid movement
of their wings and antennae are also distinctive features of

this group [1]. Females use spiders as hosts to feed their

larvae. They lay a single egg on each subdued spider [2] . After

stinging a spider, the female wasp transports the spider to the

nest by dragging it backwards, forward, or even flying with it.

The nest can be prepared before or after hunting, and a few

spider wasps use the spider s nest as their own [3].

Despite their diversity, few pompilid wasp’s natural

history has been studied, and most of our knowledge is from

North America and Europe. Behavioral studies of Pepsis have

all been conducted in the USA on Nearctic species [4-8], and

natural history is known for less than 9% ofthe species in the

genus.

In order to add to our knowledge of the biology of spider

wasps in South America, specifically ofPepsis species, natural

history observations were made in Colombia. A field site in

a montane humid forest, near the city of Manizales, Colom-

bia, was found with a high number of active spider wasps.

This presented the opportunity to study the activity patterns

of this species. Flight length, duration, and frequency were

measured, as well as nest entrance and length. Behaviors,

and the time of occurrence, were also measured. This work

constitutes the first description of the behavior of Pepsis

montezuma Smith.

2. Methods

2.1. Study Area. The city of Manizales, Colombia, is located

in the Central “Cordillera,” toward the western slope, at an

altitude of 2,120 m. The coordinates for the study area are

5°3'19.9"N-75°28'51.7"W. The mean temperature is 19°C

and the relative humidity is 80%. The area is termed a

lower montane highly humid forest, according to the system

developed by Holdridge [9] . The location chosen has an area

of 2,442 m^, is eroded, and has exposed clay soil. It is mainly

composed by grass and a tree species—Baccharis latifolia

(Ruiz & Pavon) Persoon—from the family Asteraceae, which

is commonly known as “Chilca” in South America. The area

is highly disturbed, given its proximity to the city.
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2.2. Observations. The behavioral activity of Pepsis mon-

tezuma was observed during three days. Wasps were identi-

fied using the keys provided by Vardy [10-12] and a reference

collection of Pepsis identified by Vardy at Utah State Univer-

sity. For all three days, exhaustive observations were made
from 600 to 1800 hr. The nesting, foraging, and hunting

behaviors were timed, and flight distance was measured for

ten individuals. The depth and entrance diameter of 40 nests

were measured.

3. Results

Activity of males and females began one and a half to two

hours after sunrise (between 800 and 830 hr). Some wasps

emerged from nests, others from mounds of soil surrounded

by grass, and others that seemed not to have a burrow

rested on the soil. Males and females left the nest or ground

and performed short flights for 0.53 to 3.33 min {n = 10;

SD = 1.63), with a mean length of 9.53 m (±4.2 SD) on the

surrounding vegetation, resting on it for 0.35 to 4.94 min

{n = 10; SD = 1.07). Males performed shorter flights, t{8) =

3.495, P < 0.05. The mean resting period was longer in

males, but there was no statistical difference in resting period

between males and females, f(8) = 1.860, P > 0.05. Males

and females flew at the same mean speed, f(8) = 0.098,

P > 0.99 (Figure 1). More short flights by males occurred

between 830 and 1030 hr. These flights were directed towards

the vegetation near the nests of other wasps of the same

species. As time passed, the distance covered by flying wasps

increased.

After 1030 hr, the wasps began foraging for nectar on the

flowers of Baccharis latifolia (Asteraceae) while other flight

activities decreased. The food plant is usually abundant in

areas where soils are moist and blooms continually through-

out the year. After about 1130, the wasps sometimes rested

inside their nests, engaged in short flights about the area, or

occasionally foraged for nectar. After 1500 hr, nest locating,

nest building, nest cleaning, and hunting were observed.

Intruders that approached an occupied nest were attacked

and quickly driven away.

The observed nests of Pepsis montezuma were built in

the ground previous to hunting. The entrance had a mean
diameter of 1.52 cm {n = 40; 0.27 SD), which widened to

form a chamber where the spider was deposited. The mean
tunnel length was 6.74 cm (w = 40; 1.5 SD).

Prey capture was observed at a mean distance of 5 m
{n = 5; SD = 3.00) from the nest entrance. Pepsis montezuma

preys on at least one species ofthe spider genus Pamphobeteus

(Araneae: Theraphosidae). A spider was observed bearing a

larva on the ventral region of the opisthosoma (Figure 2).

Once the spider was stung, the wasp dragged it by walking

backwards to a pre-existing cavity previously constructed by

the wasp. At approximately 50 cm from the burrow, the wasp

released the spider, hiding it in the vegetation, and returned

briefly to fix the nest in the pre-existing cavity before coming

back to the spider, which it retrieved. The wasp then dragged

the spider into the nest. The observed nesting behavior was

abbreviated by Evans [3] as IVPTOC, where the events follow

the following, the order: nest construction (I), hunting
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(d) resting time in males and females.
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Figure 2: A specimen of Pamphobeteus sp. bearing a larva of Pepsis

montezuma on the opisthosoma.

(V), paralysis (P), transportation (T), oviposition (O), and

closing (C).

All activity ended by 1730 hr. Males aggregated overnight

rest on low-lying vegetation. These aggregations disassem-

bled in the morning.

One mating event was observed when two males

attempted to copulate with a female on the ground. The

smaller male left after about a minute while the larger male

copulated with the female for about five minutes.

4. Discussion

Pepsis montezuma shows a bimodal activity pattern, with a

resting period that occurs when temperatures are the highest.

Activity levels show a decrease when it is rainy or cold.

This pattern has been documented for Pepsis thishe Lucas

in Texas [13]. Feeding occurs during a few hours in the

morning and midday, which are separated by approximately

two hours of inactivity. This is the first record for Pompilidae

feeding on B. latifolia. Previous studies recorded feeding of

Pepsis grossa (Fabricius) a variety of desert plant species, but

most of the time was spent on milkweed {Asclepias texana

and A. sperryi, Asclepiadaceae), Mexican buckeye {Ungnadia

speciosa, Sapindaceae), and honey mesquite {Prosopis glan-

dulosa, Fabaceae), which have short corolla lengths [4] like

B. latifolia. Because they feed on few plant species, Punzo [4]

suggested a narrow niche for Pepsis. Vardy [10] mentioned

a predilection for few plant species, depending on the area.

