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Abstract—The Atlantic sturgeon 

(.Acipenser oxyrinchus oxyrinchus) is 

an anadromous species that histori¬ 

cally occurred in the Atlantic Ocean 

along the North American coast from 

maritime Canada to the St. Johns 

River, Florida. A century of overhar¬ 

vesting and habitat loss has resulted 

in range-wide population declines, 

and in 2012 the species was listed 

under the U.S. Endangered Species 

Act. The extirpation of several indi¬ 

vidual populations—especially in the 

southeastern United States—was an 

important consideration in the fi¬ 

nal determination to list the species 

as endangered. Although historical 

data confirm the presence of Atlantic 

sturgeon in the St. Johns River, no 

recent evidence of a viable popula¬ 

tion exists for that river system. The 

primary objective of our study was 

to document the presence or absence 

of Atlantic sturgeon in the St. Johns 

River. During 2014-2015, we con¬ 

ducted nearly 200 hours of directed 

sampling with gill nets of different 

mesh sizes in the St. Johns River 

estuary but found no evidence of 

an extant population within the St. 

Johns River system. We did docu¬ 

ment the seasonal presence of sev¬ 

eral adult and subadult individuals 

that had been acoustically tagged by 

researchers working in other coastal 

systems, and that finding indicates 

that nonnatal individuals still use 

this estuary. 
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The Atlantic sturgeon (Acipenser 

oxyrinchus oxyrinchus) is an anad¬ 

romous species characterized by a 
long life span and late age at ma¬ 

turity. Historically, this species oc¬ 

curred in the rivers and estuar¬ 
ies of the Atlantic Ocean along the 

North American coast from the St. 

Lawrence River, Canada, to the St. 

Johns River, Florida, United States 
(ASSRT, 2007). Commercial fisheries 

of both the United States and Can¬ 

ada exploited populations of Atlan¬ 

tic sturgeon throughout much of the 
19th and 20th centuries (Smith and 
Clugston, 1997); however, most of 

these fisheries collapsed during the 
early 20th century because of gross 

overharvesting, industrial develop¬ 
ment, and damming and pollution 

of Atlantic coast rivers (Smith and 
Clugston, 1997; ASSRT, 1998; Secor, 

2002; ASSRT, 2007). 

In response to the rapid popula¬ 
tion declines of Atlantic sturgeon that 

resulted from commercial overexploi¬ 

tation, federal management agencies 
in the United States and Canada 

implemented several regulatory pro¬ 

tections for this species during the 
late 20th century. Commercial fisher¬ 

ies for Atlantic sturgeon were closed 

in U.S. waters with the issuance of 
a 1998 federal moratorium, and in 

2012 the species was listed under the 

U.S. Endangered Species Act. Under 
this listing, distinct population seg¬ 

ments (DPSs) were designated for 5 

regions within U.S. waters: Gulf of 
Maine, New York Bight, Chesapeake 

Bay, North and South Carolina, and 

the southeastern United States (AS¬ 
SRT, 2007). All DPSs were listed as 

endangered except the Gulf of Maine 

DPS, which was listed as threatened 
(Federal Register, 2012a, 2012b). 

Although several northern popu¬ 

lations of Atlantic sturgeon have 
had at least some level of recovery 
in recent decades, many populations 
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within the DPS for the southeastern United States re¬ 

main severely depressed or possibly extirpated (ASSRT, 

1998; ASSRT, 2007). Despite federal protections, many 
of these populations continue to suffer from degraded 

habitats in natal river systems, and from incidental by- 

catch in commercial fisheries that target other coastal 

or estuarine species (ASSRT, 1998; Collins et ah, 2000; 
ASSRT, 2007). The implementation of modern environ¬ 

mental regulations has helped reduce point sources of 
pollution in many river systems in the southeastern 

United States, but nonpoint sources continue to de¬ 
grade water quality, particularly in the lower rivers 

and estuarine habitats that were historically inhabited 
by juvenile Atlantic sturgeon (ASSRT, 2007). 

As an anadromous fish, Atlantic sturgeon adults 

typically reside in marine environments but migrate 
into freshwater rivers to spawn (Vladykov and Gree¬ 

ley, 1963). In northern populations, spawning occurs in 

the spring (Bain, 1997), whereas the results of recent 
studies indicate that at least some central and south¬ 

ern populations spawn in the fall (Hager et al., 2014; 
Smith et al., 2015; Ingram and Peterson, 2016). During 

the first several years of life, the young fish, known 
as river-resident juveniles (RRJs), occupy estuarine 

habitats near the freshwater-saltwater interface. The 

period of river residency varies depending on latitude, 
but in southern populations the RRJs typically remain 

in their natal system for 2-4 years before transition¬ 

ing to nearshore marine habitats as marine-migrato¬ 
ry juveniles (MMJs) (Bain, 1997). Consequently, the 

presence of RRJs within a river system is considered 

strong evidence of an extant population, especially in 
depressed populations in which adult spawners may be 

rare (Schueller and Peterson, 2010). 

The St. Johns River in Florida is considered the 
southernmost river system historically occupied by At¬ 

lantic sturgeon (ASMFC1; ASSRT, 2007). Throughout 
the 20th century, sturgeon were commonly reported 

as bycatch in commercial fisheries that operate on the 

St. Johns River (Cox and Moody2); however, reports 
of small juveniles are rare and spawning has never 

been confirmed there (McLane, 1955; Gilbert, 1992a). 

Furthermore, the construction of Rodman Dam (now 
called Kirkpatrick Dam) in 1968 blocked adults from 

accessing some of the best potential spawning habitats 

in the Ocklawaha tributary (Gilbert, 1992a; ASMFC1; 
ASSRT, 2007). The current status of Atlantic sturgeon, 

however, remains unknown within the St. Johns Riv¬ 

er system. The most recent survey of this population, 
conducted from 2002 to 2003 by the Florida Fish and 

1 ASMFC (Atlantic States Marine Fisheries Commis¬ 
sion). 1998. Amendment 1 to the interstate fishery man¬ 
agement plan for Atlantic sturgeon. Fish. Manage. Rep. 31, 
42 p. ASMFC, Washington, DC. [Available from website.] 

2 Cox, D. T., and H. L. Moody. 1981. St. Johns River fisher¬ 
ies resources. Completion report. Study I. Ecological aspects 
of the fishery. Florida Game Fresh Water Fish Comm., Tal¬ 
lahassee, FL. [Available from Florida Fish Wildl. Conserv. 
Comm., Farris Bryant Bldg., 620 S. Meridian St., Tallahas¬ 
see, FL 32399-1600.] 

Wildlife Commission, yielded zero Atlantic sturgeon 
despite hundreds of hours of directed sampling effort 

(Holder et al.3). The results of that study indicate that 
Atlantic sturgeon likely have been extirpated from St. 

Johns River, although rare but recurring captures of 
adult and subadult individuals by local anglers indi¬ 

cate that a small population could be present or that 
migrants from other systems are regularly occupying 
the estuary. 

Extirpation of any fish population is difficult to es¬ 
tablish conclusively, but it is especially difficult with 

sturgeons because of their cryptic nature, complex mi¬ 

gratory life history, and periodic reproductive strategy. 
Given the uncertain status of Atlantic sturgeon within 

the St. Johns River, the objectives of this study were 1) 

to document seasonal occurrence of Atlantic sturgeon 
in the lower estuary and 2) to sample for RRJs as evi¬ 
dence of an extant population of Atlantic sturgeon in 

the St. Johns River. 

Materials and methods 

Study site 

The St. Johns River is a large, blackwater river in 

northeast Florida, characterized by tannic waters and 
a very low mean gradient (~2.0 cm/km) (Whitney et 

al., 2004). It flows for 500 km to the Atlantic Ocean, 
draining several subbasins and associated tributaries 

that have in total a combined watershed area of ap¬ 

proximately 22,900 km2. Nontidal flow at the mouth 
averages 420 cm/s, but the rate may exceed 4220 cm/s 

after heavy rains. Much of the St. Johns River basin is 
urbanized and developed, and the river itself has been 

modified by dam construction and dredging (EPB4). 

Sampling of sturgeon 

All sampling was conducted in the lower St. Johns Riv¬ 

er estuary below the head of tide, between river kilo¬ 
meter (rkm) 25 and rkm 115. Sampling occurred during 

summer months because this season is the most effec¬ 
tive time to capture RRJ Atlantic sturgeon (Schueller 

and Peterson, 2010; Bahr and Peterson, 2016). Specific 

netting locations within this zone (Fig. 1) were select¬ 
ed by using navigational charts and preliminary sonar 

surveys to find areas with depths of at least 2.5 m and 

3 Holder,J.C.,R.E.Lundy,A.R.Hyle,andL.West. 2005. Com¬ 
pletion report: St. Johns River fisheries resources, Lower St. 
Johns River resource development. Florida Fish Wildl. Con¬ 
serv. Comm., Tallahassee, FL. [Available from Florida Fish 
Wildl. Conserv. Comm., Farris Bryant Bldg., 620 S. Meridian 
St., Tallahassee, FL 32399-1600.] 

4 EPB (Environmental Protection Board). 2014. State 
of the river report for the lower St. Johns River basin, 
Florida: water quality, fisheries, aquatic life, and con¬ 
taminants 2014. State River Rep. 7, 301 p. EPB, 
City of Jacksonville; Univ. North Florida; and Jack¬ 
sonville Univ., Jacksonville, FL. [Available from 
website.] 
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Figure 1 

Map of sites where sampling was conducted during 2014- 

2015, the location where an Atlantic sturgeon (Acipenser 

oxyrinchus oxyrinchus) was captured in July 2015 (☆), and 

the stations (01-07) where acoustic receivers were deployed 

in the St. Johns River (STJ) in Florida. Inset A depicts the 

rivers of the southeastern United States, including several 

rivers nearby the St. Johns River with documented popula¬ 

tions of Atlantic sturgeon: Ogeechee (OGE), Altamaha (ALT), 

and Satilla (SAT) in Georgia and St. Marys (STM) along the 

border of Georgia and Florida. Approximate river kilometers 

(rkm) of the locations of the receivers from the mouth of the 

estuary are listed in inset B. 

transponder tag was injected under the 4th 
dorsal scute and a small tissue sample was 

taken from the dorsal fin for genetic analysis. 

The fish was then placed on a custom-made, 
v-shaped surgical board that held the fish in 

lateral recumbency. A small bilge pump (473.2 

L/h) was used to maintain a gentle flow of river 
water over the gills. A sterile scalpel was then 

used to make a 1-cm incision along the midline 
of the ventrum for insertion of a 69-kHz Vemco 

V7-4x5 sonic transmitter (Vemco, Bedford, Can¬ 

ada). The incision was closed by using a 2/0 ab¬ 

sorbable monocryl suture (Monoswif L943, CP 
Medical, Inc., Norcross, GA) as a simple suture 

with interrupted stiches as described by Boone 

et al. (2013). Once the incision was closed, the 
fish was allowed to recover and returned to the 

river at its original capture site. 

Fish ages were estimated by using a length- 
frequency histogram based on Schueller and 

Peterson (2010); individuals with TL<550 mm 

were considered to be age-1 RRJs. 

Acoustic telemetry 

A passive array of 7 stationary acoustic receiv¬ 

ers (Vemco VR2W) were distributed in June 

2014 throughout the St. Johns River estuary to 
monitor the spatial and temporal movements 

of acoustically tagged Atlantic sturgeon. The 
submerged acoustic receivers were attached to 

channel markers and other stationary struc¬ 
tures by using aluminum u-channel or stain¬ 

less steel cables and hardware. All acoustic 

receivers were affixed in an upright position, 
2-3 m below the surface to ensure that they re¬ 

mained completely submerged throughout the 

tidal cycle. Range testing conducted at receiver 
locations indicated an average tag detection ra¬ 

dius of approximately 400 m (range: 200-800 

m). Once the receivers were deployed, data 
from these acoustic receivers were downloaded 

every 3-5 months throughout the duration of 

this study. 

obstruction-free bottoms. On sampling days, crews set 
5-12 anchored gill and trammel nets perpendicular to 

the channel and soaked them for approximately 30- 
90 min, depending on conditions. Gill nets 91.4 m in 

length and 3.1 m deep, were composed of panels of 7.6-, 

10.2-, and 15.3-cm monofilament mesh (stretch mea¬ 

sure). Trammel nets were of similar dimensions and 
material and were composed of one 7.6-cm inner panel 

and three 30.5-cm outer panels. As nets were retrieved, 
entangled sturgeons were quickly removed and placed 
in a floating net pen. 

Once all nets had been recovered, each captured 
sturgeon was measured to the nearest millimeter (to¬ 
tal length [TL] and fork length [FL]) and was inspected 

for tags. If no tag was present, a passive integrated 

Water-quality 

To monitor variations in water quality throughout the 

sampling period, we collected measurements of water 

temperature (degrees Celsius), dissolved oxygen (milli¬ 
grams per liter), and salinity at each fish sampling site 

during June-July in 2015 and 2016. These measure¬ 

ments were obtained at the surface and at 0.5 m from 
the bottom at each netting site by using a portable YSI 

Pro2030 multiprobe (YSI, Inc., Yellow Springs, OH). 

5 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 
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Table 1 

Sampling effort by net type within the St. Johns River, Florida, during the summers of 2014 and 2015 in our 

study of the seasonal occurrence of Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus). 

Year 

Gill nets Trammel nets Annual totals 

No. of sets Soak time (h) No. of sets Soak time (h) No. of sets Soak time (h) 

2014 30 24 1 1 31 25 
2015 105 127 14 22 119 149 
Combined totals 135 151 15 23 150 174 

Results 

Sampling of sturgeon 

Initial sampling was conducted from 25 June through 

2 July 2014 to identify suitable sampling sites within 

the estuary where anchored nets could be safely fished 
without impeding commercial or recreational vessels. 

During this period, we set 31 nets for a total of 24.3 h 

of soak time (Table 1). Between 23 June and 10 July 
2015, we set 119 nets for a total of 149.4 h of soak 

time. Only one MMJ Atlantic sturgeon (786 mm FL, 
920 mm TL) was captured during this study, and sub¬ 

sequent genetic analysis assigned this individual to the 
population of the Altamaha River, Georgia, with 98% 

probability (Wirgin6). 

Acoustic telemetry 

The single Atlantic sturgeon captured at rkm 40 in 

July 2015 was was tagged with an acoustic tag, but 

it was never detected on the acoustic array. The ar¬ 

ray did, however, detect 8 previously tagged Atlantic 
sturgeon that had been captured and released by other 

researchers working outside St. Johns River (Table 2, 
Fig. 1). At the time of tagging, these individuals were 

either MMJs (n=3) or adults (n=5). We examined data 

recorded by the acoustic receivers from June 2014 
through June 2016. All detections of Atlantic sturgeon 

obtained during the period of this study occurred in 

winter or early spring (Figs. 2 and 3)—a temporal pat¬ 
tern that was consistent in both 2014 and 2015. Most 

of these migrant Atlantic sturgeon (n=5, 62.5%) were 

never detected upriver from receiver STJ02 (rkm 9), 
and only one individual (12.5%) was detected as far 
upstream as receiver STJ06 (rkm 48). 

Water quality 

During the summer sampling period, mean daily wa¬ 

ter temperatures in the St. Johns River estuary were 

comparable to those obtained in other nearby rivers 

6 Wirgin, I. 2017. Personal commun. Sch. Med., New York 
Univ., 57 Old Forge Rd., 2nd FL, Tuxedo, NY 10987. 

where populations of Atlantic sturgeon have been well 

documented (Table 3, Fig. 4). Dissolved oxygen levels 

in the St. Johns River were also well within the range 
of those observed in other rivers of the southeastern 

United States with extant populations of Atlantic stur¬ 
geon (Table 3, Fig. 5). 

Discussion 

After expending 174 net hours of sampling effort dis¬ 

persed over 150 individual net-sets, we could not con¬ 
firm the presence of a juvenile cohort of Atlantic stur¬ 

geon within the St. Johns River estuary. Our sampling 
efforts included many of the same sampling sites used 

in previous surveys of sturgeon in the St. Johns River 

(Holder et al.3), and these sites were primarily estab¬ 
lished on the basis of incidental captures of sturgeon in 

commercial and recreational fisheries that target other 

species. Although salinities at specific sampling sites 
varied depending on tidal cycle and seasonal precipita¬ 

tion, the range of salinities that we observed within 
our sampling area was similar to those documented 

in other nearby rivers (e.g., Altamaha and Satilla riv¬ 
ers in Georgia) where several RRJ cohorts have been 

documented in recent years (Schueller and Peterson, 

2010; Bahr and Peterson, 2016; Fritts et al., 2016). 
Likewise, water temperatures and levels of dissolved 

oxygen at sampling sites in this study were well within 

the known tolerances of juvenile Atlantic sturgeon and, 
again, were comparable to those in other nearby rivers 

with extant populations of Atlantic sturgeon. Genetic 
analysis of the tissue sample obtained from the single 

Atlantic sturgeon captured indicates that this fish was 

almost certainly a subadult migrant from the Altama¬ 
ha River. 

During 2 summers of sampling in the St. Johns 

River, we captured no RRJ Atlantic sturgeon. Concur¬ 

rent sampling was conducted in several nearby estu¬ 

aries, including the Ogeechee and Altamaha rivers in 
Georgia and St. Marys River on the border of Georgia 

and Florida; the same methods and gear successfully 
captured RRJ Atlantic sturgeon in those rivers (senior 

author and D. Peterson, unpubl. data). Furthermore, 
the catch rate for Atlantic sturgeon (at all life stages) 
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Table 2 

Details for tagged Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) detected by acoustic receivers in the St. Johns River 

(STJ), Florida, from June 2014 through June 2016. Each fish was assigned to a distinct population segment (DPS) based on 

genetic analyses provided by the U.S. Geological Survey Leetown Science Center, which maintains a comprehensive genetic 

database for all known populations of Atlantic sturgeon. 

Life stage 

when tagged 

Total length 

(mm) when 

tagged Tagging location 

Tagging 

year Tagging organization 

Number 

of days 

detected in 

the STJ 

Region 

of origin 

of DPS 

Subadult 1380 Coastal NY/NJ 2011 Stony Brook University 1 Southeastern United States 

Adult 2290 Coastal Mid-Atlantic 2012 Delaware State University3 1 Southeastern United States 

Adult 2040 Altamaha River, GA 2012 University of Georgia 2 Southeastern United Statesd 

Adult 1466 Altamaha River, GA 2013 University of Georgia 2 Not available 

Adult 1870 Altamaha River, GA 2013 University of Georgia 2 Not available 

Subadult 893 Cape Fear River, NC 2013 NC DMFb 4 Southeastern United States 

Adult 1093 Santee Bay, SC 2014 SC DNRC 1 Southeastern United States 

Adult 1490 Cooper River, SC 2015 SC DNRC 1 Not available 

aFox, D. 2017. Personal commun. Dep. Agric. Nat. Resour., Coll. Agric. Relat. Sci., Delaware State Univ, Agric. Annex Rm. 

123, 1200 N. DuPont Hwy., Dover, DE 19901. 

bLoeffler, M. 2017. Personal commun. North Carolina Div. Mar. Fish., 3441 Arendell St., Morehead City, NC 28557. 

cPost, W. 2017. Personal commun. South Carolina Dep. Nat. Resour., PO. Box 12559, Charleston, SC 29422-2559. 

d Stock assignment was based on telemetry data from Ingram and Peterson (2016) that indicated that this fish made a puta¬ 

tive spawning run in the Altamaha River, Georgia, in 2014. 

Date 

Figure 2 

Temporal distribution of acoustic receivers (horizontal lines) and days with de¬ 

tection of individual tagged Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) 

(black rectangles) in the St. Johns River estuary in Florida from June 2014 

through June 2016. 
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Month 

Figure 3 

Number of days of detection per month of tagged Atlantic sturgeon 

(Acipenser oxyrinchus oxyrinchus) by acoustic receivers in the St. Johns 

River in Florida during 2014-2016. The number of days of detection (one 

detection per individual per day) were combined by month across all years 

of the study. 

Table 3 

Water temperatures and dissolved oxygen levels in the 

Altamaha and Satilla rivers in Georgia and the St. 

Johns River in Florida during June-July 2015. 

River 

Temperature (9C) 

Dissolved 

oxygen (mg/L) 

Mean 

Standard 

deviation Mean 

Standard 

deviation 

Altamaha 30.30 0.73 5.70 0.47 

Satilla 29.96 0.67 3.39 0.61 

St. Johns 29.50 0.47 4.70 0.82 

for our study in the St. Johns River was far below the 
rates typically observed for sampling for studies in 

other rivers of the southeastern United States where 

populations have been documented (Table 4). Even in 
St. Marys River, which hosts the smallest known ex¬ 

tant population of Atlantic sturgeon (ASSRT, 2007; se¬ 
nior author and D. Peterson, unpubl. data), catch rates 

were an order of magnitude greater than those we ob¬ 

served in our study of the St. Johns River. In rivers 
with extant populations of Atlantic sturgeon, the meth¬ 

ods employed in our study generally produce dozens 
to hundreds of RRJ sturgeon annually (Schueller and 

Peterson, 2010; Bahr and Peterson, 2016; senior author 
and D. Peterson, unpubl. data). The complete absence 

of RRJs captured over the 2 consecutive summers of 

Table 4 

Concurrent sampling efforts in 2015 with the use of sim¬ 

ilar entanglement gear and the resulting catch of Atlan¬ 

tic sturgeon (Acipenser oxyrinchus oxyrinchus) measured 

as the number of individual fish caught per hour, in sev¬ 

eral rivers in the southeastern United States. 

River 

Soak 

time (h) 

of nets 

Number of 

individuals 

captured 

Catch 

(individuals/h) 

Ogeechee 175 154 0.880 

Altamaha 50 76 1.520 

Satilla 176 76 0.432 

St. Marys 122 10 0.082 

St. Johns 149 1 0.007 

sampling in the St. Johns River indicates that a natal 
RRJ cohort was not likely present in either year of the 

study. 
The observed absence of RRJs during this study, 

though not conclusive, indicates that a viable popula¬ 

tion of Atlantic sturgeon is not currently present with¬ 

in the St. Johns River, as was suggested by Holder 
et al.3. Although a historical status of this population 
has never been confirmed, Gilbert (1992b) suggests 

that access to potential spawning habitat for a natal 

population likely was eliminated by the construction 
of the Kirkpatrick Dam in 1968. Still, we emphasize 

caution in designating Atlantic sturgeon as extirpated 
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Figure 4 

Mean daily water temperature (°C) measured at sampling sites in the 

St. Johns River in Florida and in the Altamaha and Satilla rivers in 

Georgia during June-July 2015. 

Date 

Figure 5 

Mean daily levels of dissolved oxygen (mg/L) measured at sampling 

sites in the St. Johns River in Florida and in the Altamaha and Satilla 

rivers in Georgia during June-July 2015. 

from the St. Johns River—the absence of evidence is, 
by no means, conclusive evidence of absence. Atlan¬ 

tic sturgeon are long-lived, intermittent spawners, 

and several previous studies have shown that rem¬ 
nant populations can be extremely difficult to detect 
even with intensive sampling efforts. For example, 

populations of Atlantic sturgeon were, until recently, 

thought to be extirpated from the St. Marys River, 
an adjacent river located only 34 km north of the St. 

Johns River (Blair et al.7). Recent sampling in that 
river system, however, has documented the presence 

of an RRJ cohort in that system, confirming the pres- 

7 Blair, S., M. Ezell, H. Hall, and J. November. 2009. St. 
Marys River watershed. Prepared for the St. Marys River 
Management Committee in collaboration with the University 
of Florida Conservation Clinic and the University of Georgia 
Environmental Law Practicum. [Available from website.] 
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ence of an extant population (senior author and D. 

Peterson, unpubl. data). Despite the limited sample 
size obtained there, preliminary genetic analyses of 

tissue samples from those juveniles indicate that they 

represent a unique population within the DPS for the 

southeastern United States, one likely produced from 
a remnant population of subadults that survived the 

era of commercial fishing (Wirgin6). 

Although the St. Johns River channel has been 

dammed and dramatically altered, the river still poten¬ 

tially could support a population of Atlantic sturgeon. 
Water temperatures and levels of dissolved oxygen 

measured during this study were quite comparable to 

those in nearby rivers with extant populations. Conse¬ 

quently, we emphasize that additional assessments are 

needed in the future (every 2-3 years) to definitively 
ascertain the status of Atlantic sturgeon within the 

St. Johns River system. If neither RRJs nor spawning 

adults can be captured in future studies, the use of 
modern environmental DNA (eDNA) methods could be 

used to help establish the presence of spawning adults 

within the upper reaches of the St. Johns River. A simi¬ 
lar approach was used recently by Pfleger et al. (2016) 

to document the presence of the Alabama sturgeon 

(Scaphirhynchus suttkusi) in the Mobile River basin, 

Alabama. 