Pepsis montezuma also seems to have a narrow niche, feeding

on just one plant species. Nevertheless, the availability of

resources could influence their preference for B. latifolia in

the area studied.

Hunting behaviors recorded for Pepsis are varied. Most

of the species have been observed stinging and dragging the

spider backwards to a nesting site, digging the nest, and

inserting the spider (VPTIOC) [3]. This behavioral type

is the most common in Pompilidae and is thought to be

the ancestral condition for the family [3]. There is some

behavioral plasticity, however, where the wasp builds the

nest before hunting (IVPTOC) [3]—as observed for P.

formosa [14] and recorded in our observations—or even

uses the spider’s burrow as a nest (VPOC), as in Pepsis

cupripennis [15] and P. mildei [16]. Therefore, three of the

eight behavioral types found in Pompilidae are observed in

this single genus thus far. The only records for complete

hunting behaviors of Pepsis are the ones mentioned herein.

More observations are needed to cover the entire behavioral

diversity of the group.

The behavior displayed by males, who aggregate on the

grass overnight, has been observed in Pepsis [17]. This

is a form of “roosting” observed in other aculeate wasp

groups. In many species of various groups, males spend

the night on different types of plants, but mainly on the

stems of shrubs or trees. These aggregations—as recorded

herein—usually form in the late afternoon or evening and

disassemble in the morning. They can last for weeks, months,

or even generations. The aggregations have been suggested to

provide protection for predators or have thermoregulatory

effects [18].

There are 133 known Pepsis species [10], but behavioral

records exist for fewer than ten of them. There is still

much more to be done in Pepsis behavioral studies. Most

of the records are from North American species occurring

in deserts, but this genus is more diverse in the Neotropical

region and present in a variety of habitats including grass-

lands, montane forests, rainforests, and many more [10].
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Insect abundance and distribution are regulated by several

biotic and abiotic factors and their interactions. Survival

and thriving at extreme physical conditions require peculiar

adaptations and plastic responses. Among abiotic factors,

temperature and humidity stand out as the most important

ones constraining abundance and distribution of insect.

Furthermore, it is well documented that abiotic factors,

especially temperature, regulate the ecology of insect com-

munities.

The current issue explores part of the effects of abi-

otic factors on insect abundance and provides remarkable

insights on the influence and the direction of the impact that

abiotic factors have on insect populations. There is a great

diversity of studies included that goes across several insect

taxa and ecosystems reflecting the magnitude of the effects of

the physical environment on insect populations.

Although effects of temperature on survival, develop-

ment, and reproduction of insects have been exhaustively

explored over several decades, there is still a lot of interest

on how temperature and other abiotic factors set the limits

of distribution and define abundance of insect species.

The present special issue includes two studies reporting on

the influence of temperature on species specific population

dynamics and phenology. In their study regarding the impact

of climatic factors on population dynamics of Diaphania

pulverulentalis, a devastating leafroller for mulberry, V. K.

Rahmathulla and colleagues demonstrate that the interaction

of low temperatures with increased rainfall and subsequent

humidity is correlated with increased infestation levels. Addi-

tionally, C. P. Bonsignore studied the effect oftemperature on

the phenology of the buprestid beetle Capnodis tenebrionis

that poses a serious threat especially to organic cultivation

of various Prunus species and develops a temperature driven

model that explains the activity of C. tenebrionis in the

field. Both studies provide important tools for understanding

seasonal population dynamics and making pest management

decisions.

There are two more studies that explore the influ-

ence of temperature on the development and survival of

insects on marginal environmental conditions. E. Muller

and E. Obermaier examined the effect of daily exposure

to temperatures above the developmental threshold on

Galeruca tanaceti. Average temperatures close to or below

the developmental threshold retard development and in

many cases increase mortality. Nevertheless, E. Muller and

E. Obermaier showed that larvae of G. tanaceti are capable of

exploiting the daily increase of temperature in early spring

above the developmental threshold and exhibit increased

developmental rates and survival. This enables them to take

advantage of the nutritional rich food that is only available

at that time ensuring the completion of development and

successful pupation. On the other hand E. Penarrubia-Maria

and colleagues explore the persistence of the Mediterranean

fruit fly (medfly), Ceratitis capitata, in north-east (NE)

Spain, in an area lying within the northern limits of its

distribution. The study focuses on adult survival during the
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winter and demonstrates that both males and females were

unable to withstand the freezing temperatures of the area

and, therefore, to overwinter in NE Spain.

Modelling effects of temperature on insect development

is another thoroughly explored and longstanding topic in

insect biology. In this issue, P. Damos and M. Savopoulou-

Soultani present an extended review on temperature-driven

models for insect development, describing the strengths

and weakness of the most commonly used ones. In recent

years, there is an increasing emphasis on modelling that

based on sophisticated software tools allows projections and

predictions of potential distributions for insect species based

on climatic suitability. The ecoclimatic matching model

CLIMEX seems to be the most commonly used tool over the

last few years. Olfert and colleagues using CEIMEX provide

interesting data regarding the potential distribution of the

invasive species Sitona lineatus in North America.

Abiotic factors, as it is pointed out above, regulate insect

communities and are connected with several physiological

and other peculiar adaptations and plastic responses. U.

Irmler studied the Staphylinidae fauna in six different habi-

tats of the Baltic Sea coast of Schleswig-Holstein (northern

Germany). Vegetation and soil moisture were the most

important factors affecting species composition. Results

showed that such studies provide an important tool to

assess the impact of anthropogenic activities on ecosystems.

Accordingly, the abundance of selected species could be used

as a bioindicator to monitor pollution in tropical freshwater

ponds, as shown by A. Pal and colleagues. Another study

by C. J. Bidau and colleagues reported on the influence of

latitude and altitude on the body size in two grasshopper

species. The contribution of arboreal ants in relation to

the surrounding habitat to soil fertility was examined in

tropical-derived savannah ecosystems by B. C. Echezona and

colleagues.

Einally, M. Eizaquirre and A. A. Eantinou reviewed dor-

mancy responses and voltinism of Sesamia nonagrioides in

the Mediterranean region. Eacultative diapause in response

to daylength has been reported in populations of the cooler

Mediterranean areas; however, no such response (diapause)

is reported in African populations. Voltinism depends on

diapause termination, while early emergence allows the

accumulation of heat units before the prevailance of the

critical photoperiod for diapause induction.

Overall the current special issue contains a diverse

number ofpapers (both original research and review papers)

that contribute towards a better understanding of the effects

the “abiotic factors” have on “insect abundance” and it

definitely adds an asset to the growing literature on the

specific subject.

Matilda Savopoulou-Soultani

Nikos T. Papadopoulos

Panagiotis Milonas

Pascal Moyal
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In a community, the species present may be linked

directly or indirectly through resources and consumption.

More than 90% of the fixed energy in terrestrial systems

is processed autotrophically by plants and thus almost all

terrestrial fauna depend on this production. Classically,

in systems involving three trophic levels, such as plants,

herbivores, and predators, a trophic cascade describes the

positive top-down effects of the third trophic level on the

biomass, richness, or composition of the producer species

(see [1] and references therein).

In a more recent and realistic approach, biodiversity is

viewed and evaluated in ways that embrace the extreme

richness inherent in plant-animal interactions, including

not only trophic relationships, but also aspects of life

histories, biology, and behavior of interacting species [I].

The richness of biotic interactions has been identified as the

main force responsible for the biodiversity that maintains

viable communities. Indeed, the success of life on Earth is

directly linked to the success of biotic interactions [2]. Biotic

interactions are present everywhere, in air, water, soil, and on

or inside organisms regardless of their size.

Among all of these interactions, those between plants

and animals have been described as being largely responsible

for the functioning and maintenance of trophic chains in

ecosystems and also for the patterns and processes that

structure biodiversity on Earth [3]. This idea was born

of the hundreds of papers published in the last century,

mainly between 1960 and 1990, involving mutualistic and

antagonistic plant-animal relationships (Figure 1). In these

studies, the outcomes of interactions were almost always

related to aspects of the natural history of the interacting

plant and/or animal species involved (e.g., [4, 5]). In

addition, many of these studies revealed that the final

interaction results often differed as a function of season

and/or year, thus clearly demonstrating the importance

of studying the natural history of interacting species in

order to truly further our understanding of the existing

interactions [6]. Also, the outcomes of interactions may
vary as a function of the physical and biotic changes in

the environment. Thus, there is no mutualistic relationship

that will be always and unconditionally one of mutualism.

Similarly, predatory or parasitic relationships may be subject

to changes occurring more or less quickly over evolutionary

time that can drive the results of the interaction in a different

direction.

Although greatly recognized as relevant, basic knowledge

concerning species interactions, including plant phenologi-

cal variations, features of life histories, and animal behavior,

is surprisingly rarely considered in the more recent studies

of plant-animal network interactions [7]. In this special

volume, we have selected papers in order to draw attention

to these interaction network studies as they are fundamental

to the comprehension of specialization patterns in plants

and animals [8]. We have decided to center our attention on

arthropod-plant relationships in this volume, mainly due to

the entomological scope of the journal but also due to the

fact that arthropod-plant interactions exhibit a wide variety

of relationships. Readers will thus discover here a myriad of

interaction possibilities in the different articles, from more

general and theoretical studies to basic and natural history

studies in arthropod-plant interactions. We hope that this

special volume will both exemplify how these interactions
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Figure 1: The Malpighiaceae {Peixotoa tomentosa) has its flowers visited by (a) the pollinator bee {Centris (Ptilotopus), Apidae) and (b) also

(like in Banisteriopsis laevifolia) by the small black thrips {Heterothrips peixotoa, Heterothripidae) that infest and destroy its stamens and

stigma.

can contribute to the general ecological theory and reinforce

the value of natural history and behavioral studies.

Kleber Del-Claw
Monique Johnson

Helena Maura Torezan-Silingardi

References

[1] K. Del-Claro and H. M. Torezan-Silingardi, “Insect-plant inter-

actions: new pathways to a better comprehension of ecological

communities in Neotropical savannas,” Neotropical Entomology,

vol. 38, no. 2, pp. 159-164, 2009.

[2] N. Bliithgen, “Ecologia das intera96es Animais-Plantas: Inter-

a^oes Planta-Animais e a importancia funcional da biodiver-

sidade,” in Ecologia das Interagoes Plantas-Animais: Uma Abor-

dagem Evolutiva, K. Del-Claro and H. M. Torezan-Silingardi,

Eds., pp. 261-272, Technical Books Editora, Rio de Janeiro,

Brazil, 2012.

[3] J. N. Thompson, The Geographic Mosaic ofCoevolution, Univer-

sity of Chicago Press, Chicago, 111, USA, 2005.

[4] E. O. Wilson, Biodiversity, National Academy Press, Washing-

ton, DC, USA, 1988.

[5] H. M. Torezan-Silingardi, “Predatory behavior ofPachodynerus

brevithomx (Flymenoptera: Vespidae, Eumeninae) on endo-

phytic herbivore beetles in the Brazilian tropical savanna,”

Sociobiology, vol. 57, no. 1, pp. 181-189, 2011.

[6] K. Del-Claro and P. S. Oliveira, “Conditional outcomes in a

neotropical treehopper-ant association; temporal and species-

specific variation in ant protection and homopteran fecundity,”

Oecologia, vol. 124, no. 2, pp. 156-165, 2000.

[7] N. Bliithgen, “Why network analysis is often disconnected from

community ecology: a critique and an ecologist’s guide,” Basic

and Applied Ecology, vol. 11, no. 3, pp. 185-195, 2010.

[8] T. M. Lewinsohn, P. Inacio Prado, P. Jordano, J. Bascompte,

and J. M. Olesen, “Structure in plant-animal interaction

assemblages,” Oikos, vol. 113, no. 1, pp. 174-184, 2006.