The data collected in this study confirm the seasonal 
presence of both adult and MMJ Atlantic sturgeon in 

the lower St. Johns River estuary during the late win¬ 
ter and early spring months. The seasonal presence of 

adult and MMJ individuals was detected on all acous¬ 

tic receivers within our array. All 8 migrants originally 
had been tagged in either the mid-Atlantic or south¬ 

eastern United States, indicating that the St. Johns 

River may still provide important wintering habitat for 
nonresident Atlantic sturgeon. Similar movement pat¬ 

terns have been documented in several other river sys¬ 

tems of the southeastern United States (senior author 
and D. Peterson, unpubl. data); however, more infor¬ 

mation is needed to better understand the seasonal im¬ 
portance of nonspawning migrations. Regardless, the 

results of this study indicate that adult fish are most 
abundant in the St Johns River estuary during the 

late winter and early spring. As range-wide recovery of 

Atlantic sturgeon continues, seasonal abundance with¬ 

in the lower St. Johns River will likely increase even 

in the absence of a natal population. Consequently, 
we emphasize the need for future studies with sample 

sizes larger than those in our study because the use of 

larger sample sizes will help to better define seasonal 
patterns of habitat use by migrating Atlantic sturgeon 

within the St. Johns River estuary. 
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Abstract—The fishing grounds of 

the Hawaii-based longline fleet span 

over 13 million km2 in the central 

North Pacific Ocean. We investi¬ 

gated over 20 years of commercial 

fishery logbook data and indepen¬ 

dent observer data to gain an under¬ 

standing of the variation in magni¬ 

tude and composition of the fleet’s 

catch on both intra- and interan¬ 

nual scales. We found that the fish¬ 

ery follows a quarterly geographic 

migration and that the fishery has 

expanded over time with a 5-fold in¬ 

crease in effort and a spatial expan¬ 

sion primarily to the northeast of 

Hawaii during the third quarter of 

the year. The World Ocean Atlas and 

ocean reanalysis data indicate that 

waters to the northeast of Hawaii 

are a particularly effective fishing 

ground because of the vertical over¬ 

lap of preferred thermal habitat and 

fishing gear. Furthermore, we found 

that the Hawaii-based fleet faced lit¬ 

tle international competition in this 

region. The expansion of the fishery 

has also affected catch composition, 

resulting in discard rates that ex¬ 

ceed target catch rates. Understand¬ 

ing how catch varies as a result of 

oceanographic variability and fleet 

movement can lead to a more ef¬ 

ficient, resilient, and cost-effective 

fishery. 
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The Hawaii-based longline fishery is 

among the most economically valu¬ 

able fisheries in the United States, 
ranked 6th in 2015 (NMFS1). Its 

footprint spans over 13 million km2 

in the central North Pacific Ocean, 
ranging from the dateline to 120°W 

and from equatorial waters to rough¬ 

ly 40°N. The Hawaii-based longline 
fleet includes 2 fisheries: a shallow- 
set fishery targeting swordfish (Xi- 

phias gladius) and a deep-set fishery 
targeting bigeye tuna (Thunnus obe- 

sus). The deep-set fishery is the dom¬ 
inant fishery; both effort and catch 

(magnitude and value) are an order 

of magnitude greater than that of 
the shallow-set fishery (NMFS2). For 

1 NMFS (National Marine Fisheries Ser¬ 
vice). 2016. Total commercial fish¬ 
ery landings at major U.S. ports sum¬ 
marized by year and ranked by dollar 
value. Fisheries Statistics Division, 
NMFS. [Data available at w ebsite, ac¬ 
cessed October 2016.1 

2 NMFS (National Marine Fisheries Ser¬ 
vice). 2016. Annual commercial land¬ 
ing statistics. Fisheries Statistics Divi- 

this reason, we focused on the deep- 
set fishery in our study. 

The deep-set fishery operates 

largely during the day (Bigelow et 
al., 2006). Hooks are primarily set 

between 100 and 400 m below the 
surface, and the median hook depth 

is 250 m (Boggs, 1992; Bigelow et 
al., 2006). This depth range coincides 

with the daytime vertical habitat of 

bigeye tuna; tagging data indicate 
that fish of this species spend much 

of the day 200-400 m below the sur¬ 
face (Boggs, 1992; Ward and Myers, 

2005a; Howell et al., 2010) in waters 

with a temperature range of 8-14°C 
(Howell et al., 2010) and oxygen con¬ 
centrations over 1.0 mL/L (Boggs, 

1992; Lehodey et al., 2010). 

Although bigeye tuna are the tar¬ 

get of the deep-set fishery, the catch 
also includes a number of other spe¬ 

cies, some of which are also of com¬ 
mercial value. These commercially 

valuable, nontarget species include 

sion, NMFS. [Data available from web¬ 
site, accessed October 2016.1 
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dolphinfish (Coryphaena hippurus), also known as mahi 

mahi; yellowfin tuna (Thunnus albacares); striped mar¬ 
lin (Kajikia audax); sickle pomfret (Taractichthys stein- 

dachneri); and opah (Lampris guttatus). This fishery 
also catches but discards several noncommercial spe¬ 

cies, such as the longnose lancetfish (Alepisaurus ferox) 

and snake mackerel (Gempylus serpens). Recent stud¬ 
ies have noted increased catch rates of these noncom¬ 

mercial species concurrent with declines in the catch 
rate for target species. These changes have been at¬ 

tributed to increasing fishing effort (Ward and Myers, 

2005b; Polovina et ah, 2009) and prey release of the 
often smaller, noncommercial fish as larger target spe¬ 

cies are removed (Polovina and Woodworth-Jefcoats, 

2013). These studies support the previous finding that 
longline fisheries function as a keystone predator in 

the central North Pacific Ocean (Kitchell et ah, 2002). 

Despite spanning millions of square kilometers, pe¬ 
lagic fisheries have often been examined as a spatial 

aggregate (e.g., Cox et ah, 2002; Kitchell et ah, 2002; 

Sibert et ah, 2006). Previous studies of the Hawaii- 
based longline fishery, for example, have used spatially 

averaged trends focused on the core region of the fish¬ 
ery’s operating area (12-27°N; Polovina et ah, 2009; 

Polovina and Woodworth-Jefcoats, 2013). Shifting spa¬ 
tial patterns in fishing effort and the influence these 

changes may have on catch in the central North Pacific 

Ocean are under-explored in the primary literature (al¬ 
though see Gilman et ah, 2012; Walsh and Brodziak, 

2015). Additionally, the effect that international com¬ 

petition has had on the movement of the Hawaii-based 
fleet has not been explored. In this study, we aimed 
to determine how both the changing spatial footprint 

of the fishery and oceanographic variability have in¬ 
fluenced catch magnitude and composition, the under¬ 
standing of which is essential for ensuring a sustain¬ 

able and cost-effective fishery. 

Materials and method 

Materials 

We used both logbook and observer records in this 

study. Logbook data are reported by fishing vessel mas¬ 
ters and contain records of all hooks set (time, date, 

and location), as well as all commercially valuable 
catch. Observer data cover an average of roughly 17% 

of the fishing effort in the study period and contain 

records of all hooks set (time, date, and location), as 

well as all catch, regardless of commercial value. The 
distribution of observer data correlates well with that 

of the logbook data (Suppl. Fig. 1) (online only), and taken 
together the 2 data sets provide a robust measure of 

both fishing effort and catch from 1995 through 2015. 

Logbook data are complete through 2015 and observer 
data through 2014. We used all deep-set fishery data, 

which span the area of 16°S-42°N and 179-120°W. We 

defined deep sets as those with >10 hooks/float (Po¬ 
lovina et al., 2009; Polovina and Woodworth-Jefcoats, 

2013). Logbook data are collected by the Pacific Islands 
Fisheries Science Center. Observer data are collected 

by the Pacific Islands Regional Office. 

We used publicly available data for longline effort 
from the Western and Central Pacific Fisheries Com¬ 

mission (WCPFC, data available at website) and the 
Inter-American Tropical Tuna Commission (IATTC, 

data available at website) to place Hawaii-based effort 

in an international context. These data are available 
at a 5°x5° horizontal and a monthly temporal resolu¬ 

tion through 2014. The WCPFC provides data for areas 

west of 150°W, and the IATTC provides data for areas 

east of 150°W. This 150°W boundary divides the 2 fish¬ 
ing convention areas of the Hawaii-based fishery. 

Global Ocean Data Assimilation System (GODAS) 

reanalysis data (Saha et al., 2006) provided mod¬ 
eled monthly temperature at depth across the fishing 

grounds for the entire period studied. The GODAS 

data used in this study were provided by the Physical 
Sciences Division of the NOAA Earth System Research 

Laboratory in Boulder, Colorado, and were downloaded 

from the Asia Pacific Data Research Center’s OPeNDAP 
server (website). World Ocean Atlas 2013 (WOA13) data 

(Garcia et al., 2013) provided a 3-dimensional climato¬ 

logical reference of oxygen concentration. The WOA13 
oxygen data were downloaded from the National Cen¬ 

ters for Environmental Information’s OPeNDAP server 

(website). Both the GODAS and WOA13 data sets are 
based on in situ observations such as those from Argo 

floats (Saha et al., 2006) and discrete water samples 
(Garcia et al., 2013). 

Methods 

All data (fishery and environmental), except those 

from the WCPFC and IATTC, were transformed into 
a common l°xl° grid matching that of the WOA13 

data. The GODAS data were changed from their na¬ 

tive 0.33°xl.00° resolution by using nearest coordinate 
regridding. In this study, we examined data at regional 

and quarterly resolutions (e.g., quarter 1 represents 
January, February, and March). The Ferret program 

(NOAA’s Pacific Marine Environmental Laboratory, Se¬ 

attle, WA, website) was used for regridding data. 

We assessed several measures of catch magnitude 
and composition, all in terms of numbers of fish caught 

as opposed to weight of fish. Catch rates were mea¬ 

sured as catch per unit of effort (CPUE), which we de¬ 
fined as the number of fish caught per 1000 hooks set. 

We focused primarily on catch rates of the target spe¬ 

cies, bigeye tuna, and on the primary bycatch species, 
longnose lancetfish. For our assessment of catch com¬ 

position, we used the 21 most commonly caught species 
identified by Polovina and Woodworth-Jefcoats (2013). 

We also followed their method for measuring discard 
rate (measured as the ratio of catch of longnose lancet¬ 

fish, snake mackerel, pelagic stingray (Pteroplatytrygon 

violacea), and 95% of sharks to total catch). 
We defined preferred thermal habitat for bigeye 

tuna as waters with temperatures of 8-14°C. Tag- 
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Figure 1 

(A) The meridional (top) and zonal (bottom) distributions of quarterly ef¬ 

fort of the Hawaii-based longline fishery, averaged across the full time 

series (1995-2015). Dashed black vertical lines are drawn at 20°N and 

26°N (top) and at 150°W (bottom) and delineate the divides between 

the SE and NE regions and the SW, CW, and NW regions, and dashed 

gray lines are drawn at ±1° for comparison of alternate options (top). (B) 

Map depicting the 5 regions by which the Hawaii-based longline fishery 

was examined overlaid on the climatological (1995-2015) median depth 

of preferred thermal habitat of bigeye tuna (Thunnus obesus) (8-14°C) 

obtained from Global Ocean Data Assimilation System (shaded) and the 

depth of the 1.0 mL/L oxygen-concentration threshold from World Ocean 

Atlas 2013 data (contoured every 100 m from 100 to 500 m, with stippling 

where the depth is less than 100 m). The white line in panel B encom¬ 

passes grid cells with fishing effort from at least 3 vessels over the full 

time series. Effort in panel A is from logbook data. 

ging data from Howell et al. (2010) 

indicate that when bigeye tuna are 
at depth during the daytime, which 

is when the fishery for bigeye tuna 
operates, they are primarily in wa¬ 

ters within this thermal range. The 

GODAS data were used to determine 
the minimum, maximum, and median 

depths of preferred thermal habitat 
of bigeye tuna in 2 ways: 1) these 

depths were determined for all grid 
cells (each l°xl°) with fishing effort 

at any point in the time series; 2) 

quarterly GODAS data were weighted 

by the number of hooks set in each 
grid cell during each quarter. We 

then used standard linear regression 
to evaluate whether there were sig¬ 

nificant (P<0.05) linear trends in both 
unweighted and weighted median 

depths of preferred thermal habitat. 

Where significant trends were found, 
we used linear regression to deter¬ 

mine how the depth of preferred ther¬ 
mal habitat changed over the years 

studied. 

Results 

Fishing effort 

Seasonal variability The Hawaii-based 

longline fishery exhibited strong sea¬ 

sonal movement during the period 
studied, 1995-2015. Figure 1A shows 

the temporally averaged meridional 
and zonal distribution of effort (num¬ 

ber of hooks set) each quarter. On 
the basis of this distribution, as well 

as the 150°W boundary between the 

2 fishing convention areas of the Ha¬ 
waii-based fishing grounds, we divided 

the fishery into the 5 regions shown in 

Figure IB: northeast (NE); northwest 
(NW); central west (CW); southwest 

(SW); and southeast (SE). Together, 
Figures 1A and 2 show the movement 

of the fishery by quarter throughout 
the year. In the first quarter of the 

year, most of the effort took place in 
the SW region north of 10°N and in 

the CW region. During the second 

quarter, effort was concentrated in the 
SW and NW regions. The fishery then 

underwent a large geographic shift in 
the third quarter, and most of its effort 

was directed within the NE region. Ef¬ 
fort occurred closest to Hawaii in the 
CW region during the fourth quarter. 
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Figure 2 

The mean percentages of total annual effort that occurred in each quarter and region at 

the (A) beginning (1995-1997) and (B) end (2013-2015) of the time series from logbook 

data examined in this study of the Hawaii-based longline fishery. (C) The change in the 

percentage of total annual effort that occurred in each quarter and region is shaded in 

color and overlaid with the total annual effort set in each region and quarter in black. 

Four regions were used in these analyses: southwest (SW); central west (CW); northwest 

(NW); and northeast (NE). 

There was virtually no fishing effort in the SE region; 

therefore, it was not included in our analysis. 

Interannual variability In 1995, nearly all (97.1%) of the 
Hawaii-based longline effort occurred west of 150°W 

and south of 26°N in the CW and SW regions. Over 

time, the fishery expanded, and in 2015, 41.3% of the 
longline fishing effort occurred either north of 26°N or 

east of 150°W in the NW and NE regions. Total effort 
also increased; the total number of hooks set increased 

steadily from nearly 8.4 million in 1995 to over 47 mil¬ 

lion in 2015. This increase in fishing effort was great¬ 
est in the NE region (Fig. 2). Time series of total effort 

in each region and quarter (Fig. 2) show that effort 
increased in the CW and SW regions until about 2004. 

After this time, and with the exception of the CW re¬ 

gion in the first quarter, effort in these regions has 

remained roughly stable, whereas effort in the NW and 
NE regions increased steadily. 

Fishery expansion is detailed in Figure 2. It shows 

that, over the past 21 years, the geographic focus of 

the fishery changed substantially. Across all quarters, 
the proportion of total annual effort in the SW and CW 

regions declined by about 1-8%. At the same time, the 

proportion of total annual effort in both northern re¬ 
gions increased by 2-13%, with a strong maximum in 

the NE region during the third quarter (13% versus 
7%, the next closest value). 

International competition The ratio of Hawaii-based ef¬ 

fort to international effort varied by region (Suppl. Fig. 
2) (online only). Hawaii-based effort accounted for nearly 

all effort recorded in the CW region; there was little 

to no competition from international fisheries. For the 

grid cells in the SW region with Hawaii-based fishing 

effort, international fisheries’ effort was roughly equal 
to the effort of the Hawaii-based fishery. However, the 

ratio of Hawaii-based effort to international effort has 
increased steadily in the first quarter of each year over 

the years studied. For grid cells in the NW region with 

Hawaii-based fishing effort, there was little competi¬ 
tion from international fisheries during the second and 

third quarters. In the first and fourth quarters, the ra¬ 

tio of Hawaii-based fishing effort to international effort 
has increased over the past decade, and the efforts of 

the 2 groups are now roughly equal. With the exception 
of the first and fourth quarters during the first 5 years 

of the time series, there was virtually no international 

fishing effort in the NE region. 

Oceanographic variability 

Spatial variability A great deal of spatial variability 

across the fishing grounds was observed in the median 

depth and vertical extent of the preferred thermal hab¬ 
itat of bigeye tuna (8-14°C) (Fig. IB). Median thermal 

habitat depth was at its maximum in the CW region, 

about 350-400 m below the surface, and it was shal¬ 
lowest in the NE region where it occurred within about 

300 m of the surface. In the SW and NW regions, me¬ 
dian thermal habitat depth ranged from 400 m to the 

surface at the northernmost latitudes. The full vertical 

extent of preferred thermal habitat of bigeye tuna also 
varied by region (Suppl. Fig. 3) (online only). The extent 

of this habitat was greatest in the SW and NW regions 
(depth: 200-450 m), least in the CW region (depth: 



232 Fishery Bulletin 116(3-4) 

(/) 

o 
o 

o 
o 
o 

Q) 
Cl 

UJ 

Z) 
CL 

Year 

Mahi mahi Skipjack Yellowfin Striped marlin 

1995 2005 2015 1995 2005 2015 1995 2005 2015 

10 20 10 

o 
o 
_c 

o 
o 
o 

Q2 uM 
1995 2005 2015 1995 2005 2015 1995 2005 2015 

10 20 10 

1995 2005 2015 1995 2005 2015 1995 2005 2015 

1995 2005 2015 1995 2005 2015 1995 2005 2015 1995 2005 2015 1995 2005 2015 1995 2005 2015 

Year 

Figure 3 

(A) Annual catch per unit of effort (CPUE) for bigeye tuna (Thunnus obesus\ black lines) and long- 

nose lancetfish (Alepisaurus ferox; gray line) for the Hawaii-based longline fishery from 1995 through 

2015. The CPUE for bigeye tuna was calculated from both logbook records (solid black line), which 

are complete through 2015, and observer records (dashed black line), which are complete through 

2014. The CPUE of longnose lancetfish was calculated from observer records. (B) Quarterly and re¬ 

gional CPUE, based on observer data, of bigeye tuna; longnose lancetfish; dolphinfish (Coryphaena 

hippurus), also known as mahi mahi; skipjack tuna (Katsuwonus pelamis); yellowfin tuna (Thunnus 

alhacares); and striped marlin (Kajikia audax). Note that the scales of the y-axes vary by species. 

300-425 m), and shallowest in the NE region (depth: 
200-350 m). 

Across the CW and NW regions, as well as much of 
the NE region, the depth of the oxygen-concentration 

threshold (1.0 mL/L) for bigeye tuna was below 500 m. 
In the SW region, this threshold was shallowest along 
10°N (depth: 100-200 m) and progressed to depths be¬ 

low 500 m at the meridional extremes of the region. 

The oxygen-concentration threshold for bigeye tuna 

was shallowest in the SE region, generally above 500 

m and above 100 m along 10°N (Fig. IB). 

Temporal variability Across all grid cells where fishing 
occurred at some point during the time series, the me¬ 
dian depth of preferred thermal habitat for bigeye tuna 

shoaled at a rate of 0.55-0.71 m/year, or by 12-15 m 
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Table 1 

Significant linear trends (P<0.05) in the median depth of the preferred thermal habitat of 

bigeye tuna (Thunnus obesus) (8-14 °C) based on logbook records of the Hawaii-based longline 

fishery and ocean temperatures obtained from the Global Ocean Data Assimilation System 

for 1995 through 2015. These records were transformed into a grid, and the values in this 

table were determined by using all grid cells with fishing effort at any time (any effort) and 

by weighting grid cells by total quarterly effort (effort-weighted). A dash denotes the lack of a 

significant trend. Each trend value is followed by the depth for 2005 from the linear regression 

or, in the absence of a significant trend, by the mean depth of the time series. Results are pre¬ 

sented for the full fishing ground, as well as for the northeast (NE), northwest (NW), central 

west (CW), and southwest (SW) regions individually. 

Any effort Effort-weighted 

Region Quarter Trend (m/y) Depth (m) Trend (m/y) Depth (m) 

NE Qi -1.36 255.46 _ 302.59 

Q2 -1.38 256.66 - 301.29 

Q3 -1.17 254.00 -2.64 291.71 

Q4 -0.96 251.55 - 292.45 

NW Qi - 264.21 - 346.42 

Q2 - 263.20 -3.49 328.70 

Q3 - 262.85 -3.69 290.24 

Q4 - 262.92 -1.71 336.40 

CW Qi -1.52 367.35 -0.85 358.42 

Q2 -1.64 369.48 -1.15 357.56 

Q3 -1.76 365.06 -1.63 352.98 

Q4 -1.75 361.89 -2.07 348.46 

SW QI - 265.83 - 292.62 

Q2 - 265.43 -1.47 292.82 

Q3 -0.48 266.78 - 302.72 

Q4 -0.69 264.76 -2.14 320.98 

Full fishing ground QI -0.55 272.21 - 319.58 

Q2 -0.71 272.67 -1.78 303.25 

Q3 -0.63 271.92 -3.11 300.54 

Q4 -0.70 269.91 -2.23 336.08 

overall, shoaling from roughly 280 to 265 m between 

1995 and 2015 (Table 1). Shoaling was significant and 
greater when the depths of these temperatures were 

weighted by total quarterly effort (1.78-3.11 m/year or 
37-65 m overall in the second-fourth quarters, shoal¬ 

ing from depths of 320-340 m to depths of 270-315 m 

over the course of the study period; Table 1). Signifi¬ 
cant shoaling within each region is presented in Table 
1. 

We lack sufficient data to examine variability in 
oxygen concentration over time. However, given that 

the oxygen-concentration threshold of bigeye tuna was 
found below 500 m across much of the area where the 

fishery operates, it is unlikely that low oxygen concen¬ 

trations affected bigeye tuna in the study area. 

Catch variability 

Catch rates The annual catch rates of bigeye tuna de¬ 

clined until 2009, but have increased in subsequent 
years (Fig. 3A). Catch rates of longnose lancetfish, on 

the other hand, have increased over the past 2 decades, 

especially after 2004. For the past decade, catch rates 

of longnose lancetfish have exceeded those of bigeye 
tuna (Fig. 3A). 

Quarterly catch rates of bigeye tuna and longnose 

lancetfish were considerably variable across the 4 re¬ 
gions of the fishery included in our analysis (Fig. 3B). 

The variability in catch rates of bigeye tuna was most 

striking in the third quarter, when the rates were no¬ 
tably higher in the NW and NE regions than in the 

SW and CW regions. Catch rates of longnose lancetfish 
were highest in the NW region and lowest in the SW 

region throughout the year. The quarterly and regional 

catch rates of mahi mahi, skipjack tuna (Katsuwotius 
pelamis), yellowfin tuna, and striped marlin are also 

presented in Figure 3B. The highest catch rates for 
these species, with the exception of mahi mahi, gener¬ 

ally occurred in the SW and CW regions. 

Catch composition The contribution of bigeye tuna to 

total catch varied by both quarter and region as did 
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Figure 4 

The mean percentages of total annual catch of the Hawaii-based longline fishery to 

which 11 species contributed each quarter, shaded for (A) the beginning (1995-1997) 

and (B) the end (2012-2014) of the time series of observer data, and (C) the differ¬ 

ences between these percentages. The species were the following: bigeye tuna (Thun- 

nus obesus); albacore (Thunnus alalunga); longnose lancetfish (Alepisaurus feroxY, 

blue shark (Prionace glauca)\ dolphinfish (Coryphaena hippurus), also known as 

mahi mahi; skipjack tuna (Katsuwonus pelamisY, yellowfin tuna (Thunnus albacaresY, 

striped marlin iKajikia audaxY, sickle pomfret (Taractichthys steindachneri); snake 

mackerel (Gempylus serpens); and escolar (Lepidocybium flavobrunneum). In graphs A 

and B, the total annual contribution of each species is listed below each column, and 

the total annual contribution from each quarter is listed along the right-hand side of 

each row. In graph C, the difference in total annual contribution is listed below each 

column and along each row. 
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the proportion of catch that was discarded (Suppl. Fig. 