Hindawi Publishing Corporation

Psyche

Volume 2012, Article ID 319097, 7 pages

doi:10.1155/2012/319097

Research Article

Phylogeny and Phylogeography ofMyrmica rubra Complex
(Myrmicinae) in the Japanese Alps

Shouhei Ueda,^ Taito Nozawa,^ Tetsuya Matsuzuki,^

Ryo-ichi Seki,^ Shinya Shimamoto,^ and Takao Itino^’^

^Institute ofMountain Science, Shinshu University, 3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan
^ Department ofBiology, Faculty ofScience, Shinshu University, 3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan

Correspondence should be addressed to Shouhei Ueda, ueda32@shinshu-u.ac.jp

Received 6 August 2012; Revised 15 November 2012; Accepted 22 November 2012

Academic Editor: Bertrand Schatz

Copyright © 2012 Shouhei Ueda et al. This is an open access article distributed under the Creative Commons Attribution License,

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We investigated the genetic diversification of the mountain ant, Myrmica kotokui, in the Japanese Alps by using molecular

phylogenetic analyses. Myrmica kotokui is widely distributed in Japan, and in the central Japanese Alps it is found only between

elevations of approximately 1000 to 2000 m. We hypothesized that genetically distinct clades of this ant species might inhabit

different mountain ranges in central Japan. To test this hypothesis, we reconstructed a molecular phylogeny using the DNA
sequences of the mitochondrial cytochrome oxidase I gene and the nuclear long-wavelength rhodopsin gene ofM. kotokui specimens

collected from six mountain ranges in the Japanese Alps. The phylogeny showed four highly differentiated clades. However, the

correspondence between the clades and morphological species was a little confusing. Two clades were composed only ofM. kotokui

specimens, whereas the other two clades were composed of multispecies, suggesting the possibility of multispecies composition

of putative M. kotokui. The distribution pattern of these clades did not support our hypothesis of geographical differentiation,

because two were distributed across all ranges, and a third was distributed in five of the six ranges. On the other hand, we found

a pattern in the altitudinal distribution of the clades: one clade was distributed only at higher elevations, and the others were

distributed at lower elevations. Thus, the ant clades do not show geographical segregation by mountain range, but they do show

altitudinal differences.

1. Introduction

Modern molecular phylogenetic techniques have revealed

that some morphological species are composed of several

genetically distinct cryptic species [1]. To evaluate the

biodiversity of a taxonomic group, it is essential to identify

cryptic species, and biogeographical studies that determine

the distributions of cryptic species are of crucial importance

in conservation biology. Although many cryptic species

have been found in several ant genera by using molecular

phylogenetic techniques [2-5], it is difficult to identify

cryptic species by using traditional morphological classifi-

cation techniques alone, because intraspecific morphological

variation may be greater than the interspecific variation and

because convergently evolved characters may not show any

morphological variation among species [3, 5]. For instance,

Schlick-Steiner et al. [4] used mitochondrial DNA (mtDNA)

to reconstruct the phylogeny of a Tetramorium ant species

complex. Although the species of this complex are difficult

to distinguish morphologically, by using their mtDNA phy-

logeny, morphology, and cuticular hydrocarbons, Schlick-

Steiner et al. [4] succeeded in identifying seven cryptic

species.

In the genus Myrmica, about 180 species are known in

the Holarctic region [6]. The taxonomy of Myrmica is well

understood in Palearctic region, and the Palearctic species

are morphologically classified into some species groups [7].

In Japan, currently nine species are known, but taxonomic

understanding of Myrmica species in Japan is not yet

satisfactory [8]. Myrmica kotokui, which belongs to Myrmica

rubra species group (Figure 1), is known from the Russian

Far East, Korea, and Japan [9, 10] and is distributed in Japan

from Hokkaido in the north to the Yakushima Islands in the

south [8]. This species, which probably originated in Eurasia
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Figure 1: A worker ant of Myrmica kotokui (a photo by T.

Komatsu).

[11, 12], is adapted to a cold-temperate climate. As a result,

in lower latitudes, M. kotokui is restricted to high elevations.

For example, on Mt. Norikura in the Japanese Alps, this

species is mainly found at elevations from approximately

1000 to 2000m [13]. Thus, in the mountains of Japan, the

habitat of M. kotokui is fragmented into several patches

of mountain ranges [14], which has led us to hypothesize

that M. kotokui might be composed of several genetically

distinct clades, or cryptic species, each inhabiting a different

mountain range. Moreover, this possibility is supported by

the dimorphism and two social systems of M. kotokui that

have been observed in Hokkaido. Populations of M. kotokui

in Hokkaido have been divided into two groups according

to their social structure, monogynous, or polygynous, and

these two groups can also be differentiated by morphological

characters of queens, namely, head width and the ratio

of wing length or thorax width to head width [15-17].

Although queen body size of M. kotokui was significantly

larger in the monogynous population than in the polygynous

population, the size overlapped extensively between the two

populations. Therefore, social structure ofM. kotokui cannot

be distinguished simply by queen body size
[ 16]

.

The taxonomic classification of M. kotokui is contro-

versial. Forel [18] described this species as a variety of M.

ruginodis, but Collingwood [9] reclassified M. kotokui as a

separate species. Onoyama [19] pointed out, however, that

M. kotokui should be considered a subspecies ofM. ruginodis

because there are no remarkable morphological differences

between M. ruginodis and M. kotokui. Moreover, in Japan, M.

kotokui is likely to be confused with M. rubra [19]. Wetterer

and Radchenko [10] also reported that in early published

records from East Asia, some M. kotokui specimens appear

to have been misidentified as M. rubra. M. ruginodis and

M. rubra are distributed through the northern Palaearctic

region, and M. ruginodis lives at higher latitude and altitude

than M. rubra [20]. M. rubra, which is known as an alien

species spreading through temperate North America [10], is

infrequently discovered in Hokkaido [19].

Recently, Jansen et al. [12] reconstructed a broad-scale

phylogeny of the genus Myrmica and confirmed that M.

kotokui forms a genetically distinct species from M. ruginodis

and M. rubra and that M. ruginodis is a closest relative ofM.

kotokui (also see [11]). Their phylogeny, however, was based

on only two specimens of M. kotokui from Hokkaido; no M.

kotokui specimens from Honshu were included. Therefore,

to clarify the taxonomy of M. kotokui in Japan, a molecular

phylogeny should be reconstructed using samples from both

Honshu and Hokkaido.