4) (online only). In general, bigeye tuna composed near¬ 
ly 20% of the total catch, although their contribution 

ranged from as low as 8% (CW region, second and third 
quarter averages) to over 21% (CW and SW regions, 

fourth quarter averages). Discard rates had more vari¬ 

ability; the lowest rates occurred in the SW region in 

the first and second quarters (<30% on average), and 
the highest rates in the third and fourth quarters 

across all regions (40-55% on average). 
In looking at catch composition, we found that each 

of the 11 species in Figure 4 accounted for at least 5% 

of the total annual catch at some point in the time se¬ 
ries. Their contribution to total catch is broken down in 

that figure by quarter for the beginning (Fig. 4A) and 

end (Fig. 4B) of the time series. These distributions in¬ 

dicate that the seasonal timing of catch of bigeye tuna 
shifted from the first and fourth quarters to the third 

and fourth quarters, but that the overall contribution 
of this species to the annual catch changed little. Con¬ 

versely, the contribution of longnose lancetfish to total 
annual catch increased by about 14%, primarily in the 

third quarter. The proportion of blue shark (Prionace 

glauca), yellowfin tuna, and striped marlin in total an¬ 
nual catch declined by 4-6%, whereas the proportion of 

sickle pomfret, snake mackerel, and escolar (Lepidocy- 
bium flavobrunneum) rose by 4-6% over the time series. 

Discussion 

Over the 21-year period examined in this study, the 
fishing effort of the Hawaii-based longline fishery in¬ 

creased more than 5-fold. A growing proportion of this 
effort occurred in the NE region of the fishing grounds, 

particularly during the third quarter of the year. The 

GODAS reanalysis and WOA13 data indicate that 

oceanographic conditions are favorable for bigeye tuna 
across much of the fishery’s footprint. Although increas¬ 
ing effort should correlate with the desire of fishermen 

to catch more fish, the shift in the seasonal and spatial 

deployment of effort raises several biologically perti¬ 
nent questions. Why did the fishery expand its spatial 

footprint, as opposed to it simply setting more hooks 

across the CW and SW regions? Why did it expand, 
primarily, into the NE region and only during the third 

quarter of the year? 

The expansion of the fishery into the NE region dur¬ 
ing the third quarter is likely the result of several fac¬ 

tors. One possibility is that the CW and SW regions 
were already supporting maximum effort. Effort was 

rather stable in these regions after about 2004 (Fig. 2), 

and previous work has documented that the catch rates 

of large, high-trophic-level, commercially valuable fish 
were declining in these waters as a result of increased 

fishing effort (Polovina et al., 2009; Polovina and Wood¬ 

worth-Jefcoats, 2013). Furthermore, competition from 
international fisheries may have precluded additional 
Hawaii-based effort in the SW region. In the NW and 

NE regions, on the other hand, there was comparably 

little Hawaii-based effort and little to no competition 
from international fisheries. 

Less than 10% of the total annual catch was caught 

during the third quarter of the year at the beginning 
of the time series (Fig. 4). Furthermore, in the CW and 

SW regions, target catch rates were lowest (9% and 

14% on average, respectively) and discard rates high¬ 
est (56% and 44% on average, respectively; Suppl. Fig. 

4) (online only) during the third quarter, possibly explain¬ 

ing why fishermen have been willing to change fishing 

locations. These low target catch rates may also ex¬ 
plain why effort was lowest in the third quarter at the 

beginning of the time series, and why, unlike in other 

quarters, effort was not concentrated in a specific re¬ 
gion (before the focus of the fishery on the NE region). 

Considering the distribution of fishing effort to¬ 

gether with catch rates, we found that trends in catch 
rates are strongly correlated with the shift in the loca¬ 

tion of effort. Comparison of quarterly CPUE of big¬ 

eye tuna with the proportion of annual effort in each 
region and quarter indicates that the third-quarter 

CPUE of bigeye tuna was strongly correlated with the 

proportion of effort in the NE region (coefficient of cor¬ 

relation [r]=0.66) and negatively correlated with third 
quarter effort in the CW and SW regions (r=-0.56 and 

-0.46, respectively). No other significant correlations 
were found (P<0.5). Given the above correlations and 

the trends in catch composition, we conclude that the 
fishery reaction was a response to low catch rates for 

the target species in the CW and SW regions during 

the third quarter. The NE region proved to be a par¬ 
ticularly effective fishing ground with high catch rates 

of target species, relatively low discard rates, and with 
little competition from international fishing fleets. As 

a result, a large portion of annual catch of bigeye tuna 

occurred in the third quarter by the end of the time 
series (Fig. 4). 

Although the movement of the fishery toward the 

NE region was greatest in the third quarter, the fishery 
does occur in this region throughout the year, although 

to a lesser degree (Fig. 2). As discussed above, catch 

rates of target species in the SW and CW regions were 

generally higher during the rest of the year, possibly 
explaining why there was less fleet movement outside 

the third quarter. 

The role of oceanographic variability in fishery expansion 

The enhanced fishery yield in the NE region can be 

explained by the oceanographic conditions of the re¬ 

gion. It has the largest area in which preferred thermal 
habitat of bigeye tuna closely overlaps vertically with 

both deep-set hooks (100-400 m) and with waters that 
have suitable oxygen concentrations (> 1.0 mL/L; Fig. 

IB). The time series of the depths of preferred thermal 
habitat shows that in the NE region, the preferred day¬ 

time habitat of bigeye tuna was consistently and com¬ 
pletely within the depth range of deep-set hooks (Sup¬ 

pl. Fig. 3) (online only). Oceanographic variability also 
explains why the fishery did not expand into the SE 
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region. This region encompasses the oxygen minimum 

zone of the eastern tropical Pacific Ocean. Across much 
of the SE region, the oxygen-concentration threshold of 

1.0 mL/L occurred at depths shallower than the depths 

of both the preferred thermal habitat of bigeye tuna 
and the depths of deep-set gear (Fig. IB), rendering it 

poor habitat for bigeye tuna and poor longline fishing 

grounds. 
Effort-weighted trends in the depth of preferred hab¬ 

itat of bigeye tuna indicate that the fishery has moved 

into the more favorable oceanographic conditions of the 
NE region. At the beginning of the time series, the fish¬ 

ery was operating largely in waters where the median 

depth of preferred thermal habitat for bigeye tuna was 
roughly 320-340 m below the surface. However, by the 

end of the time series, the fishery was operating in wa¬ 

ters where the median depth of preferred thermal habi¬ 

tat was 270-315 m below the surface and more closely 
aligned with the median depth of deep-set gear (250 

m; Boggs, 1992; Bigelow et al., 2006). These trends in 
depth weighted by total quarterly effort indicate that 

fishermen were targeting regions where either pre¬ 

ferred thermal habitat was more closely aligned with 
their gear or thermal habitat shoaling was greatest or 

possibly employing a combination of these 2 tactics. 
Across the entire fishing ground, the preferred thermal 

habitat of bigeye tuna shoaled by only about 12-15 m. 

Yet, when weighted by quarterly effort, the shoaling 
increased to roughly 37-65 m. Without information on 

depth of capture, it is difficult to determine the degree 
to which this shoaling actually influenced the fishery 

yield. However, given the vertical distributions of both 
deep-set gear and preferred daytime thermal habitat 

of bigeye tuna, shoaling could increase the degree to 

which these distributions overlap and could compress 
the total vertical habitat that bigeye tuna occupy. Both 

scenarios should increase the catchability of bigeye 
tuna, and in turn, fishery yield. 

Effects of fishery expansion on catch composition 

During the period studied, the spatial expansion and 

seasonal shift of the fishery influenced the seasonal 
timing of both the catch and catch composition. Al¬ 

though the primary target species, bigeye tuna, con¬ 

sistently was about 20% of the total annual catch, the 

bulk of the annual catch shifted from the first and 
fourth quarters to the third and fourth quarters. A 

combination of factors could have contributed to this 
shift. The foremost factor was the increase during the 

third quarter in effort deployed in the NE region (Fig. 

2), where catch rates of bigeye tuna were consistently 
high over time (Fig. 3B). Additionally, by the end of 

the period examined, less effort was deployed in the 
SW region in the first quarter than in the CW region 

during the fourth quarter (Fig. 2). First quarter catch 

rates of bigeye tuna in the SW region declined over 
the past 2 decades (Fig. 3B), whereas fourth quarter 
catch rates of bigeye tuna in the CW region remained 

consistently high. In summary, by 2015, the fishery 

deployed most of its effort in the regions and during 
the quarters when catch rates of bigeye tuna were 

highest. It is interesting to note that these regions 
are also those where preferred thermal habitat for 

bigeye tuna completely overlaps with deep-set gear 

(NE region) and where preferred thermal habitat for 
bigeye tuna is most compressed (CW region) (Suppl. 

Fig. 3) (online only). 

It is possible that the shift in time and place of the 

bulk of bigeye tuna catch each year can be attributed 
to changes in fishing gear, although we found no evi¬ 

dence that this shift was the cause. Using the number 

of hooks per float as a proxy for hook depth, we found 
no significant differences between gear set in the SW 

region during the first quarter, in the NE region dur¬ 
ing the third quarter, and in the CW region during the 

fourth quarter (5% significance level, Wilcoxon-Mann- 

Whitney rank-sum tests). 
The shift in the annual timing of catch of bigeye tuna 

could also be attributed to fish movement or changes 
in population dynamics. Stock assessments from both 

fishing convention areas (west of 150°W, WCPFC, Har¬ 

ley et al., 2014; east of 150°W, IATTC, Aires-da-Silva 
and Maunder, 2015), along with tagging data (Schae¬ 

fer et al., 2015), indicate that there is extensive zonal 
movement by bigeye tuna. At low latitudes (e.g., 15°S- 

15°N), there is more eastward movement than west¬ 
ward movement (Aires-da-Silva and Maunder, 2015; 

Schaefer et al., 2015). However, a lack of tagging data 
for areas farther north makes it difficult to determine 

whether bigeye tuna make the same directional move¬ 
ment in our study area. If they do, the high catch rates 

in the NE region noted in our study may have been 

fueled in part by fish moving into the region. The role 
of population dynamics is also unclear. Although it is 

likely that large-scale population dynamics affect inter¬ 
annual changes in CPUE of bigeye tuna (Harley et al., 

2014; Aires-da-Silva and Maunder, 2015), size struc¬ 
ture (and presumably age structure) of bigeye tuna was 

fairly consistent across the fishing ground (Suppl. Fig. 

5) (online only), echoing earlier work (Kume, 1969). 
For other commercially valuable species, such as 

yellowfin tuna and striped marlin, the spatial shift 

in effort exacerbated declining catch rates. Although 
CPUEs for both species declined across the fishing 

grounds, catch rates for these species were greatest 

in the SW and CW regions despite the movement of 
the fishery away from these regions (Fig. 3B). Catch 

rates for skipjack tuna, although not declining, were 
generally highest in the SW and CW regions (Fig. 3B). 

Therefore, the fishery’s changing footprint likely con¬ 
tributed to an overall decline in the contribution of 

skipjack tuna to total annual catch (Fig. 4). 

Discard rates also were influenced by the spa- 
tiotemporal shift in effort. In the core region of the 

fishery (12-27°N), rising discard rates were linked to 
increased fishing effort (Polovina and Woodworth-Jef- 

coats, 2013). At the same time, catch rates of longnose 
lancetfish in particular rose as a result of the fishery’s 

northward expansion and increased focus on the third 
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quarter. Catch rates of longnose lancetfish were not 

only highest in the NW region but were also highest 
within-region in the third quarter (Fig. 3B). There¬ 

fore, the fishery deployed more effort in a region where 
longnose lancetfish were more commonly caught and 

during the season when catch rates were highest. As 

a result, catch of longnose lancetfish, all of which was 
discarded, exceeded the catch of target species for the 

last decade of the study period (Fig. 3A). The same 
spatiotemporal shift in effort also explains the change 

in the contribution of mahi mahi to annual catch (Figs. 
3B and 4), although mahi mahi are retained by the 

fishery and sold. 
As with bigeye tuna, it is possible that both fish move¬ 

ment and population dynamics could have influenced 

changes in total composition of the catch. Tagging data 

and stock assessments are lacking for many of the spe¬ 
cies caught by the Hawaii-based longline fishery, espe¬ 

cially the noncommercial species. Future research on 

the seasonal timing, location, and size structure of this 
catch may provide insight into such changes. 

When using observer data to determine catch com¬ 

position, as we did, there is a possibility that observer 
error could influence results. Such errors in the report¬ 

ing of rare or cryptic species have been noted for indi¬ 
vidual longline sets and can influence results at fine 

spatiotemporal resolutions (e.g., months and single 
geographic degrees) and when observer coverage is low 

(Walsh et al., 2002; Walsh et al., 2005). However, it 

is not clear that such errors would be distinguishable 
when observer data are aggregated more broadly, such 

as on a quarterly and regional basis. Additionally, our 

results indicate strong agreement between data col¬ 
lected from independent scientific observers and data 

reported in commercial vessel logbooks for catch rates 
of bigeye tuna (Fig. 3A) and, therefore, consistent spe¬ 

cies identification of target species. The observed in¬ 

crease in catch of longnose lancetfish is corroborated 
by the regional expansion of the fishery: catch rates of 
longnose lancetfish were much higher in the NW re¬ 

gion than elsewhere (Fig. 3B), and, in the early years 

of our study, the fishery was not operating in the NW 

region (Fig. 2A). Therefore, we conclude that the im¬ 
pacts of fishery expansion on catch composition are 
robust. 

A look ahead 

We have detailed how both fishery expansion and 

oceanographic variability have influenced catch of the 

Hawaii-based longline fishery. In particular, we found 
that the fishery has expanded into a region that has 

proven to be an efficient fishing ground by virtue of its 

local oceanography. With this perspective on past catch, 
can CPUEs continue to rise into the future? The re¬ 

sults of previous work indicate that sustained increas¬ 

es in fishing effort drive down the abundance of large, 
high-trophic-level fish, such as those targeted by the 
Hawaii-based longline fishery (Ward and Myers, 2005b; 

Polovina et al., 2009; Polovina and Woodworth-Jefcoats, 

2013). We also note that, although bigeye tuna are not 

considered to be subject to overfishing in the NE region 
(Aires-da-Silva and Maunder, 2015), overfishing of big¬ 

eye tuna has been documented to be occurring in the 

3 western regions (Harley et al., 2014). This disparity 
creates the potential for further eastward displacement 

of fishing effort (both Hawaii-based and international) 

and for hastening removals of bigeye tuna. Therefore, 
it is possible that catch rates in the NE region eventu¬ 

ally will diminish as have the catch rates in the SW 

and CW regions over the past 20 years. 

Another change that will affect the fishery in coming 

years is the recent expansion of the Papahanaumokua- 

kea Marine National Monument. In August 2016, the 
monument boundaries were expanded to encompass 

the full U. S. Exclusive Economic Zone west of 163°W, 

moving the boundaries an additional 150 nm from land 
(Federal Register, 2016). This expansion bars commer¬ 

cial fishing over a portion of the fishing grounds and 

has the greatest effect on the CW region. On average, 
21% of the effort in the CW region in the fourth quarter 

(when fishing effort in this region is the greatest) and 

25% of the bigeye tuna caught in the CW region dur¬ 
ing the fourth quarter are from waters that will now 

be off limits to the fishery. It is uncertain how the fish¬ 
ery will adjust, possibly by simply relocating fourth 

quarter effort outside the monument area or by shift¬ 
ing the allocation of that effort to another quarter or 

region. 

Finally, climate change can be expected to affect the 
Hawaii-based longline fishery in a number of ways, po¬ 

tentially driving productive fishing grounds even far¬ 

ther from Hawaii. As ocean temperatures continue to 

rise, the preferred thermal habitat of bigeye tuna will 
be displaced northward (Lehodey et al., 2010; Bopp et 

al., 2013; Woodworth-Jefcoats et al., 2017). Addition¬ 
ally, the oxygen minimum zone that covers much of 

the SE region (Fig. IB) has expanded over the past 50 

years (Stramma et al., 2008). Although climate projec¬ 
tions of further expansion are mixed (Stramma et al., 

2008; Bopp et al., 2013; Cabre et al., 2015), continued 
expansion potentially would encroach on the NE region 

and render a larger portion of the SW region inhospi¬ 

table to bigeye tuna. 

We have shown how movement of the Hawaii-based 
longline fishery, particularly its seasonally focused ex¬ 

pansion to the NE region, has helped shape the com¬ 

position, magnitude, and seasonal timing of its catch. 
This information, together with previous studies of the 

effect of the Hawaii-based fishery on the ecosystem, as 
well as future climate projections and socioeconomic 

data (such as trip cost and catch value), has the poten¬ 

tial to help guide future fishery management actions. 
For example, recent increases in CPUE of bigeye tuna 

can be placed in the context of the high catch rates 
the fishery saw in the late 1990s. Climate models could 

be used to project future changes in habitat of bigeye 
tuna. Additionally, the effect of the continued expan¬ 

sion of the fishery away from Hawaii can be assessed 

in relation to other factors, such as future fuel prices 
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for fishing vessels. Such context and analyses can help 

fishery managers ensure that the Hawaii-based long- 

line fishery remains both ecologically and financially 

sustainable. 

Acknowledgments 

The authors are grateful for insight from E. Portner, C. 

Boggs, M. Donahue, A. Timmermann, and K. Edwards 

that greatly improved this manuscript. We thank the 

scientific observers of the Pacific Islands Region for 

their ongoing collection of longline fishery data. We 

also thank A. Tomita for help in formatting interna¬ 

tional fisheries data. This article is contribution 10356 

of the School of Ocean and Earth Science and Technol¬ 

ogy, University of Hawaii at Manoa. 

Literature cited 

Aires-da-Silva, A., and M. N. Maunder. 

2015. Status of bigeye tuna in the eastern Pacific Ocean 

in 2014 and outlook for the future. Inter-American 

Tropical Tuna Commission Stock Assess. Rep. 16, 13 p. 

lAvailable from website, accessed October 2016.] 

Bigelow, K., M. K. Musyl. F. Poisson, and P. Kleiber. 

2006. Pelagic longline gear depth and shoaling. Fish. 

Res. 77:173-183. 

Boggs, C. H. 

1992 Depth, capture time, and hooked longevity of 

longline-caught pelagic fish: timing bites of fish with 

chips. Fish. Bull. 90:642-658. 

Bopp, L., L. Resplandy, J. C. Orr, S. C. Doney, J. P. Dunne, M. 

Gehlen, P. Halloran, C. Heinze, T. Ilyina, R. Seferian, et al. 

2013. Multiple stressors of ocean ecosystems in the 21st 

century: projections with CMIP5 models. Biogeoscienc¬ 

es 10:6225-6245. 

Cabre, A., I. Marinov, R. Bernardello, and D. Bianchi. 

2015. Oxygen minimum zones in the tropical Pacific 

across CMIP5 models: mean state differences and cli¬ 

mate change trends. Biogeosciences 12:5429-5454. 

Cox, S. P. T. E. Essington, J. F. Kitchell, S. J. D. Martell, C. 

J. Walters, C. Boggs, and I. Kaplan. 

2002. Reconstructing ecosystem dynamics in the central 

Pacific Ocean, 1952-1998. II. A preliminary assessment 

of the trophic impacts of fishing and effects on tuna dy¬ 

namics. Can. J. Fish. Aquat. Sci. 59:1736-1747. 

Federal Register. 

2016 Papahanaumokuakea Marine National Monument 

expansion. Fed. Reg. 81:60227-60234. GPO, Washing¬ 

ton, D.C. Available at website 

Garcia, H. E., R. A. Locarnini, T. P. Boyer, J. I. Antonov, A. V. 

Mishonov, O. K. Baranova, M. M. Zweng, J. R. Reagan, and 

D. R. Johnson. 

2013. World ocean atlas 2013. Volume 3: dissolved oxy¬ 

gen, apparent oxygen utilization, and oxygen satura¬ 

tion. NOAA Atlas NESDIS 75, 27 p. 

Gilman, E., M. Chaloupka, A. Read, P. Dalzell, J. Holetschek, 

and C. Curtice. 

2012. Hawaii longline tuna fishery temporal trends in 

standardized catch rates and length distributions and 

effects on pelagic and seamount ecosystems. Aquat. 

Conserv. 22:446-488. 

Harley, S., N. Davies, J. Hampton, and S. McKechnie. 

2014. Stock assessment of bigeye tuna in the western and 

central Pacific Ocean. West. Cent. Pac. Fish. Comm. 

WCPFC-SC10-2014/S A-WP-01, 115 p. [Available from 

website, accessed October 2016.] 

Howell, E. A., D. R. Hawn, and J. J. Polovina. 

2010. Spatiotemporal variability in bigeye tuna (Thun- 

nus obesus) dive behavior in the central North Pacific 

Ocean. Prog. Oceanogr. 86:81-93. 

Kitchell, J. F., T. E. Essington, C. H. Boggs, D. E. Schindler, 

and C. J. Walters. 

2002. The role of sharks and longline fisheries in a pelagic 

ecosystem of the central Pacific. Ecosystems 5:202-216. 

Kume, S. 

1969. Ecological studies on bigeye tuna—V: A critical re¬ 

view on distribution, size composition and stock struc¬ 

ture of bigeye tuna in the North Pacific Ocean (north of 

16°N). Bull. Far Seas Fish. Res. Lab. 1:57-75. 

Lehodey, P, I. Senina, J. Sibert, L. Bopp, B. Calmettes, J. 

Hampton, and R. Murtugudde. 

2010. Preliminary forecasts of Pacific bigeye tuna popula¬ 

tion trends under the A2 IPCC scenario. Prog. Ocean¬ 

ogr. 86:302-315. 

Polovina, J. J., and P. A. Woodworth-Jefcoats. 

2013. Fishery-induced changes in the subtropical Pacific 

pelagic Ecosystem size structure: observations and theo¬ 

ry. PLoS ONE 8(4):e62341. 

Polovina, J. J., M. Abecassis, E. A. Howell, and P. Woodworth. 

2009. Increases in the relative abundance of mid-trophic 

level fishes concurrent with declines in apex predators 

in the subtropical North Pacific, 1996-2006. Fish. Bull. 

107:523-531. 

Saha, S., S. Nadiga, C. Thiaw, J. Wang, W. Wang, Q. Zhang, 

H. M. Van den Dool, H.-L. Pan, S. Moorthi, D. Behringer, 

et al. 

2006. The NCEP Climate Forecast System. J. Clim. 

19:3483-3517. 

Schaefer, K., D. Fuller, J. Hampton, S. Caillot, B. Leroy, and 

D. Itano. 

2015 Movements, dispersion, and mixing of bigeye tuna 

(Tliunnus obesus) tagged and released in the equatorial 

Central Pacific Ocean, with conventional and archival 

tags. Fish. Res. 161:336-355. 

Sibert, J., J. Hampton, P. Kleiber, and M. Maunder. 

2006. Biomass, size, and trophic status of top predators in 

the Pacific Ocean. Science 314:1773-1776. 

Stramma, L., G. C. Johnson, J. Sprintall, and V. Mohrholz. 

2008. Expanding oxygen-minimum zones in the tropical 

oceans. Science 320:655-658. Article 

Walsh, W. A., and J. Brodziak. 

2015. Billfish CPUE standardization in the Hawaii 

longline fishery: model selection and multimodel infer¬ 

ence. Fish. Res. 166:151-162. 

Walsh, W. A., P. Kleiber, and M. McCracken. 

2002. Comparison of logbook reports of incidental blue 

shark catch rates by Hawaii-based longline vessels to 

fishery observer data by application of a generalized ad¬ 

ditive model. Fish. Res. 58:79-94. 

Walsh, W. A., R. Y. Ito, K. E. Kawamoto, and M. McCracken. 

2005. Analysis of logbook accuracy for blue marlin (Mak- 



Woodworth-Jefcoats et al.: Oceanographic variability, fishery expansion, and longline catches in the North Pacific 239 

aira nigricans) in the Hawaii-based longline fishery with 

a generalized additive model and commercial sales data. 

Fish. Res. 75:175-192. 

Ward, P., and R. A. Myers. 

2005a. Inferring the depth distribution of catchability 

for pelagic fishes and correcting for variations in the 

depth of longline fishing gear. Can. J. Fish. Aquat. Sci. 

62:1130-1142. 

2005b. Shifts in open-ocean fish communities coinciding 

with the commencement of commercial fishing. Ecology 

86:835-847. 

Woodworth-Jefcoats, P. A., J. J. Polovina, and J. C. Drazen. 

2017. Climate change is projected to reduce carrying ca¬ 

pacity and redistribute species richness in North Pa¬ 

cific pelagic marine ecosystems. Global Change Biol. 

23:1000-1008. 