For this study, we collected 72 ant colonies ofM. kotokui

in the Japanese Alps, central Honshu, and reconstructed

a molecular phylogeny on the basis of the mitochondrial

cytochrome oxidase I gene and the nuclear long-wavelength

rhodopsin gene. Our aim was twofold: first, to clarify the

phylogenetic position of M. kotokui among related taxa and

second, to test our hypothesis that M. kotokui is composed of

several genetic clades, each inhabiting a different mountain

range.

2. Materials and Methods

2.1. Sampling and Specimens. Between June 4, and October

10, 2009, we collected 72 ant colonies of M. kotokui from 36

locations in six mountainous ranges of Honshu (Joshinetsu,

Kita-Alps, Hijiri, Yatsugatake, Chuo-Alps, and Minami Alps)

at elevations ranging from 900 to 1800m a.s.l. Voucher

specimens are deposited in the Faculty of Science, Shinshu

University, Matsumoto, Japan. For the phylogenetic study, we
also used as ingroups two sequences ofM. kotokui published

by Jansen et al. [12]. For outgroups, we used the COI
and LwRh sequences of 11 species used by Savolainen and

Vepsalainen [21], Jansen et al. [12] and Leppanen et al.

[22]: three species (M. arisana, M. rubra, and M. ruginodis)

in the rubra group, which also includes M. kotokui; seven

species {M. formosae, M. serica, M. yamanei, M. schoedii,

Myrmica n. sp. 2, M. indica, and M. weberi) in the ritae

group, a sister clade of the rubra group; one species {M.

rugosa) of the rugosa group, a clade distant from the rubra

group. In addition, for outgroups, we added four species

(M. excelsa, M. jessensis and M. taediosa in lobicornis group;

M. luteola in luteola group), which are distributed in Japan.

Collection locations (latitude, longitude, and elevation) of

the specimens and their GenBank accession numbers are

listed in Table SI (see Supplementary materials available

online at doi: 10. 1155/2012/319097).

2.2. DNA Extraction, Polymerase Chain Reaction, and

Sequencing. DNA was extracted from the whole body of

each ant with a DNeasy Blood Sc Tissue Kit (Qiagen,

Hilden, Germany) following the manufacturer’s protocols.

A mitochondrial COI gene and a nuclear LwRh gene were

amplified by polymerase chain reaction (PGR) using Takara

Ex Taq (Takara Bio, Shiga, Japan). The PGR primers for

COI were mtD-6 (5'-GGA TCA CCT GAT ATA GCA TTC
CC-3') and Nancy (5'-CCC GGT AAA ATT AAA ATA TAA
ACT TC-3') [23], and that for LwRh were LR143F (5'-GAC

AAA GTK CCA CCR GAR ATG CT-3') [24] and LR672R
(5'-GCR CAM GCW GTC ATG TTR CCT TC-3') [12].

The PCR temperature profile used for COI was 30 cycles

of 95°C for 30 s, 50°C for 30 s, and 72°C for 40 s and that

used for LwRh was 30 cycles of 98°C for 10 s, 55°C for 30s,
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and 72°C for 40 s. After amplification, the PCR products

were purified with ExoSap-IT (USB, Cleveland, OH, USA).

Cycle sequencing reactions for both strands were performed

with a BigDye Terminator vl.l Cycle Sequencing Kit (ABI,

Weiterstadt, Germany) on an ABI 3130 Genetic Analyzer.

2.3.

Sequence Alignment and Character Statistics. Mitochon-

drial COI and nuclear LwRh sequences were edited and

aligned with SeqScape v. 2.5 (ABI, Weiterstadt, Germany).

Base frequency homogeneity was tested by using the test

in the PAUP* 4.0bl0 [25]. Parsimony-uninformative sites

were excluded from the test. The x^ test did not reject

the hypothesis of homogeneity of nucleotide frequencies in

each pair of taxa (P > 0.50; Table S2). To test conflicts

in phylogenetic signal among each dataset we conducted

an incongruence length differences (ILDs) test (Farris et

al., 1994) in PAUP* 4.0bl0 with heuristic searches of 100

replicates with tree bisection and reconnection (TBR) and

10 random addition replicates. The ILD test revealed no

conflict between COI and LwRh {P = 0.79). The degree

of substitution saturation in the third codon position of

the COI and LwRh sequences was assessed by plotting

the transitions (Tis) and transversions (Tvs) ratios against

genetic distance for each data set with the DAMBE software

package by the method of Xia and Xie [26] (Figure SI).

In the saturation plot analysis, the simple JC69 substitution

model [27] was used instead of the J2 substitution model

{COI) [28] or the HKY substitution model {LwRh) [29],

which was selected in the model selections described in the

next paragraph, because DAMBE does not support the J2

and the HKY substitution model. Substitution saturation

at the third codon position was not detected {P < 0.001;

Figure SI). In addition, we did not find the evidence of

mitochondrial pseudogenes, called nuclear mitochondrial

transfer (numts), in the mitochondrial COI sequences, which

leads to the erroneous phylogeny [30]: there are not indels

and stop codons in COI sequences. Following the results of

the character statistics, we used all data sets and all positions

in each data set for the phylogenetic analyses.

2.4. Phylogenetic Analyses. Best-fit substitution models were

selected for each codon position of each gene by using

Bayesian information criterion 5 (BIC5) and the Kakusan4

program [31] (Table S3). Maximum likelihood (ME) analysis

was performed with TREEFINDER version October 2008

[28] and the models selected by Kakusan4. Clade support was

assessed by 1000 bootstrap replications in TREEFINDER.
In addition, Bayesian posterior probabilities and maximum
parsimony (MP) bootstrap support were obtained with

MrBayes version 3.1.2 [32] and PAUP* 4.0bl0 software [25],

respectively. The models selected by BIC5 were also used in

the Bayesian analysis (Table S3) with the default run settings,

in which two independent analyses are performed, each

with four chains (one cold and three heated). The Bayesian

analysis was run for 1 million generations, with sampling

every 1000 generations. We assessed the log likelihood of

each sampling point against generation time to identify

when the Markov chains reached a stationary distribution

and accordingly discarded the initial 2000 trees as burn-in.