240 

National Marine 
Fisheries Service Fishery Bulletin 
NOAA established in 1881 

Spencer F. Baird 

First U S. Commissioner 
of Fisheries and founder 

of Fishery Bulletin 

Extrusion of fish larvae from SEAMAP plankton 
sampling nets; a comparison between 0,333-mm 
and 0.202-mm mesh nets 

Email address for contact author: christina.schobernd@noaa.gov 

Abstract—To assess larval fish and 

egg extrusion through the standard- 

size mesh plankton net used during 

resource surveys of the Southeast 

Area Monitoring and Assessment 

Program (SEAMAP), 81 bongo tows 

with side-by-side nets, each con¬ 

structed with a different mesh size 

(0.333 mm and 0.202 mm), were 

taken during 5 SEAMAP surveys 

conducted in the Gulf of Mexico dur¬ 

ing 2005-2007. Retention by length 

class for the larvae of 6 taxa and an 

unidentified group was evaluated 

by using 2 deterministic functions 

to estimate the number of larvae 

missed when sampling with the net 

with standard-size mesh (0.333 mm) 

compared with sampling with the 

smaller mesh net (0.202 mm). Small¬ 

er larvae, particularly those between 

1.5 and 3 mm in body length, were 

retained in greater numbers in the 

0.202-mm-mesh net than in the 

0.333-mm-mesh net. Extrusion was 

most pronounced for small, undevel¬ 

oped larvae that could be identified 

only to the suborder Percoidei or 

that could not be identified. Extru¬ 

sion was evident also among larvae 

of taxa in the families Engraulidae, 

Sciaenidae, and Scombridae, but less 

so for Clupeidae and Lutjanidae; the 

latter result was most likely attrib¬ 

utable to a mismatch between the 

timing of sampling and spawning 

seasons. The functional relationships 

presented here, based on larval 

abundance ratios and body lengths, 

represent the first empirically de¬ 

rived estimates of extrusion and size 

bias in SEAMAP ichthyoplankton 

samples. 
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Planktonic, early-life-stage fish 
(ichthyoplankton) have been moni¬ 

tored for over a century worldwide 

to assess the abundance and distri¬ 

bution of fish stocks (Hjort, 1914; 
McClatchie et ah, 2014). Ichthyo¬ 

plankton surveys have been used to 

estimate changes in spawning stock 

biomass, to identify spawning habi¬ 
tats and seasonality, and to quantify 

survival through the larval stage 
(Richardson et ah, 2010). Arguably, 

the greatest value of these surveys 

is that they provide a method for 
measuring changes in the trends of 

larval assemblages over time. Such 
trends are particularly valuable dur¬ 

ing a changing climate, since altera¬ 

tions in sea temperature, carbonate 
chemistry, and ocean circulation in¬ 

fluence larval growth, mortality, dis¬ 

persal, and assemblage connectivity 
(Llopiz et ah, 2014). 

In the southeastern United States, 

larval fish abundances are monitored 

under the Southeast Area Monitoring 
and Assessment Program (SEAMAP; 

Stuntz et al.1; Lyczkowski-Shultz and 

Hanisko, 2007). As part of SEAMAP 

protocol, plankton samples are col¬ 
lected during annual surveys in the 

Gulf of Mexico by the National Ma¬ 
rine Fisheries Service (NMFS) and 

agencies of 4 states: Alabama, Flori¬ 

da, Louisiana, and Mississippi. Data 
from these surveys are used in stock 
assessments for many managed, com¬ 

mercially significant species, includ¬ 
ing the bluefin tuna (Thunnus thy Fi¬ 

rms', Scott et ah, 1993), king mack¬ 

erel (Scomberomorus cavalla; Gled- 
hill and Lyczkowski-Shultz, 2000), 

red snapper (Lutjanus campechanus; 

1 Stuntz, W. E., C. E. Bryan, K. Savas- 
tano, R. S. Waller, and R A. Thomp¬ 
son. 1983. SEAMAP environmental 
and biological atlas of the Gulf of Mexi¬ 
co, 1982, 145 p. Gulf States Mar. Fish. 
Comm., Ocean Springs, MS. [Available 
from website.] 
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Hanisko et al., 2007), and vermilion snapper (Rhom- 

boplites aurorubens; Hanisko et al.2). Ichthyoplankton 
data from the SEAMAP surveys have also been used to 

describe larval transport, decadal changes in fish habi¬ 

tat, and annual variations in egg densities in the Gulf 
of Mexico (Johnson et al., 2009; Marancik et al., 2012; 

Hernandez et al.3; Lyczkowski-Shultz et al., 2013). Ad¬ 
ditionally, SEAMAP samples have been used to assess 

the potential impacts of 1) entrainment of larvae in 

offshore liquefied natural gas facilities (Gallaway et 

al., 2007) and 2) larval mortality from the 2010 Deep¬ 
water Horizon oil spill (Muhling et al., 2012) to Gulf of 

Mexico fisheries. 
Application of such abundance-at-size data is predi¬ 

cated on the assumption that larvae caught and re¬ 

tained in plankton nets consistently and accurately 
represent the assemblage being sampled (Tranter, 

1968; Smith and Richardson, 1977). Inherent catch- 

ability issues with plankton nets, however, result in 
underrepresentation of larger, more developed larvae 

that are able to detect and avoid the net (Morse, 1989; 
Somerton and Kobayashi, 1989) and in underrepre¬ 

sentation of the smallest larvae in catches because 

they are extruded through net meshes (Colton et al., 
1980; Lo, 1983; Houde and Lovdal, 1984; Johnson and 

Morse, 1994). The effect of these sources of bias on 
larval abundance data have been widely investigated 

in studies outside the Gulf of Mexico but have never 

been addressed specifically for data generated from 
SEAMAP ichthyoplankton surveys. Only 2 previous 

studies with gear other than SEAMAP plankton nets 
investigated the extrusion of larval fish from plankton 

nets in northern Gulf of Mexico waters (Comyns, 1997; 

Hernandez et al., 2011). 
Ideally both of these biases should be evaluated 

before abundance data are interpreted and used in 

resource monitoring and environmental and fisheries 
assessments (Smith and Richardson, 1977). In recent 

stock assessments, the effect of avoidance was mitigat¬ 

ed by including in analyses only the largest size class 
of larvae that are consistently captured in the net—a 

decision based on examination of size frequency distri¬ 
butions (Hanisko et al., 2007; Hanisko et al.2). Despite 

the importance of the earliest life stages in estimating 

absolute abundance or mortality, the underrepresen¬ 
tation of these values due to extrusion of the small¬ 

est larvae in SEAMAP samples has not been consid¬ 

2 Hanisko, D. S., A. Pollack, and G. Zapfe. 2015. Vermilion 
snapper (Rhomboplites aurorubens) larval indices of relative 
abundance from SEAMAP Fall Plankton Surveys, 1986 to 
2012. Southeast Data, Assessment and Review SEDAR45- 
WP-05, 34 p. [Available from: website.] 

3 Hernandez, F. J., W. M. Graham, and K. Bayha. 2013. Spa¬ 
tial distribution and abundance of red snapper (Lutjanus 
campechanus), vermilion snapper (Rhomboplites aurorubens), 
and red drum (Sciaenops ocellatus) eggs across the northern 
Gulf of Mexico based on SEAMAP continuous underway fish 
egg sampler (CUFES) surveys, 52 p. Final Report NOAA/ 
MARFIN Award Number NA09NMF4330153. [Available 
from Grants Branch, Southeast Reg. Off., Natl. Mar. Fish. 
Serv., NOAA, 263 13th Ave. S„ St. Petersburg, FL 337101.] 

Table 1 

Cruise number, start and end dates, and number of 

tows conducted with bongo nets with different mesh 

sizes during Southeast Area Monitoring and Assess¬ 

ment Program surveys in the northern Gulf of Mexico 

between October 2005 and August 2007. 

No. of 

Cruise Start date End date tows 

04266 22-Oct-2005 01-Nov-2005 45 

63062 23-March-2006 29-May-2006 15 

63064 31-Aug-2006 27-Sep-2006 7 

63075 29-Aug-2007 28-Sep-2007 14 

ered in the development of SEAMAP indices of larval 

abundance. 
The use of standard gear and towing methods dur¬ 

ing plankton surveys has ensured consistent sampling 
within and among SEAMAP cruises and surveys (Mc- 

Clatchie et al., 2014; GSMFC4). However, the specific 

characteristics of the SEAMAP bongo net in relation 

to loss of eggs and larvae though the meshes of the 
standard SEAMAP sampling gear have yet to be in¬ 

vestigated. Our objective was to evaluate the degree of 
extrusion of fish eggs and larvae through the standard 

SEAMAP bongo net, which has a 0.333-mm mesh, by 
comparing numbers of larvae from that net with lar¬ 

val numbers from a bongo net with a finer, 0.202-mm 

mesh. 

Materials and methods 

Field and laboratory methods 

Between October 2005 and August 2007, 81 bongo tows 

with side-by-side nets, each with a different mesh size, 

were performed during 5 SEAMAP surveys conducted 
in the Gulf of Mexico (Table 1, Fig. 1). Given the pri¬ 

mary objectives for these surveys, samples were taken 

as time permitted after standard sampling was com¬ 
pleted. The 6 i err. bongo net frame with a mouth open¬ 

ing of 0.29 m2 that is used during standard SEAMAP 
sampling was used in the tows of our study. However, 

unlike the standard SEAMAP bongo net configuration, 

which consists of 2 nets with a mesh size of 0.333 mm, 

the configuration consisted of a net with 0.202-mm 
mesh on one side of the frame and a net with 0.333-mm 

mesh on the other side. Although no side-by-side effect 

was evaluated, it is thought to be minimal because of 
the short distance between the mouth openings of the 

2 nets on the bongo frame. Sampling was conducted 

4 GSMFC (Gulf States Marine Fisheries Commission). 2016. 
SEAMAP operations manual for trawl and plankton surveys, 
61 p. GSMFC, Ocean Springs, MS. [Available from web¬ 
site.] 
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Figure 1 

Locations of the 81 tows conducted with bongo nets with different mesh sizes dur¬ 

ing 5 Southeast Area Monitoring and Assessment Program surveys of ichthyoplankton 

conducted in the Gulf of Mexico between October 2005 and August 2007. Month and 

year of sampling are denoted by symbols at each location. The bathymetric contour 

represents the edge of the continental shelf (-200 m). 
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irrespective of time of day during 24-h survey opera¬ 
tions and resulted in the collection of 35 daytime and 

46 nighttime samples with nets of different mesh size. 
Shipboard handling of the concentration and preser¬ 

vation of samples taken from the nets with different 

mesh size followed standard SEAMAP protocols (Lycz- 

kowski-Shultz and Hanisko, 2007). Samples were pre¬ 
served initially in either 5-10% formalin or 95% etha¬ 

nol. Formalin-fixed samples were later transferred to 

95% ethanol after 48 h; samples initially preserved in 
ethanol were transferred to fresh ethanol after 24-36 

h. All tows were made in a double-oblique pattern from 
the surface to a maximum depth of 200 m (or to within 

2 m of the bottom at station depths <200 m) and then 

back to the surface. Tows were made at ~0.8 m/s (-1.5 

kt) and maintained a targeted towing wire angle of ~ 
45° (Smith and Richardson, 1977). Tow speeds ranged 

from 0.64 to 1.47 m/s (1.24-2.85 kt) and an average 

speed of 0.87 m/s (1.69 kt [standard error 0.03]). Tow 
durations ranged from 1.7 to 26.3 min depending on 

station depth and the consequent tow (sampling) depth 
prescribed by SEAMAP protocols. The volume of water 

filtered by each net was measured with a flow meter 
attached within the net mouth. 

Larval fish abundances were standardized to ac¬ 
count for sampling effort by using volume of filtered sea 

water and maximum depth at which the nets sampled 
and were expressed as ‘number of larvae under 10 m2 

of sea surface’ (Smith and Richardson, 1977; GSMFC3). 

This standardization was accomplished by dividing the 

number of larvae of each taxon caught in a sample by 
the volume of water filtered during the tow, and then 

multiplying the resultant by the maximum depth of the 

tow in meters and the factor 10. Larval abundances 
were also standardized by volume of water filtered 

alone, and are expressed as ‘number of larvae per 1000 
m3 of filtered sea water’. This was accomplished simply 

by dividing the number of larvae of each taxon caught 
in a sample by the volume of water filtered during the 

tow, and then multiplying the resultant by the factor 
of 1000 (number of larvae per 1000 m3). 

Fish larvae from the 162 samples collected during 

the 81 tows of paired bongo nets were removed and 
identified to the lowest possible taxon (most often to 

family) at the Plankton Sorting and Identification 

Center of the Sea Fisheries Institute in Gdynia and 
Szczecin, Poland. Fish eggs were also removed and 
enumerated but were not measured or identified. Wet 

plankton volumes were measured by displacement 

(‘displacement volume’) to estimate net-caught zoo¬ 
plankton biomass (Smith and Richardson, 1977). Fol¬ 

lowing established SEAMAP identification and mea¬ 

surement protocols, body length (BL) was measured 
as either notochord or standard length depending on 

caudal fin development of the specimen, to the nearest 
0.1 mm. This is the length reported throughout this 
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article. The actual number of specimens measured de¬ 

pended on the taxonomic group and level of identifica¬ 
tion. To increase the number of observations available 

for analysis, up to 50 randomly chosen specimens in 

the 5 families targeted for analysis (Engraulidae, Clu- 
peidae, Scombridae, Sciaenidae, and Lutjanidae) and 

unidentified and Percoidei larvae were measured at 
the NMFS laboratory in Pascagoula, Mississippi. These 

families were examined because they contain either 

ecologically or economically important species, many of 

which are federally managed. Additionally, larvae with¬ 
in these families represent the 2 body shapes of larval 

fish, clupeiform (slender) and perciform (robust) that 
have been shown to influence susceptibility to extru¬ 

sion (Smith and Richardson, 1977). Unidentified larvae 

(with mixed body shapes) and those identifiable only 
to the suborder Percoidei (perciform) were measured 

because larvae in these 2 categories were among the 

smallest specimens in the samples and were, therefore, 

most likely to be extruded from the coarser mesh net. 
Although larval size can shrink as much as 22% to 33% 

because of tissue damage during capture and preserva¬ 
tion (Miller and Sumida, 1974; Theilacker, 1980), this 

potential damage was not accounted for in our length 
measurements. This factor may explain why nominal 

lengths of the smallest larvae in the samples collected 

with the nets of 2 different mesh sizes were smaller 
than reported larval sizes at hatching. Larval shrink¬ 

age rates, however, were not expected to differ between 

samples from the nets with fine and coarse mesh sizes. 
Species-level identification based on published lar¬ 

val descriptions for the Gulf of Mexico region requires 
the morphological presence of characters not gener¬ 

ally present in larvae <3 mm BL (Richards, 2006). As 

such, many small specimens in early stages of devel¬ 
opment from the samples taken with the 2 nets were 

identifiable only to family. To use data over all sizes 

represented in the study collections while maintaining 
taxonomic groups of distinct body shapes, specimens 

of the 5 targeted families identified to genus or spe¬ 

cies were combined with specimens at the family level 
for subsequent analysis (i.e., analysis occurred at the 

family level). 

Statistical analyses 

Paired Wilcoxon signed-rank tests were used to de¬ 

termine significant differences in means between 

samples from nets with the 2 mesh sizes, 0.202 mm 
and 0.333 mm. Means were examined for the follow¬ 

ing values: volume filtered, total sample displacement 

volume, total fish eggs (raw counts), total fish larvae 

(raw counts), and standardized larval abundance (the 
number of larvae under 10 m2 sea surface, and number 

of larvae per 1000 m3). To reduce the chance of type- 
I errors, a values were adjusted by using a sequen¬ 

tial Bonferroni adjustment (Rice, 1989). Analyses were 

not stratified by time of day because the samples from 
each plankton net attached to the bongo frame were 

taken at the same time (paired tows) so that any diel 

influence would be the same for both samples. Plots of 

volume filtered versus tow depth, by mesh size, were 
examined to determine whether clogging between the 

meshes of the 2 nets over the entire range of sampling 

depths had occurred in our study. Plots of tow duration 
(related to depth) by larval abundance for each mesh 

size were also examined to determine whether shorter 

tows at shallower, inshore stations collected abundanc¬ 

es similar to those of longer tows at deeper, offshore 
stations. Paired t-tests were used to test for signifi¬ 

cant differences in mean larval abundances between 

the 2 mesh sizes for the groups of interest: unidenti¬ 
fied larvae and larvae of Percoidei, Engraulidae, Clu- 

peidae, Scombridae, Sciaenidae, and Lutjanidae. The 

Kolmogorov-Smirnov test (K-S test) was used to de¬ 

termine whether length-frequency distributions varied 
significantly for larvae under 10 mm BL for samples 

from the nets with 0.202-mm and 0.333-mm meshes. 

Functional relationships were constructed by com¬ 
paring the ratio of the numbers of larvae collected 

with the 0.202 mesh net to the numbers of larvae col¬ 

lected with the standard 0.333 mesh net to assess the 
numbers of larvae extruded through the coarser mesh. 

Models were constructed for unidentified larvae, per¬ 

coidei larvae, and larvae from the 5 targeted families. 
Ratios of mean standardized abundance (number under 
10 m2 sea surface) from the nets with 0.202-mm mesh 

to the mean standardized abundance from the nets 

with 0.333-mm meshes were calculated for each taxon 

by 0.1-mm size classes. Only size classes where both 
nets had positive catches of the target taxa were used 

as data for fitting the models. All functions were fitted 
with maximum likelihood estimation and log-normally 

distributed error structures by using the ‘bbmle’ pack¬ 

age in the software R, vers. 3.3.1 (Bolker, 2008; R Core 
Team, 2016). Power (Eq. 1) and exponential (Eq. 2) 

models were used to describe the relationship between 

the larval abundance ratios: 

Pr = aLh and (1) 

Pr = de~u, (2) 

where PT - the predicted ratio of abundances in sam¬ 

ples collected with nets of the 2 mesh sizes 

(0.202-mm:0.333-mm); and 
L = the size class (in millimeters). 

Parameters a, b, d, and f are constants estimat¬ 

ed during the fitting process. 

Akaike information criterion (AIC) was used to deter¬ 

mine which model was the best fit for a given taxon 
(Burnham and Anderson, 2002). In this study, AAIC 

scores are presented as the relative difference between 

the AIC score of each model from that of the best fit¬ 

ting model within a taxonomic group. 

Results 

Fish eggs and larvae were collected in all 162 samples 

from 81 tows of paired bongo nets. Samples included 
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Table 2 

Mean values, with standard errors (SEs), for sample displacement volume (mL), total 

number of larvae caught (raw counts), standardized larval abundances, volume filtered 

(m3), and total number of eggs (raw counts) of samples collected with bongo nets that 

had different mesh sizes, 0.202 mm (rc=81) and 0.333 mm (n=81), during Southeast Area 

Monitoring and Assessment Program surveys in the northern Gulf of Mexico during 

2005-2007. The standardized larval abundances were calculated as the number of larvae 

per 1000 m3 of filtered sea water and as the number of larvae caught in a sample by the 

volume of water filtered during the tow, multiplied by the maximum depth of the tow in 

meters and the factor 10 (abundance under 10 m2 of sea surface). P-values and adjusted 

a levels are listed for paired Wilcoxon signed-rank tests. Asterisks denote significant 

differences between samples from the nets with the 2 mesh sizes. 

Mean 

0.202 mm 

(SE) 

0.333 mm P-value Adj. a 

Displacement volume 32 (2.7) 19(1.3) <0.0001 0.0083* 

Total number of larvae 465(102.1) 299(73.5) <0.0001 0.01* 

Abundance per 1000 m3 4665(1340.7) 2660(797.3) <0.0001 0.0125* 

Abundance under 10 m2 2455(557.3) 1537(342) <0.0001 0.0167* 

Volume filtered 171 (9.3) 170 (9.5) 0.1888 0.025 

Total number of eggs 778 (591.6) 596 (390.4) 0.9498 — 

Table 3 

Summary of total number of larvae caught and standardized total and mean larval abundances in samples collected with 

nets of 2 different mesh sizes in the northern Gulf of Mexico during 2005-2007. Values are given for unidentified larvae 

and larvae of 6 taxa of interest: Percoidei, Engraulidae, Clupeidae, Scombridae, Sciaenidae, and Lutjanidae. Asterisks rep¬ 

resent significant statistical differences in mean larval abundances (paired t-tests) and length-frequency distributions (K-S 

test) between paired samples from the nets with 2 different mesh sizes, 0.202 mm and 0.333 mm. Larval abundance was 

calculated as the number of larvae caught in a sample per the volume of water filtered during the tow multiplied by the 

maximum depth of the tow in meters and the factor 10 (number under 10 m2 of sea surface). 

Total larvae Total abundance Mean abundance (SE) 

Taxa Body shape 

0.202 

mm 

0.333 

mm 

0.202 

mm 

0.333 

mm 

0.202 

mm 

0.333 

mm P-value 

K-S 

test 

Unidentified Undetermined 3808 430 22,141 2335 273(125) 29 (9) 0.02* * 

Percoidei Perciform 1227 180 4614 699 58 (28) 9(3) 0.03* * 

Engraulidae Clupeiform 1261 1306 5246 5642 65(22) 69 (26) 0.31 * 

Clupeidae Clupeiform 8283 7102 36,207 31,290 447(373) 386 (330) 0.09 * 

Scombridae Perciform 432 256 2447 1404 30 (10) 17 (4) 0.06 * 

Sciaenidae Perciform 4674 1901 32,874 10,582 406 (297) 131(66) 0.18 * 

Lutjanidae Perciform 307 292 1525 1448 19 (4) 19(4) 0.33 * 

a total of 111,283 eggs and 61,950 fish larvae repre¬ 
senting 252 taxa. Samples collected from nets with 

the finer mesh (0.202 mm) contained more larvae than 

samples from nets with the larger mesh (0.333 mm)— 
37,696 versus 24,254 larvae—an increase of 55.4%. 

For all tows combined by mesh size, samples from nets 
with a 0.202-mm mesh had significantly higher mean 

displacement volumes (68.4% difference), number of 
larvae (55.5%), larvae per 1000 m3 (75.4%), and larvae 
under 10 m2 (59.7%) than samples from nets with a 

0.333-mm mesh (Table 2). Mean number of eggs did not 

vary significantly between mesh sizes (0.6% difference). 

Volume of water filtered, by mesh size, ranged from 27 

to 382 m3 for the samples from nets with a 0.202-mm 
mesh and from 40 to 380 m3 for the samples from nets 

with a 0.333-mm mesh. Mean volume filtered did not 

vary significantly between the mesh sizes (30.5% dif¬ 
ference; Table 2). Additionally, regressions of volume 
filtered by tow depth revealed similar filtering efficien¬ 

cies for both mesh sizes over the range of sampling 

depths, tow durations, and the broad spatial extent of 
our study (y=1.1003x+55.036, coefficient of determina- 
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Figure 2 

Length-frequency histograms of body length by total larval abundance in samples collected in the Gulf of 

Mexico during 2005-2007 with nets of 2 different mesh sizes (0.202 and 0.333 mm) for all larvae, unidentified 

larvae, and larvae of the suborder Percoidei. Larval abundance was measured as the total number of larvae 

caught in a sample per the volume of water filtered during the tow multiplied by the maximum depth of the 

tow in meters and the factor 10 (total number of larvae under 10 m2 of sea surface). Only body lengths up to 

10 mm are displayed in this figure. Note the different range in body length for each category of larvae. 

tion (r2)=0.841; y=1.0615x+57.643, r2=0.8076, for the 

samples collected with nets with 0.202-mm and those 

collected with 0.333-mm mesh, respectively). Plots of 
tow duration by larval abundance for each mesh size 

revealed that higher levels of abundance occurred in 

shorter tows at shallower, inshore stations where lar¬ 
vae are more concentrated than in longer tows at deep¬ 

er, offshore stations. 

Larval abundance in samples collected with the dif¬ 
ferent mesh sizes varied widely among the 6 taxa and 

the unidentified group chosen for analysis (Table 3). 

Overall, clupeid larvae were captured in the greatest 
numbers followed by sciaenids and the category for un¬ 

identified larvae. Lutjanid larvae were the least numer¬ 

ous taxon collected. Disparities between samples from 
nets with the 2 mesh sizes were greatest for sciaenid, 

unidentified, and percoid larvae, and least for lutjanid, 

engraulid, and clupeid larvae. These disparities were 
especially evident for unidentified and percoid larvae 

for which total larval abundance in samples from nets 
with 0.202-mm mesh was an order of magnitude great¬ 

er than in samples from nets with 0.333-mm mesh (Ta¬ 

ble 3). Although mean abundance varied significantly 
only for 2 of the groups examined (unidentified larvae 

and Percoidei), K-S tests revealed significant differ¬ 
ences in length-frequency distribution for larvae under 

10 mm for all taxa examined (Table 3). 

Larvae of taxa that spawn during late summer and 
early fall predominated in collections from the nets 

of different mesh size because of the preponderance 
of sampling in the months of September and October 

(Table 4). This temporal coverage resulted in greater 

availability of the smallest, least developed sciaenid 
larvae in samples taken with both mesh sizes. Scom- 

brid larvae were equally prevalent in spring (May) 
and late summer (September) samples. The presence 

of both spring-spawning taxa (Auxis spp. and Thunnus 

spp.) and protracted-spawning taxa, including the lit¬ 

tle tunny (Euthynnus alletteratus), king mackerel, and 
Spanish mackerel (S. maculatus), increased the avail¬ 

ability of the smallest size category of scombrid larvae. 
Standardized abundances (number of larvae un¬ 

der 10 m2) of all fish larvae taken in the nets with 2 

different mesh sizes during this study, combined and 

grouped by 0.1-mm size classes, indicate that larvae <3 
mm were consistently found in greater numbers in the 

nets with 0.202-mm mesh than in the nets with 0.333- 

mm mesh (Fig. 2). This was also the case for the cat¬ 
egories of unidentified larvae and larvae identified to 

the suborder Percoidei, for which most specimens were 

<2 mm in length (Fig. 2). Among the smallest larvae 
identifiable to 1 of the 5 target families, all but clupeid 

larvae were abundant at sizes <2 mm, and larvae in 
that size category were found in greater numbers in 

the finer-mesh net than in the coarser-mesh net (Fig. 

3). The smallest, most abundant size classes of clupeid 
larvae present in study samples ranged from 2 to 3 

mm, and those larvae were also found in greater num- 
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Length (mm) 

Figure 3 

Length-frequency histograms of body length by total larval abundance in samples collected in the Gulf of 

Mexico during 2005-2007 with nets of 2 different mesh sizes (0.202 and 0.333 mm) for larvae of the 5 families 

targeted in this study: Engraulidae, Clupeidae, Scombridae, Sciaenidae, and Lutjanidae. Larval abundance 

was measured as the total number of larvae caught in a sample per the volume of water filtered during the 

tow multiplied by the maximum depth of the tow in meters and the factor 10 (total number of larvae under 10 

m1 2 3 4 5 6 of sea surface). Only larval lengths up to 10 mm are displayed in this figure. 

Table 4 notes 

1 Hernandez, F. J., Jr., S. P. Powers, and W. M. Graham. 2010. Detailed examination of ichthyoplankton seasonality from a high-reso- 

lution time series in the northern Gulf of Mexico during 2004-2006. Trans. Am. Fish. Soc. 139:1511-1525. [Available from website.] 

2 Ditty, J. G., G. G. Zieske, and R. F. Shaw. 1988. Seasonality and depth distribution of larval fishes in the northern Gulf of Mexico 

above latitude 26°00'N. Fish. Bull. 86:811-823. 

3 Scott, G. P, S. C. Turner, B. Grimes, W. J. Richards, and E. B. Brothers. 1993. Indices of larval bluefin tuna, Thunnus thynnus , 

abundance in the Gulf of Mexico: modelling variability in growth, mortality, and gear selectivity. Bull. Mar. Sci. 53:912-929. 

4 Lyczkowski-Shultz, J., and D. S. Hanisko. 2007. A time series of observations on red snapper larvae from SEAMAP surveys 1982- 

2003: seasonal occurrence, distribution, abundance, and size. Am. Fish. Soc. Symp. 60:3-23. 

5 Domeier, M. L., C. Koenig, and F. Coleman. 1996. Reproductive biology of the gray snapper (Lutjanus griseus), with notes on 

spawning for other Western Atlantic snapper (Lutjanidae). In Biology, fisheries and culture of tropical groupers and snappers (F. 

Arregufn-Sanchez, J. L. Munro, M. C. Balgos, and D. Pauly, eds.), p. 189-201. ICLARM Conf. Proc. 48. [Available from website.] 

6 Lyczkowski-Shultz, J., and D. S. Hanisko. 2005. Review of the early life history of vermilion snapper, Rhomboplites aurorubens, 

with a summary of data from SEAMAP plankton surveys in the Gulf of Mexico: 1982-2002. Southeast Data, Assessment and Review 

SEDAR9-DW24, 42 p. [Available from website.] 



248 Fishery Bulletin 11 6(3-4) 

n 

0 

i i i 

1 2 3 

l l 

4 5 

n- 

0 

—1-1- 

I 2 

Length (mm) Length (mm) 

Figure 4 

Ratios of larval abundance observed in nets with 0.202-mm mesh to larval abundance 

observed in nets with 0.333-mm mesh, by body length, for unidentified larvae and lar¬ 

vae of the suborder Percoidei. The solid and dashed lines represent modeled ratios of 

larval abundance that represent how many larvae were extruded from the coarser-mesh 

net (power and exponential functional relationships, respectively). The thin, horizontal 

line represents 1:1 ratios of total larval abundance or the point at which the finer- and 

coarser-mesh nets retained the same number of larvae at subsequent size classes. 

bers in the net with 0.202-mm mesh than in the net 
with 0.333-mm mesh (Fig. 3). 

The ratios of larval abundance collected with 

the finer net to larval abundance collected with the 
coarser net varied among the 6 taxa and unidentified 

group that were analyzed (Figs. 4 and 5). Although no 
pattern was seen regarding extrusion rates and body 

shape (perciform versus clupeiform), greater extru¬ 

sion was suggested by the somewhat higher predict¬ 
ed abundance ratio of engraulid (clupeiform) larvae 

1-2 mm in length compared with that of similar-size 

scombrid (perciform) and sciaenid (perciform) larvae. 
Extrusion for the categories of unidentified larvae and 

Percoidei was greater than for larvae identified to the 

family level. All abundance ratios for unidentified lar¬ 
vae, both observed and modeled, were greater than 

1, indicating greater retention in the samples from 

the nets with a 0.202-mm mesh (Fig. 4). The great¬ 
est modeled abundance ratio for unidentified larvae 

was 11.4 for the 0.7-mm size class with the use of the 

power function. Modeled abundance ratios for the sub¬ 
order Percoidei were above 1.0 for all sizes under 2.4 

mm, and abundance ratios were as high as 34.0 and 
17.0 for 0.7-mm larvae, with the power and exponen¬ 

tial functions, respectively (Fig. 4). Modeled engrau¬ 
lid abundances were 4.0 and 1.9 times greater (power 

and exponential models, respectively) in samples from 
nets with 0.202-mm mesh than in samples from nets 

with 0.333-mm mesh for larvae at 1.2 mm (Fig. 5). 
Abundances of engraulid larvae in samples from nets 
with the different mesh sizes were equal for larvae 

at 4.7 mm for the power model and at 6.1 mm for 

the exponential model. Contrary to expectations, both 
the power and exponential models for Clupeidae in¬ 

dicated slight increases in abundance ratios with in¬ 

creasing size (Fig. 5). Abundance ratios were greatest 
at 10 mm, reaching 1.2 and 1.1 for the power and 

exponential models, respectively. Scombrid larvae at 
1.2 mm were retained 3.1 (power model) to 2.2 (expo¬ 

nential model) times more in the samples from nets 
with a 0.202-mm mesh than in the samples from nets 

with a 0.333-mm mesh (Fig. 5). Larval abundances in 

both mesh sizes were higher at sizes between 4.1 and 
4.5 mm. Sciaenid larvae appear to be extruded from 

0.333-mm-mesh nets at sizes less than 5.5 mm (power 

model) and 5.1 mm (exponential model; Fig. 5). Sci¬ 
aenid extrusion was greatest at the 1.0-mm size, and 

power and exponential models indicated that abun¬ 
dances were 3.1 and 2.5 greater in samples from nets 
with 0.202-mm mesh were than in samples from nets 

with 0.333-mm mesh, respectively (Fig. 5). Despite 

the high variability of abundance ratios for Lutjani- 
dae (Fig. 5), both models projected greater abundanc¬ 

es of larvae in the samples from nets with 0.202-mm 

mesh over all lengths. The power model for Lutjani- 
dae reflected little overall change in abundance ratios 

by lengths, whereas the exponential model indicated 
slightly greater abundances in finer-mesh nets as lar¬ 

val lengths increased. 
Coefficients derived from the models for both power 

and exponential functions are presented for use in fu¬ 
ture comparisons of sampling with bongo nets of differ- 
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Table 5 

Parameters and the relative difference between the Akaike information criterion (AAIC) score 

from each model and that of the best fitting model within a group for unidentified larvae and 

larvae of 6 taxa: Percoidei, Engraulidae, Clupeidae, Scombridae, Sciaenidae, and Lutjanidae. 

The 2 models used were the power (a, b) and exponential (d, f) model. 

Parameters 

Taxa 

Power Exponential AAIC 

a b d f Power Exponential 

Unidentified 6.83 -1.44 13.29 -0.76 0 1 

Percoidei 12.59 -2.80 66.26 -1.74 0 2.46 

Engraulidae 4.79 -1.00 2.21 -0.13 0 8.04 

Clupeidae 0.75 0.21 0.92 0.02 0 0.3 

Scombridae 3.64 -0.90 2.96 -0.24 0 1.51 

Sciaenidae 3.10 -0.66 3.15 -0.22 0 0.22 

Lutjanidae 1.27 0.00 1.13 0.03 0.13 0 

ent mesh sizes, 0.202 and 0.333 mm (Table 5). Among 
the 6 taxa and the unidentified group, extrusion was 

better described by using the power rather than the 

exponential model (Table 5). The difference between 
power and exponential model performance was great¬ 

est for Engraulidae, with the power model having the 

best fit. Differences in AIC scores obtained from the 
models, however, were relatively small for the uniden¬ 
tified group and all other taxa that were analyzed 

(AAIC<2.5), indicating that both functions are suitable 
for predicting extrusion rates for those taxa (Burnham 

and Anderson, 2002). 

Discussion 

Despite the wide range in observed larval abundance 
ratios among samples collected with the nets of differ¬ 

ent mesh sizes, functional relationships between pre¬ 
dicted larval abundance and size indicated that small 

larvae were underrepresented in samples collected 

with a standard SEAMAP survey bongo net (0.333 
mm). For smaller body lengths, predicted abundance 

ratios indicated that samples from the finer-mesh net 

contained up to 3-4 times the numbers of larval fish 
for 3 of 5 Gulf of Mexico fish families than samples 

from the coarser-mesh net. Observed abundance ratios 

indicated extrusion could be even higher, depending 
on the taxa. Underestimation of the smallest size cat¬ 

egory of sampled larvae was greatest for larvae that 

could not be identified to any taxonomic level or could 
be identified only to a suborder because the smallest 

larvae in the samples had not yet developed enough 

morphological characteristics that could be used for 
identifications to family level. Fish egg densities, how¬ 
ever, did not differ significantly between the nets with 

2 mesh types, suggesting that the standard SEAMAP 

survey net adequately samples fish eggs. This finding 

is not surprising because egg sizes of the analyzed taxa 
all exceeded the mesh size of the standard SEAMAP 
plankton net. 

Differences in larval fish retention between 

0.333-mm-mesh and 0.202-mm-mesh plankton nets 
were previously investigated in northern Gulf of Mex¬ 

ico waters by Comyns (1997) and Hernandez et al. 

(2011). Comyns (1997) found that red drum larvae 
in the smallest size group, 1.5-1.9 mm, were 5 to 8 

times more abundant in the finer than in coarser mesh 
samples. Hernandez et al. (2011) found few to no sig¬ 

nificant differences among the taxa between the sam¬ 

ples from nets with the 2 mesh sizes in either larval 

abundances or length frequencies. Mean size of larvae, 
however, was smaller in samples from the finer-mesh 

nets than in samples from the coarser-mesh nets for 

4 groups: total fish larvae (all taxa combined, exclud¬ 
ing unidentified larvae), Leptocephali and Syngnathi- 

dae (combined), Sciaenidae (the family that includes 

the red drum), and unidentified larvae. In the current 
study, mean standardized abundances varied signifi¬ 

cantly between samples from nets with the different 
mesh sizes for only 2 groups examined (unidentified 

larvae and Percoidei), whereas length-frequency distri¬ 

butions for all 6 taxa and the unidentified group that 

were examined were significantly different in samples 
taken with nets of the 2 mesh sizes. 

Study design, sampling gear, and collection protocols 
used in these prior studies differed from each other 

and from the current study, as did results, making di¬ 

rect comparisons of the 3 studies problematic. Despite 
these differences, some useful inferences can be drawn 
regarding the influence of study design, sampling gear, 

and protocols on larval fish retention in comparisons 

of mesh sizes of nets. In the Comyns study, sampling 
was conducted only during the peak month of red 

drum spawning and consisted of collections taken in 

association with a subsurface current drogue, which 
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Figure S 

Ratios of larval abundance observed in nets with 0.202-mm mesh to larval abundance 

observed in nets with 0.333-mm mesh, by body length, for larvae of Engraulidae, Clu- 

peidae, Scombridae, Sciaenidae, and Lutjanidae. The solid and dashed lines represent 

modeled ratios of larval abundance that represent how many larvae were extruded 

from the coarser-mesh net (power and exponential functional relationships, respec¬ 

tively). The thin, horizontal line represents 1:1 ratios of total larval abundance or the 

point at which the finer- and coarser-mesh nets retained the same number of larvae 

at subsequent size classes. 

maximized sampling in the same patch of larvae over 

a period of hours (Lyczkowski-Shultz et al.5). However, 

5 Lyczkowski-Shultz, J., J. P. Steen Jr., and B. H. Comyns. 
1988. Early life history of red drum (Sciaenops ocellatus) 
in the northcentral Gulf of Mexico. Miss.-Ala. Sea Grant 
Consort., Tech. Rep. MASGP-88-013, 126 p. [Available from 
website.] 

in the Hernandez et al. (2011) and the current study, 

samples were collected without consideration of taxon- 

specific spawning seasons, and no attempt was made 

to remain in a defined water mass. The discrepancy 

in the findings for Sciaenidae between Comyns (1997) 

and Hernandez et al. (2011) was attributed by Hernan¬ 

dez et al. (2011) to gear differences—the larger mouth 
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opening of the net and longer tow durations used by 
Comyns (1997) resulted in higher volumes of water fil¬ 

tered and subsequent greater numbers of larvae cap¬ 
tured than in the Hernandez et al. (2011) study. Simi¬ 

larly, mean volume filtered in our study was less than 

that in the Comyns (1997) study, 170 m3 and 256 m3, 

respectively. Additionally, of the different gear used in 
the 3 studies, only the SEAMAP bongo frame allowed 
side-by-side towing and paired sample collection. These 

‘true’ paired tows ensured that the nets sampled at the 

same location in the water column, at the same tow 

speed and ambient light level, and would, presumably, 
encounter the same assemblage of larvae. The arrange¬ 

ment of the nets used to gather plankton samples by 
Comyns (1997) and Hernandez et al. (2011) did not al¬ 

low simultaneous sampling with different mesh sizes. 

Although the opportunistic nature of this study al¬ 
lowed the sampling of various regions and species in 

the Gulf of Mexico, directed sampling in months and 

locations of peak spawning for species of interest would 
have improved the probabilities of capturing greater 

numbers of smaller larvae, and increased the number 

of taxa within the target families that would have been 
‘available’ for evaluating mesh retention. The impor¬ 

tance of sampling with nets of different size during 
times of peak spawning when earliest stage larvae are 

most abundant was exemplified by the observed size 
distributions among sciaenid and scombrid larvae. 

Sampling with different mesh sizes coincided with re¬ 

ported months of peak spawning for 4 species of Sci- 
aenidae and 5 species of Scombridae. A clear relation¬ 

ship between abundance ratios of the smallest sampled 
larvae and the mesh size of sampling nets was evident 

for those 2 families. This was the case even though 

scombrid larvae were the second least abundant of the 
target families. Although retention of small clupeid 

and lutjanid larvae was observed to differ between the 

paired samples collected with the nets with both mesh 
sizes and was supported by the significant difference 

in the length-frequency distributions of the 2 taxa, 

the modeled results for those taxa failed to indicate 
a substantial difference in abundance-at-size between 

the samples collected with the finer- and coarser-mesh 
nets. The lack of apparent difference between the nets 

with the 2 mesh sizes in size-related retention for those 

2 families most likely resulted from the smallest larvae 
being unavailable to our plankton samplers because of 

a mismatch between sampling with these nets and the 

times, locations, and seasons of clupeid and lutjanid 
spawning (Fitzhugh et al.,6; Ditty et al., 2005; Hanisko 
et al., 2007). 

Species-specific correction factors for larval abun¬ 
dance by body length in coarser mesh nets, generated 

from comparison studies of net meshes have been used 

6 Fitzhugh, G. R., M. S. Duncan, L. A. Collins, W. T. Walling, 
and D. W. Oliver. 2004. Characterization of red snapper 
(Lutjanus campechanus) reproduction: for the 2004 Gulf of 
Mexico SEDAR. Southeast Data, Assessment and Review 
SEDAR7-DW-35, 27 p. [Available from website.] 

to adjust larval abundances in order to mitigate bias 

caused by extrusion of the smallest size category of 
larvae in sampled assemblages (Lo, 1983; Houde and 

Lovdal, 1984; Somerton and Kobayashi, 1989). How¬ 

ever, our study did not result in species-level compari¬ 
sons of retention between the nets with different mesh 

sizes because of the problematic nature of morpholo¬ 

gy-based identification of fish larvae in waters of the 
U.S. Southeast (Richards, 2006; Fahay, 2007). Large 

abundance ratios for unidentified and percoid larvae 

in our samples highlight the effect of extrusion at the 
smallest sizes. Those 2 categories can represent a large 

portion of ichthyoplankton survey catches. In our study 

alone, the unidentified and percoid categories account¬ 
ed for 9.1% of all specimens. Improved identification 

of smaller larvae with genetic procedures (Marancik 

et al., 2010) would provide more accurate estimates of 
total abundances of both eggs and larvae and aid in 

identifying true larval retention patterns by species. 

Although not at species-level, these models represent 
the first empirically derived approach to evaluating 

the degree of extrusion in SEAMAP ichthyoplankton 

samples. 
Currently, SEAMAP larval indices are used as in¬ 

dicators of spawning stock biomass, not as direct esti¬ 

mates of biomass. Furthermore, these indices are cal¬ 
culated from the abundance of larger larvae that can 

be reliably identified to species by using established 
morphological features and that are of a size indicat¬ 

ing full recruitment to the sampling gear. Including 

the size fraction of larvae that are underrepresented 
in SEAMAP samples collected in bongo nets with a 

0.333-mm mesh could eventually lead to more realistic 

estimates of larval mortality and therefore more pre¬ 
cise larval indices than those currently in use. Such an 

improvement in the reliability of a SEAMAP larval in¬ 
dex was recently demonstrated when data on the abun¬ 

dance of small, genetically identified, early stage red 
snapper larvae were, for the first time, incorporated 

into the SEAMAP index (Pollack7). 

Corrections for larval extrusion will also aid in bet¬ 
ter estimation of larval fish injuries and mortalities 

in future Gulf of Mexico damage assessments. Previ¬ 

ously larval fish mortalities and subsequent production 
have been estimated in preparation of offshore lique¬ 

fied natural gas developments (Gallaway et al., 2007) 
and as a result of the 2010 Deep Water Horizon oil 
spill (Muhling et al., 2012). Such estimates have been 

based on SEAMAP data for constructing baseline lar¬ 

val conditions for injury calculations (French McCay et 
al.8), however net efficiency issues with larval reten¬ 

tion in the standard SEAMAP nets were simply noted. 

7 Pollack, A. G. 2015. Personal commun. Riverside Tech¬ 
nology, Inc. Southeast Fish. Sci. Cent., Natl. Mar. Fish. Serv., 
NOAA, 3209 Frederic St., Pascagoula, MS 39568. 

8 French McCay, D., M. C. McManus, R. Balouskus, J. J. Rowe, 
M. Schroeder, A. Morandi, E. Bohaboy, and E. Graham. 
2015. Technical Reports for Deepwater Horizon Water Col¬ 
umn Injury Assessment—WC_TR.10: Evaluation of baseline 
densities for calculating direct injuries of aquatic biota dur- 
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The lack of taxa-specific information on extrusion has 

inhibited correcting larval abundances for previous 

damage claims (French McCay et al.6). Other injury 

assessments have assumed a single multiplier for all 

fish larvae abundances to correct for extrusion (Nielsen 

et al.* * 9)—an approach that our results indicate is an 

inadequate simplification. 

Despite its shortcomings, our comparison study with 

nets of different mesh size provides the first estimates 

of size bias in SEAMAP ichthyoplankton sampling. 

Where previously the effect of extrusion on the small¬ 

est larvae in sampled assemblages was either ignored 

or approximated, the functional models presented here 

can be used to provide more accurate estimates of 

true larval fish abundances, and assessments of bio¬ 

logical injuries due to industrial disasters. Extrusion- 

corrected larval abundance estimates could be used to 

improve the reliability of SEAMAP indices only after 

species-specific identification of the earliest and small¬ 

est larvae of species are attained. These species-level 

identifications could be achieved with more complete, 

traditional morphological descriptions of larval devel¬ 

opment and/or by incorporation of genetic identification 

methods in SEAMAP protocols that explicitly target 

problematic species. 
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Abstract—Mark-recapture studies 

using data collected at rotary screw 

traps (RSTs) are used to estimate 

abundances of migrating juvenile 

salmonids exiting natal rearing hab¬ 

itats. Frequently, environmental con¬ 

ditions and mechanical failures de¬ 

crease RST efficiencies, or complete¬ 

ly halt operations, leading to sparse 

and missing data. In this study, we 

show how a time-stratified hierar¬ 

chical Bayesian model framework 

can incorporate prior information to 

increase the accuracy and precision 

of estimates made with sparse and 

missing data. To do this, we incor¬ 

porated annually recurring salmonid 

emigration characteristics into the 

model using multiple years of data. 

We compared abundance estimates 

of the hierarchical multiyear model 

with 3 single-year Bayesian models, 

using simulated and real RST data. 

The hierarchical multiyear model 

was as accurate and precise as the 

best model when data were complete 

and abundant, but outperformed 

other models when data were sparse 

and missing for multiweek blocks. 

For species with low abundances or 

low detection efficiencies, the hier¬ 

archical multiyear model used data 

from all years and recurring emigra¬ 

tion characteristics to increase the 

accuracy and precision of estimates. 

This model is a valuable tool for fish 

and wildlife biologists who repeat 

mark-recapture studies annually 

and encounter sparse and missing 

data. 
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To effectively manage free-ranging 

animals, information on survival 
rate, population growth rate, and 

recruitment are needed to under¬ 
stand factors influencing popula¬ 

tions (Fryxell et al., 2014). It is of¬ 
ten necessary to know abundances 

during various life stages to calcu¬ 

late this information but obtaining 

censuses of natural populations is 
difficult (Seber, 2002). Studies struc¬ 

tured around sighting, capturing, or 

counting individuals and expanding 

these counts based on detection or 
sampling efficiencies are regularly 

implemented to estimate abundances 
when a census is not feasible (Nich¬ 

ols, 1992; Mill, 2007). These types of 
mark-recapture studies have broad 

application and have been used to 

estimate abundances of blue whales 
(Balaenoptera musculus) and hump¬ 

back whales (Megaptera novaeangli- 
ae) (Calambokidis and Barlow, 2004), 

grizzly bears (Ursus arctos) (Mowat 
and Strobeck, 2000), herbivorous in¬ 

sects (Kareiva, 1983), and numerous 
other species so that marked indi¬ 

viduals in the population can be de¬ 
tected during later sampling periods. 