The parsimony bootstrap support was assessed with 1000

bootstrap replicates by using heuristic searches with tree

bisection and reconnection (TBR) and 100 random addition

replicates for each.

2.5. Statistical Analysis. Differences in the elevation range

among the distributions of the ant clades were analyzed by

one-way analysis of variance (ANOVA) and Tukey s multiple

comparison test in the R software package [33].

3. Results and Discussion

3.1. Taxonomy of M. kotokui Based on DNA Phylogeny.

Molecular phylogenies of M. kotokui were inferred from a

total of 855 bp from the two genes (508 bp sequences of the

mitochondrial COI gene and 347 bp sequences of the nuclear

LwRh gene). Although there is no conflict of the phylogenetic

signal between the mitochondrial COI gene and the nuclear

LwRh gene, the further analyses of additional nuclear gene

sequences will be required to reveal the conflict between

mtDNA and nuclear DNA phylogenies due to introgression

or incomplete lineage sorting [34, 35]. It is because the

substitution rate of LwRh is much lower than that of COI
and genetic divergences between El and L2 and between L3

and L4 were not detected in the analysis of the nuclear LwRh
marker alone (data not shown).

Four independent clades were identified by the ML,
MP, and Bayesian analyses (El to L4; Figure 2), suggesting

that the single morphological species known as M. kotokui

is composed of several putative cryptic species. However,

the correspondence between the clades and morphological

species was a little confusing. Two clades (L3 and L4) were

composed only of M. kotokui specimens, whereas the other
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two clades composed of multispecies: LI was composed of

M. rubra and M. kotokui specimens, and L2 was composed of

M. arisana and M. ruginodis as well as M. kotokui specimens

(Figure 2).

The possibility of multispecies composition ofM, kotokui

may account for the confused taxonomy of M. kotokui in

Japan as reported by several studies [10, 15, 19, 36]. The

absence of morphological differences between M. kotokui

and M. ruginodis reported by Onoyama [19], for example,

might be because M. kotokui specimens of the L2 clade,

which is closely related to M. ruginodis (Figure 2), were

used for the morphological comparison of the two species.

Moreover, the misidentification of M. kotokui specimens as

M. rubra [10, 19] may have occurred because the LI clade of

M. kotokui is closely related to M. rubra (Figure 2).

Taken at face value, it is possible that the LI and L2 of

putative M. kotokui are misidentification of M. rubra and

M. ruginodis, respectively, and that the L3 or L4 clades, or

both, should be regarded as the true species M. kotokui.

Here, the taxonomy ofM. kotokui cannot be clarified because

detailed morphological comparisons have not been made
with type material. All specimens collected from the Japanese

Alps for this study were identified as M. kotokui by using

the taxonomic key for Japanese ant species of Morisita et

al. [37], which was made based on the original species

description of Collingwood [9], but further morphological

study ofthe specimens is desirable. Further multidisciplinary

studies of the morphology, social structure, and cuticular

hydrocarbons of M. kotokui and its relatives [4, 5] are also

necessary to solve these taxonomic problems.

3.2. Geographical Distribution and Altitudinal Distribution.

We investigated the geographical distribution of each clade

to determine whether they were allopatrically isolated. We
found that LI and L3 were distributed across all six mountain

ranges, L2 was distributed in all mountain ranges except

Yatsugatake, and L4 (present in only two samples) was

found only in Yatsugatake (Figure 3). Thus, the distribution

pattern of the ant clades did not support our hypothesis

of geographical genetic differentiation by mountain range.

Therefore, we investigated the altitudinal distributions of the

ant clades in the Japanese Alps between 900 and 1800 m a.s.l.

and found that the L3 clade was distributed at a significantly

higher elevation range than LI and L2 (Figure 4; one-way

ANOVA, P < 0.001; Tukey’s multiple comparisons: LI X L3,

P < 0.005; L2 X L3, P < 0.0001). A significant difference

was not detected between the L4 distribution and the other

distributions because of the small L4 sample size.

These results raise the following question. Did the genetic

differentiation of the ant clades occur in the Japanese Alps

or did clades that had already diverged on the Eurasian

continent migrate to the Japanese Alps? The differentiation

of the clades may not have occurred in the Japanese Alps

for two reasons: (1) no physical barrier separates altitudinal

ranges in the Japanese Alps and (2) the genetic distances

between the clades are too large (6.5%) to have been

accumulated after the last glacial maximum. Thus, the

altitudinally stratified distribution of the ant clades may
reflect multiple migrations from the continent with clades

adapted to different levels of coldness becoming segregated

in different habitats because of the drastic environmental

differences along the elevation gradient [38]. Taken together,

our results suggest that a cryptic highland clade of Myrmica

exists. We also propose that further biodiversity may be

hidden in ants that live at high elevations.
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Certain species ofbark beetles in the insect order Coleoptera,

family Curculionidae (formerly Scolytidae), are keystone

species in forest ecosystems. However, the tree-killing and

wood-boring bark and ambrosia beetles are also among the

most damaging insects of forest products including lumber,

paper, and ornamental/recreational trees. The pest status

of these beetles has been elevated with the advance of

global warming and moderate to severe area-wide droughts,

exacerbated by mismanagement and prevention of fires over

decades. The ecology and chemical ecology of bark beetles

has been and still is an exciting area of research, particularly

since bark beetles utilize a wide array of semiochemicals in

communication and in interactions with plants. Bark beetle

chemical ecology is intimately connected and intertwined

with behavioral and physiological processes that are still

largely unknown in many species. Development ofmore effi-

cient pest management practices will require a much deeper

understanding of the ecology of bark beetles facilitated by

interdisciplinary observations and experiments on many
levels. Potential topics for this special issue include host-tree

finding and selection, resistance by the tree, avoidance of

tree defenses, insect/tree microbial associations, regulation

of colonization density, ecology of predators and parasitoids,

communication, biosynthesis of semiochemicals, behavioral

assays and antennal responses, population management,

models of dispersal and trapping, and reviews. Many of these

topics and others are covered in part in the 12 articles in the

special issue on “Bark beetle ecology and interactions with host

trees!'