The Lincoln-Petersen model is 
foundational for estimating abun¬ 

dances using mark-recapture data 

where unmarked abundance, U, 
is estimated using the number of 

marked individuals in the popula¬ 
tion, n, the number of unmarked 

individuals counted or captured at 

a sampling event, u, and the num¬ 
ber of marked individuals counted or 

captured at a sampling event, m: 

U = num~l■ (1) 

Lincoln-Petersen model assumptions 
can be difficult to satisfy, primar¬ 

ily the assumption of equal capture 
probability throughout a sampling 

period, necessitating modifications 
to the model. Commonly, mark-re- 

capture studies occur continuously 

over time where individuals are 
marked, captured, and recaptured 

for several weeks or months. The 
accuracy of an abundance estimate 
obtained from pooling data relies on 

the assumption that capture prob- 
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abilities are homogenous throughout the sampling 

period. Changes in the environment, species behav¬ 
ior, or sampling equipment can alter capture efficien¬ 

cies, violating the assumption of homogenous capture 

probabilities and lead to biased abundance estimates. 
Sampling periods are often stratified temporally into 

smaller, more homogenous stratum for computation 

and later summed to minimize the violation of the 
capture probability assumption (Otis et ah, 1978; 
Schwarz and Taylor, 1998). This stratification ap¬ 

proach can be effective when sufficient data are avail¬ 
able, but stratifying sparse data can lead to wide con¬ 
fidence intervals or estimation failure resulting from 

division by zero when individuals are not recaptured 

during a stratum (Seber, 2002). 

When mark-recapture data are sparse or miss¬ 
ing, hierarchical Bayesian models have proven to be 

an effective approach for obtaining abundance esti¬ 
mates (Mackey et ag, 2008; Royle et ah, 2011; Sethi 

and Tanner, 2013). The Bayesian paradigm provides 

a framework to incorporate prior biological knowledge 
into models by using hierarchal structures between 

parameters and by specifying informative prior dis¬ 
tributions (Ellison, 2004). When prior biological infor¬ 

mation is available, structuring models to incorporate 

this information can produce more accurate and pre¬ 
cise estimates (Royle and Dorazio, 2008). Mantyniemi 

and Romakkaniemi (2002) implemented a hierarchical 
Bayesian model to estimate Atlantic salmon (Salmo 

salar) smolt abundances in the Conne River, Canada, 
and River Tornionjoki, in northern Scandinavia, while 

accounting for overdispersion associated with the spe¬ 
cies schooling behavior. Bonner and Schwarz (2011) 

increased the precision and accuracy of abundance 

estimates of Conne River Atlantic salmon smolts by 

parameterizing the expected abundances of smolts 
as a smooth function of time, using penalized Bayes¬ 

ian splines (P-splines) to address sparse data. These 
single-year models are effective with sparse data and 

short periods of missing data but fail to use or incorpo¬ 

rate all the information available in long term monitor¬ 
ing data sets. 

The goal of our study was to illustrate how a time- 
stratified hierarchical Bayesian model framework can 

incorporate prior years of information to increase the 

accuracy and precision of estimates made using sparse 

and missing data. To achieve this goal, we took a 
2-step approach. First, we compared the performance 

of 3 Bayesian models that had within-year structures 
and 1 Bayesian model with a between-year hierarchi¬ 

cal structure by using a simplified data set exhibit¬ 

ing various degrees of sparse and missing information 
roughly similar to real data. By using a simplified data 

set constructed from known parameters, we were able 

to quantify model performance by comparing the ap¬ 
proximate posterior distributions produced by each 

model to the known parameters used to create the sim¬ 
plified data set. To illustrate how the concept works 

with real data, we then compare abundance estimates 
of the 4 models to 2 data sets, one set with complete 

and abundant data and another set with sparse and 

missing data. Covariates that were suspected to influ¬ 

ence migration characteristics and juvenile abundances 
between years, e.g., seasonal hydrographic fluctuations 

and previous year counts of redds (nests dug by salmon 
in river beds), were excluded from both the data sets 

and model formulas in order to illustrate the basic con¬ 

cept and functionality of the competing models. After 

we compared the use and functionality of competing 
models, we discuss the various ways covariates could 

be included and how models could be extended to ad¬ 
dress more specific scenarios. 

The model that used multiple years of data via the 

between-year hierarchical structure was able to bridge 

large periods of missing data (upwards of several weeks 
in some years) and sparse data by using the annually 

recurring emigration characteristics expressed by the 

species in the study, juvenile Chinook salmon (On- 
corhynchus tshawytscha) in Idaho, to produce the most 

accurate and precise estimates. To our knowledge, this 

is the first time multiple years of data have been used 

to increase the robustness of abundance estimates cal¬ 
culated from sparse and missing mark-recapture data 

based on annually recurring behavioral characteristics. 

Materials and methods 

There are 2 primary components to our study. First, we 

compare estimates produced from 3 single-year Bayes¬ 
ian models and 1 hierarchical multiyear Bayesian mod¬ 

el, using simulated scenarios reflective of missing and 
sparse data typical for monitoring with rotary screw 

traps (RSTs) in Idaho. To illustrate a proof of concept 

on how the structures of the Bayesian models function, 
models where simple (e.g., did not include environ¬ 

mental covariates or individual movement parameters) 

and data for simulated scenarios were not stochastic. 
Parameter estimates produced for the simplistic simu¬ 

lated data scenarios were compared with the known 

parameters used to create the simulated data to evalu¬ 
ate bias and precision for each of the models. Next, we 

demonstrate how models performed with real juvenile 

Chinook salmon data collected at Marsh Creek and Big 

Creek, Idaho, which reflect good and poor quality data 
sets. We used the full data record from the initial year 
of trap operation to 2014 to inform the estimates for 

the 2014 emigration. 

Field sampling and data collections 

Mark-recapture studies have been widely implemented 
to calculate anadromous juvenile salmonid abundances 

at RSTs (Zabel et ah, 2005; Venditti et al.1; Copeland 

1 Venditti, D. A., J. Flinders, R. Kinzer, C. Bretz, M. Corsi, 
B. Barnett, K. A. Apperson, and A. Teton. 2012. Idaho 
supplementation studies: brood year 2009 synthesis report, 
August 1, 2009—July 31, 2011. Idaho Dep. Fish Game Rep. 
12-13, 24 p. [Available from website.] 
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et al.2). Since 1990, over 150 RSTs have been deployed 
in the Columbia River basin. Many RSTs operating 

for more than 20 years (Pacific States Marine Fish¬ 
eries Commission, Columbia Basin PIT Tag Informa¬ 

tion System, database available from website, accessed 

July 2015). Abundance estimates obtained from RST 

data are used to assess population productivity from 
the freshwater habitat and as the foundation for other 

life-cycle performance metrics (e.g., Venditti et al.1; 

Copeland et al., 2014). This demographic information 
is central for monitoring salmonid populations and is 

often used to inform conservation actions (Venditti et 

al.1; Copeland et al.2). 

Rotary screw traps are passively operating traps 
constructed of a partially submerged cone mounted to 

2 pontoons (Johnson et al., 2007). The pontoons enable 

a RST to float while the cone funnels fish into a hold¬ 
ing box located at the stern of the RST. Once fish are 

in the holding box, a helical twist within the cone pre¬ 
vents individuals from swimming upstream and out of 

the trap. When a RST is in operation, a trap tender 
removes captured fish from the holding box. Targeted 

individuals are anesthetized, inspected for tags, and 

length and weight data are recorded (Johnson et al., 
2007). An allotted number of individuals are marked 

and released upstream of the RST (for a single trap 
design) or downstream (for a double-trap design) to be 

recaptured during proceeding days. 

Rotary screw traps in Idaho typically operate from 
early March until freezing temperatures and frazil ice 

make them inoperable in November. The exact dates of 
RST installation and removal are dependent on yearly 

environmental conditions and sampling duration can 

vary by 1 or 2 weeks among years. Unexpected ice, 
high water, and RST mechanical failures can reduce 

trap efficiency or halt RST operations for several days 
to several weeks within a year. During these outages, 

it is assumed fish continue to pass the RST because 

this migratory behavior was observed during previous 
years. Most stream-type Chinook salmon in Idaho fol¬ 

low a recurring bimodal migratory pattern where the 
majority of a cohort begins emigration out of headwa¬ 

ter rearing habitat in the fall and the remainder of the 

cohort emigrates in the spring (Bjornn, 1971, 1978). 

Parameterization of time-stratified mark-recapture models 

Data collection at RSTs consists of the daily number 

of unmarked and marked fish captured, and the num¬ 

ber of marked fish released the day prior. Schwarz 
and Bonner3 found that weekly stratification of RST 

2 Copeland, T., R. V. Roberts, B. N. Oldemeyer, and K. A. Ap- 
person. 2013. Idaho steelhead monitoring and evaluation 
studies: annual progress report, January 1, 2012-December 
31, 2012. Idaho Dep. Fish Game Rep. 13-07, 47 p. [Avail¬ 
able from website.] 

3 Schwarz, C. 1. and S. J. Bonner. 2012. An application of a Bayes¬ 
ian stratified-Petersen model to estimate the number of outgoing fish 
on the Cheakamus River, British Columbia. Simon Fraser Univ. Rep. 
2012-02-22 . [Available from website.] 

mark-recapture data provided a sufficient balance be¬ 
tween maintaining run characteristics while avoiding 
unnecessary data sparsity issues under the assumption 

that daily capture probabilities were similar within the 

week. Therefore, we opted to stratify year (j=l,...,t) by 
ordinal week (i=l,...,s). If capture probabilities were 

subject to high variability within a weekly stratum, 

stratum size could be decreased. For our model that 
used multiple years of data, the weekly stratification 

of the number of unmarked fish captured in the ith 

stratum in the y'th year was denoted as uy, the number 
of marked fish released in the jth stratum in the jth 

year as /? y, and the number of recaptured fish captured 

in the ith stratum in the jth year as my. For the 3 
models that used data from 1 year, symbol designation 

remained the same but the subscript denoting year, j, 
was removed. 

The likelihood function of time-stratified mark-re- 

capture models implemented in the Bayesian frame¬ 
work consisted of 2 primary components: the prob¬ 

ability an individual was captured at the RST and the 
estimated number of unmarked individuals passing the 

RST. The numbers of individuals recaptured in a stra¬ 
tum, n?ij, were assumed to be binomially distributed by 

the number of marked individuals released upstream 

of the RST within the stratum, nip and the probability 
that an individual passing the RST was captured, p^: 

my ~ BinomiaKtiij, pi;j). (2) 

Previous studies have modeled mX) as a multinomial 

distribution incorporating an additional parameter 

describing the process of an individual’s probability of 
being available for recapture during a later stratum 
(Mantyniemi and Romakkaniemi, 2002; Bonner and 

Schwarz, 2011). We chose to exclude this parameter to 
simplify our models because >96% of juvenile Chinook 

salmon recaptured at RSTs in our study did so within 
the proceeding day of release. The likelihood of the 
model is complete when the number of unmarked indi¬ 

viduals captured within a stratum, uip is incorporated 

by using the binomial distribution: 

Uij ~ BinomiaKUpy), (3) 

where [/,, = the estimated number of unmarked fish 
passing the RST during the stratum. 

The assumptions of the time-stratified Lincoln-Peters- 

en model are (Otis et al., 1978) as follows: 
1 Individuals do not emigrate or die between marking 

and recapture; 
2 Marks or tags are not shed; 
3 Marks or tags are detected if present at recapture; 

4 Marked and unmarked individuals within a stratum 

have the same probability of capture; 
5 Individual movements within a stratum are inde¬ 

pendent; and 
6 Individuals passing or being released below the RST 

are emigrating downstream and remain below the 

RST. 
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Model set 

We compared 4 models by using the constructed like¬ 

lihood components outlined above with different pa¬ 

rameter structures. The most basic model, MPS (pooled 

capture probability and simple abundance parameters), 
analyzed 1 year of data with a simple prior for U 

where log(?7i) shared identical normal priors with fixed 
mean and variance and where capture probability (p) 

was pooled, pp-p for i=l,...,s across all strata. The MPS 

model structures are functionally similar to a pooled 
Lincoln-Petersen model in that p are structured to be 

pooled and constant across strata within the year and 

U is independent between strata. 
The second model was similar to models used by 

Mantyniemi and Romakkaniemi (2002), which al¬ 

lowed information about U and p to be shared among 
strata within the year, and is denoted MHw (hierarchi¬ 
cal within-year parameter structure). This model con¬ 

tained a hierarchical structure that assigned both U 

and p, log(Uj) and logit(pj), normal priors with common 
mean and variance within the year. The MHW hierar¬ 

chical structures allow information about U and p to be 

shared across all strata within a single year. 
The third model is structured from Bonner and 

Schwarz (2011) and uses the P-spline hierarchical pri¬ 

or for U to smooth estimates between adjacent strata, 
localizing the sharing of information between adjacent 

strata within the year, and is denoted MgPLiNE- A hier¬ 
archical structure for p assigned logit(pj) normal priors, 
with common but unknown mean and variance within 

the year, was used for the MSPLINE model. The MSPLine 
hierarchical structures allows information about p to 

be shared among strata throughout the year but uses 
the temporal ordering of strata within the year to give 

greater weight to adjacent strata for sharing informa¬ 
tion in regards to U. Following the recommendations 

of Lang and Brezger (2004) and Schwarz and Bonner,3 

we placed knot points evenly across strata at'4-week 
intervals. These authors found that this spacing was 

a suitable compromise between spline overfitting and 

sharing information among strata. We chose to exclude 
the additional parameter used to model the probability 

that an individual is available for recapture in proceed¬ 

ing strata as explained above. 
The hierarchical multiyear (between-year) model, 

Mjjg, allows information from the same temporal peri¬ 

od among years to be shared in regard to p and U. MHb 
contains a hierarchical structure for U and p, where 

log(C7y) and logitlpy) have a common mean within stra¬ 

ta of the same ordinal time period between years. By 
structuring the hierarchy between years, recurring run 

characteristics specific to each stratum (ordinal week 

for this study) were integrated into the model. 
Selection of prior distributions for the highest level 

of the model hierarchies was chosen to be vague and 

weakly informative in regard to their parameters and 
to be identical to prior distributions used in previous re¬ 

search when applicable. Prior distributions selected also 
aligned with expert knowledge of and experience with 

RSTs. For instance, capture probabilities at RSTs rarely 
exceed 0.5 and often average 0.1-0.2 depending on the 

trap location and time of year. The prior distributions 

selected for the hyperparameters of each capture prob¬ 
ability for each model had a median of roughly 0.1 and 

95th percentiles from 0.0 to 0.5. Additionally, prior dis¬ 

tributions for the hyperparameters of each abundance 
parameter have a median abundance of roughly 22,000 

with 95th percentiles from 814 to 583,381, with the ex¬ 

ception of the Mspline model that uses hyperparameters 
implemented by Bonner and Schwarz (2011). Complete 

structures for all models can be found in Supplementary 

Table 1 and Supplementary Figures 1-4 (online only). 

Test data sets 

A simplified data set roughly similar to RST data found 
in Idaho was created with known U and p parameters. 

The simulated data set used for the scenarios spanned 

10 years (j=10) with 35 strata per year (i=35). This 
scheme roughly corresponds to the early spring transi¬ 

tion in mid-March and the late fall transition in mid- 

November. The migration of juvenile Chinook salmon 
in Idaho typically has 2 pulses, one in the spring and 

one in the fall; therefore, parameters UV) followed a 
smooth bimodal run with a small peak at strata 6 

(mid-May) and the majority of the individuals centered 

on a peak at stratum 29 (late September). Parameters 
Py were constant at 0.333 for strata 1-4 and 13-35, 

and constant at 0.111 for strata 5-12. As discharge 

increases in the spring, RSTs are often relocated out 
of the thalweg to slower portions of the river transect 

to avoid woody debris and decrease mechanical stress 
on the sampling equipment. In addition, as discharge 

increases, the relative amount of water sampled by 
RSTs decreases. These conditions often decrease trap 

efficiencies and are the justification for the decreased 

capture efficiencies for strata 5-12 in our simulated 
data. The number of marked individuals, niy released 

in each stratum was equivalent to the number of un¬ 

marked individuals captured, uiy up to 50 individuals. 
The restriction to 50 individual was implemented to 

mimic tag and handling permit constraints that are 
common when dealing with threatened or fragile spe¬ 

cies at RSTs. Total yearly abundance summed over all 

35 stratum was 23,477. 
This data set was modified to simulate realistic oc¬ 

currence of sparse and missing data. The scenario us¬ 
ing data produced from the parameters listed above 

was denoted as “full” owing to the completeness across 
strata and years and was the initial scenario in our 
simulation study used for subsequent modification. 

The second scenario is identical to the full scenario 
with the exception of information from strata 5-8 in 

the first year being removed. This 4-stratum exclusion 
mimicked RST conditions when spring flows halt RST 

operations for several weeks. The third scenario had 

information from strata 5-8 removed from the first 
year in addition to reducing the number of marked 

and recaptured individuals by 60% across all strata 
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and years. The 60% reduction typifies data for several 
RSTs that have low numbers of marked and recaptured 

fish because of site limitations or low abundances. The 

fourth scenario had information from 8 strata, strata 
12-19, removed from the first year of the data set and 

had a 60% reduction across all marked and recaptured 

individuals across all strata and years. This modifica¬ 
tion emulates several RSTs that did not operate dur¬ 

ing summer months initially because it was thought 
that salmonid migration had ceased during this time 

period (see history of the Marsh Creek data set below). 

It was later realized that small, but significant, num¬ 

bers of individuals did migrate throughout the summer 

and RSTs now operate during this time period. Simu¬ 
lated scenarios and known parameters used to create 

the data are presented in Supplementary Table 2 and 
Supplementary Figures 5-8 (online only). Each model was 

tested with these 4 scenarios. 

We illustrate the relative performance of the 4 com¬ 
peting models, using 2 RST data sets. Marsh Creek 

and Big Creek are tributaries to the Middle Fork of 

the Salmon River located in central Idaho, have com¬ 
parable salmon populations, but have “good” and “poor” 

quality data sets, respectively. 
Marsh Creek is a third-order tributary with a RST 

located at a river transect that has geographic and hy¬ 

drographic features conducive to continuous operation 
throughout the majority of the migratory season with 

high capture efficiencies (Venditti et al.1). In addition, 
the RST has been operating for 21 years. Median day 

of installation is March 20 and removal is November 3. 

Within this period, the RST operates a median of 97% 
of the days. Gaps in operations are typically short for 

reasons such as icing and passing thunderstorms. Dur¬ 
ing the first few years of operations, the RST was re¬ 

moved during the summer for 2.5 months until it was 
discovered that fish emigrated in that time period, too. 

This gap in the record motivated the fourth scenario in 

the simulations described above. Annual total catch of 
Chinook salmon has fluctuated more than 2 orders of 

magnitude from 846 to 91,719 fish. The high capture 

efficiencies, abundant amount of juvenile salmonids 
captured, and longevity of RST operation present a 

nearly ideal RST mark-recapture data set (Suppl. Fig. 
9) (online only). 

Big Creek, in comparison, is a fourth-order tributary 

located in the Frank Church River of No Return Wil¬ 
derness. The RST was first installed in 2007 in a reach 

with widths from 30 to 40 m, resulting in low capture 

efficiencies (Copeland et al.2). Trap efficiencies are 
much lower than those seen in Marsh Creek and can 

be quite variable (Suppl. Fig. 10) (online only). Annual 
total catch of Chinook salmon has fluctuated from 5167 
to 33,308 fish. Median day of installation is March 11 

and removal is November 10. Within this period, the 

RST operates a median of 80% of the days. There are 
frequent short gaps in operations for reasons such as 

icing and thunderstorms that produce concomitant 
turbidity and debris. In addition, there are substan¬ 

tial gaps in operations during snowmelt. For example, 

adding up gaps in service >7 days, the RST missed a 

median of 55 days in mid to late spring, ranging from 
20 to 75 days. The exception was 2007, the first year 

of operation, but the RST was not installed until May 
21. The Big Creek RST data exemplifies nearly all po¬ 

tential pitfalls possible at RSTs in terms of sparse and 
missing data. Scenarios like those at the Big Creek 

RST are what motivated this study. 

We focused on the results for the 2014 emigration 
year. During 2014, the Marsh Creek RST was deployed 

on March 22, 1 week later than the earliest date the 

trap had been deployed in its 21 years of operation. 
In 2014, the Marsh Creek RST ran continuously with 

high capture and recapture efficiencies throughout the 

trapping season and was removed on October 31 when 
snow and ice prevented operation. In total during 2014, 

the Marsh Creek RST missed 3 weeks of the trapping 

season at the tail ends when few fish were suspected 
to be migrating. In 2014, the Big Creek RST was de¬ 
ployed on March 13 and operated for roughly 5 weeks 

before high water prevented the RST from operating 

from April 11 to June 13. On June 14, the trap was re¬ 
deployed and ran continuously until snow and ice pre¬ 
vented operation on November 9. During the 8-week 

outage, it was known that age-1 Chinook salmon over¬ 

wintering in upper portions of Big Creek migrated out 
of the system during this time because this behavior 

had been observed in past years and at other RSTs in 
Idaho. In addition, when the Big Creek RST was op¬ 

erating, RST capture and recapture efficiencies where 

low owing to the site limitations described above. The 
Marsh Creek and Big Creek RST operations in 2014 ex¬ 

emplify the 1) complete and abundant mark-recapture 
data and 2) sparse and missing mark-recapture data. 

Model implementation 

All models were implemented with the statistical pro¬ 
gram JAGS (vers. 4.0.0; Plummer, 2003) run through 

the program R interface, vers. 3.2.2 (R Core Team, 
2015) with the R2jags package vers. 0.5-7 (Su and Ya- 

jima, 2015). The complexity of the models inhibited 
calculating an exact posterior distribution. As such, 

Markov chain Monte Carlo (MCMC) simulations were 

implemented in JAGS to sample from the joint poste¬ 
rior distributions of all parameters to approximate a 

posterior distribution. Three parallel chains initiated 

at random values were run for each model. Chains 
were run for a total of 500,000 iterations and the first 
100,000 iterations were discarded and the remaining 

iterations were thinned by a factor of 100. The final 

sample size for each chain comprised 4000 values. 
MCMC posterior distributions were visually inspected 
for multiple peaks and Gelman-Rubin test statistics 

were calculated to ensure chain convergence. Multiple 
peaks in the posterior distribution or Gelman-Rubin 

test statistics >1.1 were subject to nonconvergence 
and chains were run for additional iterations to try to 

achieve convergence. 
Model performance was evaluated by comparing the 
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median parameter estimates produced for the first year 

of each scenario to the known parameters used to sim¬ 
ulate the data. Estimated median values and credible 

interval characteristics of posterior parameter distribu¬ 

tions were examined to assess strata-specific and total 
yearly abundance estimates. Total yearly abundance 

estimates and corresponding credible intervals were 
calculated by randomly sampling one value from the 

posterior abundance distribution each unique stratum 

for the first year of the scenario. The number of unique 

values is dependent on how many strata are in the 
year—35 for this simulation. Summing these values 

and reiterating the random sampling procedure 50,000 
times creates a total yearly abundance distribution, 

t/Tot. Yearly model bias was measured by the difference 

of [/-rot from the known C/Tot. Strata-specific accuracy 
was judged on the number of strata that included the 
known abundance parameter within the predicted 95% 

credible intervals. For abundance estimates produced 
for the 2 real data sets, point estimates and credible 

interval widths were used to evaluate relative perfor¬ 
mance among the models. To imitate a naive Lincoln- 

Peterson estimator, the MPS posterior parameter dis¬ 
tributions had portions removed that corresponded to 

strata missing data. 

Results 

Simulation and scenarios 

Markov chains converged for all models and produced 

representative posterior distributions for parameters 
with the exception of the MPS model. The MPS model 

had Gelman-Rubin test statistics >1.1 and density plots 

with multiple peaks for posterior distributions when 
strata were missing data. The MPS model relied pri¬ 

marily on the vague prior U parameter distributions to 

construct posterior distributions when data were miss¬ 

ing and MCMC required additional iterations (100,000) 
to converge around the highest density sample space 
and achieve Gelman-Rubin test statistics <1.1. The 

posterior U distributions obtained from missing strata 
by using the MPS model were largely the product of the 

prior U distribution and added little relevant biologi¬ 

cal information to the study, and therefore these strata 

were removed from the analysis. This exclusion of stra¬ 
ta is also illustrative of typical Lincoln-Petersen model 

performance in that strata without data are excluded 
from total abundance estimates even if fish are known 
to be migrating. 

The pooled probability model, MPS, produced the 
most precise yearly abundance estimates from the 

simulated scenarios with credible interval widths be¬ 

tween 5-9% of the UTot (Table 1). The MPS precision 

is misleading in that the uncertainty associated with 
the stratum missing data was excluded from the total 
yearly abundance estimate. In addition, the precision 

of the MPS model is dependent on the assumption that 

capture probabilities are constant across all strata, 

which was not true. The inflated precision of the MPS 

model also caused known parameters to be excluded 
from strata-specific 95% credible intervals and to re¬ 

sult in MPs having the worst strata-specific coverage. 

The MPs model overestimated Oxot by 2467 individuals 
(10.4%) for the full scenario. In subsequent scenari¬ 

os, total yearly abundance estimates became less bi¬ 

ased as strata were removed and data were reduced. 
By removing strata missing data, the MPS model UTot 

should theoretically become negatively biased by 2093 
individuals (8.9%) when missing 4 strata in the spring 

and by 1200 individuals (5.1%) when missing 8 strata 

in the summer. In these scenarios, the nature of the 
pooled capture probabilities overestimating f/Tot offset 

the negative bias incurred from removing strata with 
missing data. 

The Mhw and MSPLINE models performed better than 

MPs when addressing sparse and missing data (Table 

1). The Mhw model had a credible interval width of 13% 
for the full data scenario with a bias of 543 individu¬ 

als (2.3%). As data were reduced and removed, bias in¬ 

creased up to 7064 individuals (30.0%) and the percent 
credible interval width increased up to 63%. The hier¬ 

archical structure of the MHW model integrated infor¬ 

mation from the entirety of the year, causing additional 
variability to be incorporated into the posterior distri¬ 
butions, particularly for strata missing data. Similar 

to the MHw model, the MSPline model used information 
from throughout the year to inform strata with sparse 

and missing data but implemented a P-spline function 
to localize interpolation of abundance estimates to ad¬ 

jacent strata. This process reduced the variability of 
posterior parameter distributions for strata with sparse 

and missing data and produced abundance estimates 

that were biased from -818 individuals (-3.5%) to 516 

individuals (2.2%) with credible interval widths that 
were 18-23% that of f/Tot. The predetermined spline 

characteristics prevented the MsPline model from pro¬ 
ducing estimates for periods missing >4 consecutive 

strata. The MHW and MSPLINE model had comparable 

numbers of strata-specific 95% credible interval bounds 

that included known abundance parameters but the 

credible interval bounds with the MSPLINE model were 
more precise. 

The MHb model had the most accurate U Tot esti¬ 

mates in 3 scenarios and the second smallest credible 
interval widths (Table 1). Strata-specific credible inter¬ 

vals produced by the MHB model where the only cred¬ 

ible intervals to encompass the known parameters for 
each strata in every scenario. As the quality of simu¬ 

lated data sets decreased, the hierarchical multiyear 
structure was able to draw inferences from previous 

years to supplement the missing and sparse data. This 

procedure allowed model MHb to produce the most ac¬ 
curate estimates with missing data. 

Application of models to Marsh Creek and Big Creek data 

Total population estimates for Marsh Creek during 
2014 were similar among the models, although confi- 
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Table 1 

For the simulated data scenario produced by 4 competing models, total yearly abundance estimates <[/Tot) 

for juvenile Chinook salmon (Oncorhynchus tshawytscha) in Idaho, bias from true L/r0t *23,527 individuals), 

95% credible intervals (CIs), credible interval width in relation to the total yearly abundance estimate as a 

percentage (% Cl width), and the percentages of temporal strata with 95% Cl bounds that covered the true 

value of unmarked abundance (Strata coverage %). The MPS model structure includes pooled capture prob¬ 

ability and simple abundance parameters, the Mhw model has a hierarchical within-year parameter struc¬ 

ture, and the Mspline model uses a P-spline hierarchical prior for unmarked abundance. The hierarchical 

multiyear MHB model allows information about capture probability and abundance parameters during the 

same temporal period to be shared among years. Data scenarios may have excluded data for 4 or 8 temporal 

strata and may have reduced the number of marked and recaptured individuals by 60% across all strata. 

Because of predetermined P-spline knot characteristics, the MSPLINE model was not able to produce estimates 

for data missing 8 strata. 

Models Data scenario E/Tot Bias 95% Cl 

% Cl 

width 

% coverage 

of strata 

MPS Full 25,944 2467 (25,214, 26,685) 6 34.3 

4 strata' 23,059 -418 (22,455, 23,682) 5 77.1 

4 strata 60% reduction 24,205 728 (23,351, 25,163) 7 85.7 

8 strata 60% reduction1 26,640 3163 (25,528, 27,841) 9 31.4 

Mhw Full 24,020 543 (22,484, 25,717) 13 0.8 

4 strata 24,492 1015 (22,412, 35,035) 52 88.6 

4 strata 60% reduction 23,934 457 (21,771, 34,895) 55 88.6 

8 strata 60% reduction 30,541 7064 (25,780, 45,167) 63 82.9 

Mspline Full 23,993 516 (21,939, 26,298) 18 82.9 

4 strata 22,659 -818 (20,955, 24,586) 16 77.1 

4 strata 60% reduction 22,697 -780 (20,401, 25,606) 23 77.1 

8 strata 60% reduction - - - - - 

Mhb Full 23,245 -232 (22,538, 23,976) 6 100 

4 strata 23,216 -261 (22,517, 23,968) 6 100 

4 strata 60% reduction 22,509 -968 (21,536, 23,594) 9 100 

8 strata 60% reduction 22,552 -925 (21,534, 23,698) 10 100 

'Posterior parameter distributions for strata that were missing data were removed from the analysis to simu¬ 

late a naive Lincoln-Peterson estimator. 

Table 2 

Total abundance estimate (C/Tot), 95% credible intervals (CIs), absolute Cl width, and percent Cl width 

for rotary screw trap mark-recapture data collected for juvenile Chinook salmon (Oncorhynchus tshawyts¬ 

cha) at Marsh Creek and Big Creek, Idaho, in 2014 from the pooled-simple (MPS), hierarchical within-year 

(Mhw), hierarchical penalized-spline (MSPLINE), and hierarchical multiyear (MHB) models. 

Model t>Tot 95% Cl Cl width % Cl width 

Marsh Creek 

MPS7 104,594 (103,149, 106,064) 2915 3 

Mhw 121,718 (110,295, 208,526) 98,231 81 

Mspline 112,299 (105,910, 120,212) 14,302 13 

Mhb 114,035 (106,991, 123,920) 16,929 15 

Big Creek 

Mps1 106,141 (101,856, 104,729) 2873 3 

Mhw 216,292 (154,931, 584,029) 425,498 197 

Mspline NA NA NA NA 

Mhb 148,110 (119,758, 239,889) 120,131 81 

' Posterior parameter distributions for temporal strata that were missing data were removed from the analysis. 
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Figure 1 

Abundance of juvenile Chinook salmon (Oncorhynchus tshawytscha) emigrating down¬ 

stream during 2014 by ordinal week, estimated by using 4 competing models with 

data collected at a rotary screw trap deployed in Marsh Creek, Idaho, in 2014. The 

4 models are the pooled-simple (MPS), hierarchical within-year (MHW), hierarchical 

penalized-spline (MSpline)> and hierarchical multiyear (MHB) models. Gray regions 

denote estimates produced for temporal strata with missing data in 2014. 

dence intervals did not overlap for all (Table 2). The 
MpS model estimated total population abundance at 

levels 8000-17,000 fish less than the 3 other models 
but had the smallest 95% credible interval width. The 

total population abundance estimate for MPS excluded 

potential fish migrating in ordinal weeks 11, 45, and 
46 (Fig. 1). In addition, the precision of MPS model 

estimates rely on the assumption that capture prob¬ 

abilities are constant across all weeks throughout the 
year and this condition is not likely satisfied because 

of fluctuating environmental and biological conditions. 
The Mhw model had the largest credible interval width 

that was nearly as large as the total population abun¬ 

dance estimate. Most of the uncertainty around the to¬ 
tal population abundance estimate was acquired from 

strata with missing data at the beginning and end of 

the year. Posterior distributions for strata missing data 
using the MHW model relied on capture probabilities 

and abundance characteristics from strata across the 
entire sample season. Models MHB and MSPLINE had 

similar total population estimates but the MHb model 
produced 95% credible intervals wider by roughly 2500 
individuals. 

In contrast to estimates for Marsh Creek, total pop¬ 

ulation estimates for Big Creek for 2014 varied greatly 

among models (Table 2). The MPB model estimated to¬ 
tal population abundances using 28 out of the 37 strata 

owing to the removal of strata missing data (Fig. 2). 

As with results for Marsh Creek, the precision asso¬ 
ciated with the total population estimate for the MPS 

model is dependent on the assumption of homogeneous 

capture probabilities throughout the year and is likely 
overstated in this application. The population estimate 

produced by the MHW model was 216,291 fish with a 

credible interval width nearly double the median es¬ 

timate. The variability of abundance estimates and 
capture probabilities throughout the year at Big Creek 

increased the uncertainty associated with estimates for 
missing data from the MHW model. The MSPLINE model 

was not able to run because of the large number of 

consecutive strata missing data. The MHB model pro¬ 
duced a Uyot of 148,110 individuals with a 95% credible 

interval width of 120,131 fish. 
To illustrate how the MHB model used past data to 

inform the 2014 estimates at the Big Creek RST dur¬ 

ing the missing strata, we show u, m, and n from the 
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Abundance of juvenile Chinook salmon (Oncorhynchus tshawytscha) emigrating 

downstream during 2014 by ordinal week, estimated by using 3 competing models 

with data collected at a rotary screw trap for Big Creek, Idaho, in 2014. The 3 mod¬ 

els are the pooled-simple (MPS), hierarchical within-year (MHwk and hierarchical 

multiyear (MHB) models. A fourth model, the hierarchical penalized-spline MSPLine 

model, was unable to run and is not displayed. Gray regions denote estimates pro¬ 

duced for temporal strata with missing data in 2014. 

past record during the spring (Fig. 3). Spring peaks in 
catch varied in both timing and magnitude. Capture 

probabilities were variable but usually <0.10. Most gaps 

in operations start on the descending limb of the catch. 
These features influenced the 2014 estimates for weeks 

17-19 such that the variable peak catches from the past 

record cause broad 95% credible intervals (Fig. 2). There 
were less past data after those strata but catches were 

not as variable; hence 95% credible intervals for strata 
20-24 are not as wide. Note, however, that there were 

some data in every stratum in the past record and the 

Mhb model was able to use that information to esti¬ 
mate abundance with a precision measure during strata 

17-24 in 2014. Because the past record is thin during 

these periods, the MHB model estimate incorporates that 

uncertainty in the form of wide credible intervals. 

Discussion 

To our knowledge, this is the first time a hierarchi¬ 
cal Bayesian model has been structured to incorporate 
data on annually recurring species behavior by using 

multiple years of data to improve abundance estimates 

from sparse and missing mark-recapture data. In the 
simulation, the hierarchical multiyear model produced 

comparable estimates to those of the best model when 

data were complete but also produced the most accurate 
and precise estimates when large periods of data were 

missing or reduced. Because the hierarchical multiyear 
model can incorporate information about recurring spe¬ 

cies behavior to improve the accuracy of abundance es¬ 

timation, it can be applied beyond salmonids. Studies 
focused on species that express recurring behavior, par¬ 

ticularly for species with low abundances, could benefit 
from similar hierarchical multiyear models to increase 

the accuracy and precision of abundance estimates ob¬ 

tained from sparse and missing mark-recapture data. 
Current Lincoln-Petersen estimator approaches 

used for juvenile salmonids abundance estimation do 

not provide an effective method for addressing sparse 

or missing data. When strata have low numbers of re¬ 
captured individuals (less than 7), confidence intervals 

obtained from bootstrap approaches are largely unin¬ 

formative (Steinhorst et al., 2004). Manual pooling, 
or the use of software that attempts to optimize the 

balance between satisfying model assumptions while 
maintaining fine-resolution run characteristics (e.g., 

Darroch analysis with rank reduction; Bjorkstedt4), of- 

4 Bjorkstedt, E. P. 2000. DARR (Darroch analysis with 
rank-reduction): a method for analysis of stratified mark- 
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Week 

Figure 3 

Raw weekly abundance (u> of Chinook salmon (Oncorhynchus tshawytscha) and raw weekly 

trap efficiencies, measured as the number of marked individuals in the population divided by 

the number of marked individuals counted or captured at a sampling event (min), at the rotary 

screw trap deployed in Big Creek, Idaho, during the spring from 2007 through 2013. In the top 

graph, catches within the same year are linked by a line. In the bottom panel, the middle line 

within the box represents the median, the upper and lower edges of the box represent the first 

and third quartiles (the 25th and 75th percentiles), the lines extending beyond the box corre¬ 

spond to the largest or smallest values or 1.5 times the interquartile range, and dots represent 

outliers (values outside of 1.5 times the interquartile range). 

ten results in completely pooled strata, and therefore 
loses the power to distinguish real changes in sampling 

efficiency. Additionally, neither approach addresses 
missing periods when the trap is not able to operate 

but fish are known to be migrating, as was the case 

with the MPS model in our study that was designed 
to represent these models. In the simulation, some 

of the MPS model bias was offset by removal of miss¬ 

ing strata. Because the MPS model can use data only 
from sampled strata within a single year, it will con¬ 

tain inherent bias. Therefore the MPS model precisions 

and biases reported in Tables 1 and 2 are misleading, 
because the model structure cannot incorporate the 

uncertainty associated with the missing strata. When 
data are not abundant and “well behaved,” more com¬ 
plex models are necessary. 

The hierarchical structures of the MSPLINE and MHB 

models incorporate information about the characteris¬ 
tics of salmonid migration to improve abundance esti¬ 

mates in situations with sparse or missing data. The 

Mjjw and Mspune models share information among 
temporal strata within years. The MHB model shares 

recapture data from small populations, with application 
to estimating abundance of smolts from outmigrant trap 
data. NOAA, Natl. Mar. Fish. Serv., Southwest Fish. Sci. 
Cent. Admin. Rep. SC-00-02, 19 p. (Available from website.] 

information during the same temporal period between 

years, allowing data from previous years to inform pe¬ 

riods of sparse or missing data. Because the Mhb model 
shares information among years, it effectively uses the 

entire data set. 
Performance during the spring 2014 period in Big 

Creek shows best how the MHB model is useful. The 

basic Lincoln-Petersen approach as implemented in 

the Mpg model provided no estimates in missing stra¬ 
ta. Information from within 2014 was not very useful 

with the 2-month gap in operations, such that the MHW 

model had extremely wide credible intervals and spline 

components of the MSPLine model could not bridge the 
missing period. The MHB model provided an estimate 

based on data from previous years and included the 

appropriate uncertainty around that estimate (e.g., 
higher variability between years leads to increased un¬ 

certainty for estimates with missing data during that 

time period). The spring peak in migration becomes 

more pronounced closer to the coast and at lower el¬ 
evations (Spence and Hall, 2010). hence the problems 

we address here may be greater elsewhere. Models that 
performed poorly with our data sets would fare even 

worse in more extreme environmental scenarios. 

For the applications made in this study, we relied 
only on mark-recapture data but one could incorporate 

other types of information to make further improve- 
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ments. For example, spawner abundance, flow charac¬ 

teristics, and data from co-migrating species could help 

explain variability in U and p in the respective exam¬ 

ples. In particular, data on the number of previous-year 
spawners could explain annual differences in juvenile 

abundances, thus accounting for significant changes 

in abundances and timing of migration from year to 

year. Inclusion of data from co-migrating species could 

bolster estimates for species with extremely low abun¬ 
dances. With appropriate assumptions, a multi-species 

model could be a powerful approach to obtain informa¬ 

tion for threatened and endangered species. 

The framework of the Mhb model is flexible and can 

easily be elaborated upon in other ways. For another 
example, one could combine the MSPLINE model and 

Mhb model to create a multiyear spline model to apply 

within- and between-year information. Strata with con¬ 

sistent capture probabilities between years that would 
potentially benefit the most from the multiyear spline 

model may not improve much because capture and re¬ 

capture rates are typically high and data are abundant 
in these strata. In addition, the use of the multiyear 

spline model would still be limited by large periods of 

missing data and running such a model would take 
substantial computing power and time. We surmise 

that it would be more beneficial to include environmen¬ 

tal and biological covariates into the MHB model than 
creating a multiyear spline model. We chose not to in¬ 

vestigate the hybrid spline model or to include covari¬ 

ates because we wanted to illustrate the basic concept 

and functionality of the competing models and because 
additional data are not always available. However, if 

conditions are extreme, then these more complex op¬ 
tions may be desirable. 

Throughout this study we focused on 2 long-term 

monitoring projects with data sets ranging from 8 to 

21 years; the MHB model could produce estimates for 
missing data with fewer years of data. The accuracy 

and precision of abundance estimates produced for pe¬ 
riods with sparse or missing data from short data sets 

will depend on the amount of data collected during 

years that the trap was able to operate and the consis¬ 

tency of recurring life-history characteristics between 

years. The effects of relevant factors on the quality of 
information in the data record can be tested but that 

is beyond the scope of this article. However, so long 

as the assumption that the species exhibits a recur¬ 
ring life-history characteristic that is expressed during 

the same temporal period between years, the estimates 

from sparse and missing data would be accurate but 

the uncertainty with these estimates will be expressed 

in wide, credible interval widths. 
The hierarchical multiyear Bayesian model has 

broad application to fish and wildlife studies that em¬ 

ploy mark-recapture approaches to obtain population 
abundance estimates, particularly when addressing is¬ 

sues of sparse or missing data. Other studies have used 
similar Bayesian approaches to calculate adult salmo- 

nid abundance estimates in Alaska (Sethi and Tanner, 
2013), survival estimates of harbor seals (Phoca vitu- 

lina) in Scotland (Mackey et al., 2008), and wolverine 

(Gulo gulo) densities in Alaska (Royle et al., 2011) in 

order to address issues associated with sparse data. In 

this study, we were able to produce abundance esti¬ 

mates for populations of anadromous salmonids with 

sparse data by structuring a hierarchical model that 

incorporated prior biological information about the 

species behavior. The MHB model has applicability to 

a wide range of fish and wildlife research that uses 

mark-recapture data to estimate species abundance. 

This model will be particularly useful in assessments 

of species for which long-term monitoring has occurred 

but for which low abundances and variable environ¬ 

mental conditions affect sampling efforts. 
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Abstract-—Surveys of juvenile and 

larval stages can be useful for man¬ 

agement of commercially important 

marine fishes but require definitive 

species identification. From May 

through October 2005-2008, mid¬ 

water (30-m) trawls collected 78,407 

late-larval and juvenile rockfish {Se¬ 

bastes spp.) in shelf and slope wa¬ 

ters off Oregon and Washington. Be¬ 

cause of their small size and lack of 

pigmentation, we could identify only 

4.1% (3266 individuals) of sampled 

rockfishes to species morphologi¬ 

cally, representing a total of 17 spe¬ 

cies. An additional subsample (2534 

individuals), representing 24 species 

and a 4-species complex, was identi¬ 

fied by sequencing the mitochondrial 

cytochrome b gene and matching se¬ 

quences to a reference data set. In¬ 

complete overlap between identified 

species meant that a total of 29 spe¬ 

cies were identified overall. Commu¬ 

nity analyses showed that rockfish 

collected during the early upwelling 

season (May-June) were distinct 

from samples collected in the late 

upwelling season (July-October). 

Most rockfish were collected from 

outer-shelf or upper-slope stations, 

but distributions varied by month 

and year. Combining genetic and 

morphological identifications vastly 

improved our ability to assess sea¬ 

sonal distributions and abundances 

of planktonic rockfishes and is a 

step toward performing species-level 

surveys for this speciose and com¬ 

mercially important genus. Defini¬ 

tive identification based on visual 

and molecular methods as used here 

provides key information to enhance 

understanding of early-stage rock- 

fish ecology. 
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The larval and juvenile stages of 
many demersal fish species occur in 

pelagic waters, which may connect 
populations (Cowen and Sponaugle, 

2009), and may promote survival of 

a subset of larval production by dis¬ 
persing larvae among diverse habi¬ 

tats in an uncertain, variable envi¬ 

ronment while reducing the risk of 
inbreeding and density-dependent 

mortality (Gadgil, 1971; Levin et ah, 

2003). The dispersal of most larval 
fish seems to be highly diffusive and 

driven by ocean currents, although 

there is evidence that some rock¬ 
fishes (particularly nearshore spe¬ 

cies) remain nearshore due to larval 
swimming behavior or limited water 

movement (Buonaccorsi et ah, 2002, 
2005; Johansson et ah, 2008). Envi¬ 
ronmental conditions also vary with 

ocean currents, and habitat variabil¬ 

ity can affect species abundance and 

diversity. 
In the California Current sys¬ 

tem of the eastern North Pacific, 

the genus Sebastes (the rockfishes) 

is known to be sensitive to shifts in 
environmental conditions associated 
with changes in prevailing currents. 

The rockfishes are among the most 
common of groups found in pelagic 
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micronekton surveys in the eastern North Pacific. Lar¬ 
val and juvenile rockfishes may represent a great deal 

of unrecorded diversity because they are often difficult 

or impossible to identify to species based on body shape 
or pigmentation patterns. This highly diverse genus is 

represented by at least 65 species in the Pacific Ocean 

off the coast of North America, of which 36 to 40 oc¬ 
cur in waters off southern Washington and northern 

Oregon (Love et al., 2002). 
After parturition, the life history of all rockfish spe¬ 

cies includes a pelagic phase, consisting of both lar¬ 

val and juvenile stages (Boehlert, 1977; Moser and 
Boehlert, 1991). Settlement to the bottom occurs after 

a period of a few months to a year, and varies by spe¬ 

cies (Love et al., 2002). Larval and pelagic-juvenile- 

stage rockfish represent a significant proportion of 
the ichthyoplankton and micronekton community off 
Washington, Oregon, and California (Auth, 2009; Phil¬ 

lips et al., 2009; Thompson et al., 2016; Thompson et 

al., 2017). 
The early-stage larvae of a number of species of 

rockfish occurring off the west coast of North Ameri¬ 

ca have been described morphologically (Sakuma and 
Laidig, 1995; Moser, 1996). However, misidentification 

of larval and juvenile fish often occurs even at the 

family level (Ko et al., 2013). Visual identification of 
field-caught late-larval and early-juvenile rockfishes 

is especially difficult because different but closely re¬ 
lated species of Sebastes occur together and there are 

few distinguishing morphological characters (Seeb and 

Kendall, 1991; Sakuma and Laidig, 1995; Rocha-Oliva- 
res et al., 2000). This difficulty of identifying late lar¬ 

val and juvenile rockfishes is particularly problematic 

given their importance in the fisheries they support 
in the northeast Pacific Ocean (Love et al., 2002) and 
their history of being heavily fished. 

Surveys of pelagic larval and juvenile fish are a 

widely used fishery-independent means of tracking 
abundances of marine fishes (Lasker, 1985; He et al., 

2015). These surveys are both easier and cheaper than 

sampling adult fishes, and are likely to have a smaller 
impact on populations. In order to provide early indica¬ 

tions of the potential recruitment of fishes to the north¬ 

ern California Current, the NOAA Northwest Fisher¬ 
ies Science Center (NWFSC) Fish Ecology Division has 

conducted surveys as part of the Stock Assessment Im¬ 
provement Program (SAIP) during summer from 2004 

through 2012 to collect late-larval and juvenile fish 

from southern Washington to central Oregon (Phillips 
et al., 2009). 

The ability to efficiently identify large numbers of 

individual late-larval and pelagic juvenile rockfish 

would make it possible to characterize the distribu¬ 
tions and abundances of the early life stages of species 

(Love et al., 2002; Ralston and Stewart, 2013), as well 
as conduct associated recruitment studies and estimate 

juvenile biomass (Sakuma and Laidig, 1995; Laidig et 
al., 2007). Molecular methods based on allozyme, mic¬ 

rosatellite, or DNA sequence variation offer an alterna¬ 
tive to morphological approaches to identify larvae to 

species quickly and efficiently (Seeb and Kendall, 1991; 

Rocha-Olivares et al., 2000; Gharrett et al., 2001; Tay¬ 
lor et al., 2004; Gray et al., 2006). 

Our objectives were to identify to species late-stage 

larvae and juveniles of the genus Sebastes collected in 
SAIP tows of midwater trawls made during 2005-2008 

by using visual meristic or pigmentation patterns. We 

used the cytochrome b sequence-based method of Tay¬ 
lor et al. (2004) to identify to species the remaining 

visually unidentifiable fraction. Using both of these 

techniques, we also sought to assess spatial and tempo¬ 
ral variations in composition, concentration, and other 

characteristics of the late-larval and juvenile rockfish 
community off the coast of Oregon and Washington, and 

to relate their distributions to environmental condi¬ 
tions during the main upwelling season (May-October). 