F. Schlyter in his article “Semiochemical diversity in prac-

tise: Antiattractant semiochemicals reduce hark beetle attacks

on standing trees—a first meta-analysis" brings together the

results of 33 recent studies on attractive traps and repel-

lent chemicals (verbenone and/or nonhost tree volatiles)

designed to reduce bark beetle colonization of host trees.

He found using Cohens effect size that the use of repellent

chemicals caused a significant reduction in attacked and

killed trees in most studies. The results were not affected

by publication year and the plots indicated there were little

bias in reporting of only those studies showing effects of

repellents. The use of natural repellents at higher dosages

can allow stressed trees to survive by protecting themselves

with their innate defenses. He recommends more precise

reporting of results, more unified experimental designs, and

further meta-analyses that include “grey literature” and more

beetle species.

S. D, Reay et al. in their article “Hylastes ater (Curculion-

idae: Scolytinae) affecting Pinus radiata seedling establishment

in New Zealand" report on the pine bark beetle Hylastes ater

that was introduced into New Zealand about 100 years ago.

In the 1950-1 970s, biological control was attempted with

limited success, and now there is renewed interest in develop-

ing a better understanding of the pest status on seedlings and

to evaluate the role of the beetle in vectoring sapstain fungi

in order to develop options for management. A number of

findings relevant to the New Zealand exotic forest industry

are presented that reveal the role of secondary bark beetles.

A. Angst et al., Riiegg, and Forster report in their article

“Declining bark beetle densities (Ips typographus, Coleoptera:

Scolytinae) from infested Norway spruce stands and possible

implications for management" that eight-toothed spruce bark

beetles {Ips typographus) during the last 20 years have killed

millions of cubic meters of standing spruce in central Europe.

Beetle densities were monitored using pheromone traps

along transects from infested stands to spruce-free buffer

zones. The beetle densities decreased rapidly with increas-

ing distance from the infested spruce stands, falling below

high risk thresholds within a few hundred meters from

the infested stands. The decrease in catches was more pro-

nounced in open land and in an urban area than in a

broadleaf stand. Buffer zones without spruce of 500m width

can probably reduce densities of spreading beetles.
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Several articles deal with pine shoot beetles of the genus

Tomicus; for example, T, Zhao and B. Langstrom in their

article “Performance of Tomicus yunnanensis and Tomicus

minor (Col, Scolytinae) on Pinus yunnanensis and Pinus

armandii in Yunnan, southwestern China” report that T
yunnanensis and Tomicus minor have caused substantial tree

mortality to Yunnan pine {Pinus yunnanensis) in south-

western China, whereas the beetles rarely attack Armand
pine {Pinus armandii). The suitability of P armandii as host

material for the two Tomicus species was tested by intro-

duction of the beetles to branches and logs of the two pines

during shoot feeding and trunk attack phases. Successful

shoot feeding was observed by both species on both host

trees, but the performance of both Tomicus species was

much better on P yunnanensis than on P armandii. In the

laboratory, T. yunnanensis and T. minor produced similar

progeny in both pine species’ logs, but the brood beetles

emerging from Armand pine weighed less than those from

Yunnan pine. Thus, P. armandii may be a potential host for

T. yunnanensis and T. minor,hut more experiments should

assess the risk of these insects to stands of P. armandii.

In the first oftwo articles by R. C. Lu et al. on the “Attrac-

tion of Tomicus yunnanensis (Coleoptera: Scolytinae) to

Yunnan pine logs with and without periderm or phloem: an

effective monitoring bait,” the authors report experiments

with host log baits to develop a pest monitoring system using

host tree kairomone. Yunnan pine logs with peeled-off peri-

derm (outer bark) with sticky adhesive areas captured signi-

ficantly more beetles than on untreated control logs with

adhesive. T. yunnanensis fly mostly during the afternoon

according to trap catches. Attraction to the periderm-peeled

logs decreased considerably when they were peeled further

to remove the phloem, indicating that phloem volatiles play

a role in selection of the host by the beetle. The readily

available log baits appear useful for monitoring pine shoot

beetle populations in integrated pest management programs.

In a second paper by these authors, “Coexistence and competi-

tion between Tomicus yunnanensis and T. minor (Coleoptera:

Scolytinae) in Yunnan pinef they found that T. yunnanensis

initiated dispersal from pine shoots to trunks in November,

while the majority of T. minor begin to transfer in December.

The patterns of attack densities of these two species were

similar, but with T. yunnanensis colonizing the upper section

of the trunk and T. minor the lower trunk. The highest attack

density of T. Yunnanensis was 297 egg galleries/m^, and the

highest attack density of T. minor was 305 egg galleries/m^.

Although there was significant overlap for the same bark

areas, the two species generally colonize different areas of

the tree, which reduces the intensity of competition for the

relatively thin layer of phloem-cambium tissues where the

beetles feed and reside.

Q.-H. Zhang et al. in their article “2-Methyl-3-buten-

2-ol, a pheromone component of conifer bark beetles found

in the bark of nonhost deciduous trees” report that volatiles

from the bark of aspen, Populus tremula and two species of

birch {Betula pendula and B. pubescens), were collected from

both newly cut bark chips and undamaged stems and sub-

jected to combined gas chromatography and mass spectro-

metry (GC-MS) analysis. The results showed the presence of

2-methyl-3-buten-2-ol (MB), one of the two principal aggre-

gation pheromone components of the spruce bark beetle, Ips

typographus, in samples of all three tree species. In addition,

an oxygenated hemiterpene, 3-methyl-3-buten-2-one, and

(£)-3-penten-2-ol were collected. Only trace amounts ofMB
were detected in some aeration samples of the fresh bark

chips, and no MB was found from the aeration samples of

undamaged stems. The occurrence ofMB was also confirmed

in the bark of four exotic birch species: B. albo-sinensis, B.

ermanii, B. jacquemontii, and B. maximowicziana, but not

in the European pines/spruces and the common yeasts. The

results raise major questions regarding the evolution, the

biosynthesis, the tropospheric chemistry, and the ecological

role ofMB.
G. Birgersson et al. report on the “Pheromone production,

attraction, and interspecific inhibition among four species of

Ips bark beetles in the southeastern USA.” Hindgut volatiles

from attacking, unmated males of Ips avulsus, I. calligraphus,

I. grandicollis, and I. pini were analyzed by GC-MS and

these results were used to formulate baits for the four bark

beetle species. The bioassays were subtractive for the com-

pounds identified in the hindgut analysis of each species,

and volatiles identified in sympatric species were added as

potential inhibitors alone and in combination. The subtrac-

tive assays showed that I. grandicollis and I. calligraphus share

(-)-(4S)-ds-verbenol as one pheromone component. The

second synergistic pheromone component of I. grandicollis,

(-)-(S)-ipsenol, acts as an interspecific inhibitor of I. calli-

graphus, while the second synergistic pheromone component

of I. calligraphus, (±)-ipsdienol, acts as an interspecific

inhibitor to I. grandicollis. I. avulsus and I. pini were found

to be very similar in hindgut volatiles, and both use ips-

dienol and lanierone as synergistic pheromone components.

Lanierone was found to be an interspecific inhibitor for both

I. calligraphus and I. grandicollis.

J. A. Byers reports that “Bark beetles, Pityogenes bidenta-

tus, orienting to aggregation pheromone avoid conifer monoter-

pene odors when flying but not when walking!' Previous stud-

ies and data in this paper suggest that odors from healthy host

Scotch pine {Pinus sylvestris) and nonhost Norway spruce

{Picea abies), as well as major monoterpenes of these trees

at natural release rates, significantly reduce the attraction of

flying bark beetles, Pityogenes bidentatus, of both sexes to

their aggregation pheromone components grandisol and cis-

verbenol in the field. In contrast, P. bidentatus males and

females walking in an open-arena olfactometer in the labo-

ratory did not avoid monoterpene vapors at release rates

spanning several orders of magnitude in combination with

aggregation pheromone. This apparent contradiction can be

explained if the bark beetle avoids monoterpenes when flying

as a mechanism for avoiding nonhost species, vigorous, and

thus unsuitable host trees, as well as harmful resinous areas

of hosts. After landing, inhibition of this flight avoidance

response in beetles would allow them to initiate, or to

find and enter, gallery holes with high monoterpene vapor

concentrations in order to feed and reproduce.

J. A. Byers and G. Birgersson write about “Host- tree

monoterpenes and biosynthesis of aggregation pheromones in

the bark beetle Ips paraconfusus.” In the I970-80s, a paradigm
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developed that Ips bark beetles utilize the host tree’s pre-

formed monoterpene myrcene as a precursor that is simply

hydroxylated in order to minimize pheromone (ipsenol and

ipsdienol) biosynthetic costs. In 1990, however, amounts

of ipsenol and ipsdienol produced by male 1
. paraconfusus

feeding in five host pine species were found to be very simi-

lar, even though GC-MS showed that there was no detectable

myrcene precursor in one of the species of pine {Pinus sabi-

niana). Subsequent research showed that ipsenol and ips-

dienol are biosynthesized from smaller precursors such as

acetate and mevalonate, and this de novo pathway is the

major one, while host tree myrcene conversion by the beetle

is the minor one. Concentrations of myrcene, a-pinene,

and other major monoterpenes in five pine hosts {Pinus

ponderosa, P lamhertiana, P jeffreyi, P. sabiniana, and P
contorta) of L paraconfusus are reported and a scheme for

biosynthesis of ipsdienol and ipsenol from myrcene and pos-

sible metabolites such as ipsenone is presented. Coevolution

of bark beetles and host trees is discussed in relation to

pheromone biosynthesis, host plant selection/suitability, and

plant resistance.

The issue deals with theoretical topics regarding evolu-

tionary selection for host tolerance and choice in the paper

by J. A. Byers “A population genetic model ofevolution ofhost-

mate attraction and nonhost repulsion in a bark beetle Pityo-

genes bidentatus? Studies have shown that the bark beetle

Pityogenes bidentatus avoids volatiles of nonhost trees (Nor-

way spruce, birch, and oak) and healthy host Scotch pine

when orienting to aggregation pheromone. A population

genetic model of two behavioral genes was hypothesized

where AA, Aa, and aa were allele combinations regulating

orientation to host tree and pheromone odors, and BB, Bb,

and bb were combinations allowing avoidance of nonhost

and unsuitable host odors. The nine possible genotypes were

assigned different survival factors that remained constant

during simulation. The initial proportion of aabb genotype

(little aggregation/host response and little avoidance of non-

hosts) was ~1.0 when a mutation was hypothesized that

caused better orientation to host/beetle odors (Aabb) and

another mutation causing more efficient avoidance of non-

hosts (aaBb). After these initial mutations, the model used

indiscriminate mating of genotypic proportions and sub-

sequent survival as input for each successive generation. The

results indicate that AABB eventually fixates in the popula-

tions in some scenarios, while AABB and other genotypes

reach stable equilibriums in other models depending on

genotypic survival values supported by ecologically sound

assumptions. The models indicate how the development of

insecticide resistance in pest insects as well as host selection

and tolerance may proceed.

M. N. Andersson in a comprehensive review “Mecha-

nisms of odor coding in coniferous bark beetles: from neuron

to behavior and application" discusses how coniferous bark

beetles locate their hosts by means of olfactory signals,

such as pheromones, and host- and non-host compounds.

Behavioral responses to these volatiles are well known, but

apart from the olfactory receptor neurons (ORNs) detecting

pheromones, information on the peripheral olfactory phys-

iology has been limited until recently. Several new classes

of ORNs for the spruce bark beetle, Ips typographus, have

been described and the odor encoding mechanisms and links

between behavioral responses and ORNs responses were

investigated, allowing for a more profound understanding of

bark beetle olfaction. This paper reviews the physiology of

bark beetle ORNs and their relevance in a behavioral context

focusing on L typographus.

While the articles are limited in number they do address

a wide variety of topics regarding bark beetle interactions

directly with the host tree as well as with other colonizing

bark beetles in the host tree or during the process of finding

hosts and avoiding nonhost plants and bark areas with severe

intra- and interspecific competition and thus maximize fit-

ness.

John A. Byers
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