Materials and methods 

Sampling procedure 

Midwater trawls were used to sample micronekton, in¬ 

cluding juvenile fishes, from spring to fall during 2005- 

2008. With the exception of May 2005 and July 2006, 
monthly cruises were conducted from May through 

September of each year, and an additional cruise was 
included from October 2005. In each sampling cruise, 

the same 5 stations were sampled along each of 4 
transects: Heceta Head (HH) (44.00°N), Newport (NH) 

(44.65°N), and the Columbia River (CR) (44.16°N) off 

Oregon and Willapa Bay (WB) (46.67°N) off Washing¬ 
ton (Fig. 1). Stations ranged from approximately 20 

to 100 km offshore along each transect. A single sta¬ 

tion, located 185 km (100 nautical miles) off the NH 
transect (the NH-100 station) was sampled just once in 

June 2008. Owing to weather or mechanical problems, 

some stations or transects (or both) were not sampled 

during some cruises. 
To collect the samples used in this project, a Nordic 

264 rope trawl was towed for 15 min with the head 
rope at a target depth of 30 m. The effective mouth 

area of the trawl was 12 m high and 28 m wide (336 

m2; Emmett et al., 2004). The main body of the net 
had variable mesh sizes (from 162.6 cm at the mouth 

to 8.9 cm at the codend), and a 6.1-m long, 3-mm 

stretched knotless web liner in the codend. All tows of 

the trawl were conducted at night. After all fish and 
invertebrates >10 cm in total length were removed, the 

remaining catch was subsampled as follows: samples 

with an unsorted volume of <0.25 m3 were frozen in 
their entirety, whereas samples with an unsorted vol¬ 

ume of >0.25 m3 were subsampled in the amount of 

0.25 m3 or 20% of the entire sample, whichever was 

larger. The retained unsorted catches were frozen at 
sea and later thawed and sorted in the laboratory. For 
additional details on the collection method, see Phillips 

et al. (2007). 
In the laboratory, individual rockfish were identified 

to the lowest possible taxonomic level by using a va- 
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Map of stations ( + ) off Oregon and Washington sampled for species 

of Sebastes during 2005-2008. Along transects at Heceta Head, New¬ 

port, the Columbia River, and Willapa Bay, 5 stations were sampled 

during most sampling cruises. In addition, a single station located 

185 km from shore on the Newport transect (the NH-100 station) 

was sampled once in June 2008. 

riety of keys (Richardson and Laroche, 1979; Laroche 

and Richardson, 1980, 1981; Matarese et ah, 1989; 

Laidig and Adams, 1991; Moser, 1996) and measured 
for standard length (SL, to the nearest mm). Densities 

for visually identified species were calculated by divid¬ 
ing catch by total distance towed (km) and assuming 

a relatively constant mouth opening for all the tows. 

Because of ambiguous and overlapping meristics, most 
(96%) late-larval and juvenile rockfishes could be iden¬ 

tified only to the genus Sebastes and were stored in 

ethanol for genetic analysis. 

DNA extraction and data collection 

To perform genetic analysis, we took samples from cau¬ 
dal fin tissue of late-larval and juvenile rockfish (2534 

individuals) collected in 144 different tows of the trawl. 

Samples were randomly selected from among the 96% 
of samples that could not be identified visually. On av¬ 

erage, 26% of the individual rockfish from each haul 

were sampled for genetic material to obtain a repre¬ 
sentative sample of catch. Total genomic DNA was ex¬ 
tracted by using a glass-fiber plate extraction protocol 

(Ivanova et al., 2006). Polymerase chain reaction (PCR) 

was used to amplify a 782-base-pair (bp) fragment of 
the mitochondrial DNA (mtDNA) cytochrome b gene by 

using previously published GluRF and CB3RF primers 

(Rocha-Olivares et al., 1999). Thermal cycling condi¬ 
tions included an initial denaturation at 94°C for 2.5 

min, followed by 35 cycles of 94°C for 45 sec, 56°C for 
1.5 min, and 72°C for 1.5 min. Final extension was car¬ 

ried out at 72°C for 3 min. PCR products were cleaned 
using a procedure with ExoSap-IT1 reagent (Thermo 

Fisher Scientific, Waltham, MA), and were cycle se- 

1 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 
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quenced by using BigDye Terminator cycle sequencing 
kits (Thermo Fisher Scientific) and internal primers 
CBInf2 and CBInr2 (Bauble et al., 2012). Sequencing 

products were cleaned with Sephadex (GE Healthcare 

Bio-Sciences, Pittsburgh, PA) and visualized on an Ap¬ 

plied Biosystems 3730xl DNA Analyzer (Thermo Fisher 
Scientific). Sequence data were aligned and edited with 

Sequencher, vers. 4.7 (Gene Codes Corp., Ann Arbor, 
MI) software. All sequencing and analysis were per¬ 

formed by the authors. Reference and unknown se¬ 
quence data are available from ScholarsArchive@OSU 

(available at website). 
Haplotype sequences from trawl-collected larvae 

were compared with a reference data set of 374 in¬ 
dependent haplotypes from 67 species of morphologi¬ 

cally identified adult rockfish (see Taylor et al., 2004 
for species included in the reference data set). Identi¬ 

cal sequences were identified in Sequencher, and all 

unique sequences were compared with the reference 
data set by using a custom script in R, vers., 3.3.1 (R 

Core Team, 2016) and the program PAUP*, vers. 4bl0; 
Sinauer Associates, Sunderland, MA) with the optimal¬ 

ity criterion set to distance (number of bp differences 
divided by total length of sequence in bp). 

Nonparametric bootstrapping (1000 replicates) was 

used to cluster individual unknown sequences within 
the reference data set of 374 known adult sequences. 

Some species in the reference data set failed to form 

monophyletic clades: the widow rockfish (S. entome- 
las) and blue rockfish (S. mystinus) (EM complex) and 

pygmy rockfish (S. wilsoni), Puget Sound rockfish (S. 
emphaeus), harlequin rockfish (S. variegatus), and 

sharpehin rockfish (S. zacentrus) (WEVZ complex). 

Others, such as the splitnose rockfish (S. diploproa), 
have few differences from sister species, a feature 

that affects the robustness of bootstrap results. For 

samples that were identified as falling within the 
EM complex, we manually compared sequences in 

Sequencher with those of known widow rockfish and 
blue rockfish. Known widow and blue rockfish differ 

consistently at a single nucleotide in our database 
of known sequences (base position 627, where widow 

rockfish sequences contain a cytosine and blue rock¬ 

fish sequences contain an adenine), allowing us to 
identify all our juveniles as widow rockfish. For all 

other samples, we performed identifications with 2 

different levels of stringency and compared outcomes. 
If an individual clustered within a monophyletic sin¬ 

gle-species clade with a bootstrap value >70%, this 

result was considered a high-confidence identification 
of the individual. Bootstrap values between 50% and 

69% were considered low-confidence identifications. 
Other outcomes (i.e., nonmonophyletic affinities, poly- 

tomies) were coded as failed identifications. We also 
calculated F84 distance (Felsenstein and Churchill, 

1996) between unknown and reference haplotypes us¬ 
ing the R package ape, vers. 3.5 (Paradis et al., 2004) 

to confirm that unknowns fell within the range of ex¬ 
pected intraspecific diversity on the basis of reference 
data. 

Physical data 

Physical data were collated from local, regional, and 
basin-wide spatiotemporal scales for comparison with 

rockfish community composition to determine whether 

species of Sebastes were associated with a particular 

level of environmental variability. In situ measure¬ 
ments of temperature and salinity were collected at 

the surface (1 m) and at trawling depth (30 m) by 
using a cast of an SBE25pZ«s Sealogger CTD conduc¬ 

tivity, temperature, and pressure recorder (Sea-Bird 

Scientific, Bellevue, WA) at each sampling station. At 
the regional scale, monthly averaged upwelling indi¬ 

ces, based on estimates of offshore Ekman transport 

driven by geostrophic wind stress at 45°N and 145°W, 

were obtained from the Pacific Fisheries Environmen¬ 
tal Laboratory (website). At the basin scale, monthly 

indices of the Pacific Decadal Oscillation (PDO; Man¬ 

tua et al., 1997) and the North Pacific Gyre Oscillation 
(NPGO; Di Lorenzo et al., 2008) were included in the 

analysis because they are oceanic expressions of the 2 

dominant modes of North Pacific atmospheric variabili¬ 
ty—the Aleutian Low and the North Pacific Oscillation, 

which are linked to the different phases of the El Nino 
Southern Oscillation cycle (Di Lorenzo et al., 2010). 

The PDO captures variability in sea-surface tempera¬ 

ture (SST) and the NPGO captures the variability in 
salinity, nutrients, and chlorophyll-a. 

Community analyses 

To evaluate seasonal and annual variability in the spe¬ 

cies numerical composition of late-larval and juvenile 
rockfish sampled for this study, nonmetric multidimen¬ 

sional scaling (NMS) was used to ordinate rockfish 

samples (densities of fish identified in the laboratory 
by visual means and proportions of rockfish identified 

on the basis of genetics) in -dimensional space. NMS 

is an iterative process that searches for the best posi¬ 
tions of n entities on k dimensions (axes) that minimize 

the stress of the ^-dimensional configuration (McCune 

et al., 2002). The goal is to generate a plot of sample 
points (individual tows) such that the rank order of 

the dissimilarity values between all pairs of samples is 

preserved in the spatial arrangement of points in the 
final plot. A total of 17 rockfish species were visually 

identified in the laboratory from 3266 individuals col¬ 

lected at 93 sampling stations, but only 7 taxa that oc¬ 
curred in >10% of the sampling stations were included 

in the analysis (total number of individuals of the 7 

visually identified taxa: 3072). Densities were In (x+1) 
transformed and relativized by species maxima to ho¬ 

mogenize variance. For rockfishes identified by using 

genetics, 24 taxa (total number of individuals of the 24 
genetically identified taxa: 915) were used, excluding 

individuals classified to species complexes as WEVZ 
(1489 individuals) or samples for which identification 

to species failed (25 individuals). This analysis was 

conducted with PC-ORD, vers. 6; MjM Software, Gl- 
eneden Beach, OR; McCune and Mefford, 2011) with 
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Figure 2 

Venn diagram of species of Sebastes identified morphologically, by 

molecular technique, or both, from samples collected during 2005- 

2008 off Oregon and Washington. 

the Sprensen distance measure, a maximum of 4 axes, 

and 200 iterations. 
We examined monthly averages of temperature, sa¬ 

linity, and large-scale environmental indices by year 

to assess how the physical environment varied dur¬ 
ing the study. To determine the degree to which these 

variables were correlated with one another, we used 
Pearson correlation analysis. We also used correlation 

analysis to assess the relationship of the environment 
with the juvenile rockfish community by examining 

relationships between NMS scores and environmental 
covariates measured at the level of an individual haul. 
Physical variables included surface (1 m) and depth 

(30 m) temperature and salinity, as well as the large- 

scale indices of upwelling, PDO and NPGO. Distance 
from shore (km) was included as a spatial variable in 

the multivariate analysis because it has been shown 

in other studies that ichthyoplankton communities can 
vary along inshore and offshore gradients (Auth et ah, 

2011). Temporal variables included month, year, and 

season (spring=May and June, summer=July-October). 
We also conducted indicator species analysis on each 

rockfish species matrix to detect within- and between- 

year variability and to identify statistically significant 
indicators for each month and year (Dufrene and Leg¬ 

endre, 1997). An indicator species analysis combines in¬ 

formation on relative abundance and frequency of occur¬ 
rence to identify indicators that are most characteristic 

of a group. Indicator species analysis was performed 
separately for sampling months and years. Levels of sig¬ 

nificance were determined by using a Bonferroni adjust¬ 

ment and based on Monte Carlo tests with 5000 permu¬ 
tations for comparison with observed indicator values. 

Results 

Rockfish identification 

Late-larval and juvenile rockfish were 
caught in 196 of the 271 tows made (72%) 
for a total of 78,407 specimens from 2005 
through 2008. Using strictly visual means 

(meristics and pigmentation), we were able 

to identify 3266 (4.1% of total) late-larval/ 
juvenile rockfish from 17 distinct taxa found 

in 93 hauls (Fig. 2). By far the most abun¬ 

dant species (81% of the identified rockfish) 
was the rosethorn rockfish (S. helvomacu¬ 

latus), of which 2633 were identified. Other 
abundant rockfish species identified visually 

were the greenstriped rockfish (S. elongatus, 

213 individuals), rougheye rockfish (S. aleu¬ 
tianus, 72 individuals), redbanded rockfish 

(S. babcocki, 66 individuals), brown rockfish 
(S. auriculatus, 66 individuals), and dark- 

blotched rockfish (S. crameri, 52 individu¬ 
als). Collectively, these 6 species accounted 

for 95% of the fish visually identified from 

2005 through 2008. 
Size distributions of late-larval and ju¬ 

venile rockfish measured during this study 
ranged from 6 to 69 mm SL (Suppl. Figs. 1 and 2) (on¬ 
line only). There was a tendency toward greater visual 
identification of larger individuals, especially in May, 

when all specimens >35 mm SL were identifiable but 
none below this threshold (Suppl. Fig. 1) (online only). 
Similar patterns were observed in the annual size 

ranges that could be identified by visual means (Suppl. 

Fig. 2) (online only). 
Subsampling among the visually unidentifiable 

larvae and juveniles, we successfully sequenced full- 
length (782 bp) cytochrome b fragments from a total of 

2534 juvenile rockfish collected in 144 hauls, including 
105 from the NH-100 station. We identified 20 species 

according to our high-confidence stringency criterion 

(Suppl. Fig. 3) (online only), and confidently assigned a 
large number (1489 individuals, 58.7%) of specimens 
to the multispecies WEVZ complex. Another 213 un¬ 

knowns could not be assigned at high confidence and 

were coded as unassigned. Using the low-confidence 
(>50% bootstrap) criterion, we were able to identify 

24 species (Fig. 2, Suppl. Fig 3 (online only) and assign 
many of the previous unknowns to the WEVZ group. 

The remaining 25 unknowns could not be assigned at 

low confidence and were coded as unassigned. 
Of the species that occurred in the set of low- 

confidence identifications that were not found in the 

high-confidence set, 3 were represented by a single in¬ 
dividual (aurora rockfish, S. aurora; rosy rockfish, S. 
rosaceus) or a few individuals (darkblotched rockfish, 

3 individuals). Only the splitnose rockfish was present 
in greater numbers (43 individuals). Other differences 

between the sets of high- and low-confidence identifi¬ 

cations were proportions of individuals that were as- 
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Table 1 

Correlation matrix of average monthly values for temperature (T) and salinity (S) at 

the sea surface (1m) and the depth of 30 m at sampling stations and for large-scale 

environmental indices off Oregon and Washington during 2005-2008. Pearson’s corre¬ 

lation coefficients appear below and associated P-values are given above the diagonal. 

The environmental indices include the Upwelling Index (UI) measured off Oregon and 

Washington and the Pacific Decadal Oscillation (PDO) and North Pacific Gyre Oscillation 

(NPGO) indices. Bold values indicate significant correlations (P<0.05). SST=sea-surface 

temperature; SSS=sea-surface salinity. 

SST SSS 30-m T 30-m S UI PDO NPGO 

SST _ 0.645 0.155 0.880 0.703 0.160 0.921 

SSS 0.12 - 0.498 0.011 0.758 0.149 0.850 

30-m T 0.35 0.17 - 0.621 0.827 0.137 0.003 

30-m S 0.04 0.58 0.13 - 0.599 0.337 0.283 

UI -0.10 0.08 0.06 0.13 - 0.366 0.112 

PDO 0.35 -0.35 -0.36 -0.24 0.23 - 0.101 

NPGO 0.03 -0.05 -0.66 -0.27 -0.39 -0.40 - 

signed to individual species versus the multispecies 
complex or unidentified. The WEVZ complex accounted 

for 58% of the high confidence, and 59% of the low-con¬ 

fidence data sets, respectively. Because the differences 
between sets were mainly differences of proportion 

rather than differences of identity, we chose to perform 

environmental analyses combining and using both high 
and low-confidence identification results. 

There was some overlap between species identified 
by using morphological versus molecular techniques, 

with 12 species identified in both data sets (Fig. 2). 

However, both approaches also identified species that 
were not identified with the other method. Five spe¬ 

cies, the brown rockfish, Puget Sound rockfish, chili- 

pepper (S. goodei), grass rockfish (S. rastrelliger), and 
pygmy rockfish, were identified only by visual means, 

whereas 12 species were identified only with the molec¬ 

ular technique (Fig. 2). Thus, the combined approach 
allowed us to identify a total of 29 species in our data 

set, plus those samples identified as belonging to the 
WEVZ complex. 

Environmental data 

During the 4 years of our study (2005-2008), ocean 

conditions during May-October off Oregon and Wash¬ 
ington varied in terms of temperature, salinity, and up- 

welling intensity (Suppl. Fig. 4) (online only). Cooler av¬ 
erage SST with low variation occurred in 2005 (13.9°C 

[standard deviation (SD) 1.7]) and 2006 (14.1°C [SD 

1.3]) than in 2007 and 2008 (16.1°C [SD 2.0] and 14.2°C 
[SD 1.9], respectively). Warmest SST were measured 

during June-September 2007. At 30-m depth, warm¬ 

est temperatures occurred in 2005, a year considered 
anomalous owing to delayed upwelling (Barth et al., 
2007). Although the start of upwelling was delayed in 

2005, once initiated in mid-July, it was strong and per¬ 

sistent, leading to cross-shelf transport of surface wa¬ 
ters. Upwelling was strongest during June-August in 

2006, which likely impacted offshore larval dispersal. 

Salinity varied little at 30 m during the study, but at 
the surface, freshwater input from the Columbia River 

was most detectable during May-June 2005, when up¬ 

welling was delayed. 
Large-scale indices (PDO and NPGO) displayed val¬ 

ues considered more favorable for productivity (more 

negative PDO and more positive NPGO; Chenillat et 
al., 2012; Sydeman et al., 2014) in the California Cur¬ 

rent system during 2007-2008 than during 2005-2006, 

reflected in the highest rockfish density occurring dur¬ 
ing 2007 and 2008 (Suppl. Fig. 5) (online only). In 2008, 

PDO values were the most negative and NPGO val¬ 

ues the most positive throughout the entire sampling 
period (May-October), indicating that cool productive 

ocean conditions, coupled with less cross-shelf trans¬ 
port than in 2005 and 2006, were favorable for rockfish 

prerecruits in 2008. On average, total catches during 

2007-2008 (59,779 rockfish) were >3 times larger than 
catches during 2005-2006 (18,628 rockfish). Effort was 

similar during the 2 time periods (129 hauls during 

2005-2006 and 142 hauls during 2007-2008). Highest 

densities of late-larval and juvenile rockfish (identified 
and unidentified) were sampled in August and Septem¬ 

ber of all years. Ten species/complexes accounted for 

>80% of the genetically identified rockfish over the en¬ 
tire study period (Suppl. Fig. 6) (online only). 

Correlations between mean monthly temperature, 

salinity, and the large-scale environmental indices 
were low (coefficient of determination [r2]=0.002- 

0.436); therefore all were retained for inclusion in the 

community analysis (Table 1). Correlation coefficients 
between salinity at the surface and at 30-m depth were 

positively and significantly correlated (coefficient of 
correlation [r]=0.58, P=0.011) and negatively correlated 
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Figure 3 

Nonmetric multidimensional scaling ordinations showing axes 1 and 2 for 

larval rockfishes (Sebastes spp.) identified visually and environmental co¬ 

variates after collection off Washington and Oregon during 2005-2008. En¬ 

vironmental data include sea surface temperature (SST) and salinity at the 

sea surface (1 m; SSS) and at a depth of 30 m, Upwelling Index (UI), Pacific 

Decadal Oscillation (PDO) index, and North Pacific Gyre Oscillation (NPGO) 

index. Asterisks (*) denote species with coefficients of correlation >0.15. Each 

symbol represents the species composition of larvae collected in a single com¬ 

plete haul of a midwater trawl ordinated in species space (e.g. arranged so 

that similar hauls are near each other and dissimilar hauls are farther from 

each other). The arrows indicate the directionality and strength (by length 

of arrow) of physical correlations between hauls and physical variables mea¬ 

sured during the collection period. 

between temperature at 30 m and the NPGO (r=-0.66, 
P-0.003). Plowever, because each variable represented 

a unique spatial scale or in situ habitat, they were all 
retained for subsequent analysis. 

Community analyses 

The NMS ordination of rockfishes identified by visual 
means (Figs. 3 and 4) contained 7 species caught in 

89 of 93 tows where we had visual identifications, and 

described 73.8% of the variation in the data set (axis 
1=28.3%, axis 2=24.8%, and axis 3=20.6%). The stress 

for the final solution was 17.0 (instability=0, 158 it¬ 
erations), considered fair but interpretable (Kruskal, 

1964). The largest variation in community structure 

was explained by seasonal differences along axis 1 

(Suppl. Table 1) (online only). Summer months (July 
through October, r=0.767) and warmer SST at 1 m 

(r=0.446) were positively correlated with axis 1 scores; 
spring months (May and June) were negatively corre¬ 

lated (r=-0.767). The species most likely to be pres¬ 
ent during warm, summer months was the rosethorn 

rockfish. During spring, we were more likely to find 
canary rockfish (S. pinniger), darkblotched rockfish, 

and widow rockfish. Axis 2 was positively associated 

with offshore stations (r=G.394) and negatively asso¬ 
ciated with warmer temperatures at 50 m, indicating 
that axis 2 differentiated between on-shelf and off-shelf 
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Figure 4 

Nonmetric multidimensional scaling ordinations showing axes 1 and 3 for 

larval rockfishes (Sebastes spp.) identified visually after collection off Wash¬ 

ington and Oregon during 2005-2008 and environmental covariates. Envi¬ 

ronmental data include sea surface temperature (SST) and salinity (SSS) at 

1 m, and at a depth of 30 m, Upwelling Index (UI), Pacific Decadal Oscilla¬ 

tion (PDO) index, and North Pacific Gyre Oscillation (NPGO) index. Aster¬ 

isks (*) denote species with coefficients of correlation >0.15. Each symbol 

represents the species composition of larvae collected in a single complete 

haul of a midwater trawl ordinated in species space. The arrows indicate 

the directionality and strength (by length of arrow) of physical correlations 

between hauls and physical variables measured during the collection period. 

catches. At offshore stations, we were more likely to 
encounter redbanded rockfish, whereas greenstriped 

rockfish were identified closer to the shelf break. 

The NMS ordination of the proportion of rockfish 

identified by genetics (Figs. 5 and 6) contained 24 spe¬ 
cies caught in 126 of 143 tows where we had genetic 

data (excluding the station sampled 185 km offshore) 
and described 87.3% of the variation in the data set 

(axis 1=38.9%, axis 2=29.5%, and axis 3=18.9%). The 

stress for the final solution was 15.7% (instability=0, 

131 iterations). The largest variation in community 
structure was also explained by seasonal differenc¬ 
es along axis 1 (Suppl. Table 2) (online only). Summer 

months (r=0.729) and warmer SSTs (r=0.416, r2<0.15) 

were positively associated with axis 1 along with red- 
stripe rockfish (S. proriger), greenstriped rockfish, and 

yelloweye rockfish (S. ruberrimus) (r: 0.513, 0.482, 
and 0.445, respectively). Axis 1 was negatively associ¬ 

ated with spring months (r= -0.761) and canary) and 

widow rockfish (r\ -0.688 and -0.592). These were 2 
of the species that were also identified in spring us¬ 

ing visual identification, indicating that there was good 

agreement between visual and genetic identifications. 
Axis 2 showed a positive association with redstripe 

rockfish (r=0.776) and a negative association with ros- 

ethorn rockfish (r- -0.745, r2<0.15), which was associ¬ 
ated with warm, summer months based on the visual 

identification criteria. There were no physical variables 
associated with axis 2 or 3, but splitnose rockfish was 

negatively associated with axis 3 (r= -0.552). 

Rockfish parturition timing varies seasonally by spe¬ 
cies. To better understand some of this variation, we 
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Figure 5 

Nonmetric multidimensional scaling ordinations showing axes 1 and 2 for larval rockfishes (Se- 

bastes spp.) identified by cytochrome b sequencing after collection off Washington and Oregon dur¬ 

ing 2005-2008 and environmental covariates. Environmental data include sea surface temperature 

(SST) and salinity at the sea surface (1 m; SSS), Upwelling Index (UI), Pacific Decadal Oscillation 

(PDO) index, and North Pacific Gyre Oscillation (NPGO) index. Asterisks (*) denote species with 

coefficients of correlation >0.15. Each symbol represents the species composition of larvae collected 

in a single complete haul of a midwater trawl ordinated in species space. The arrows indicate the 

directionality and strength (by length of arrow) of physical correlations between hauls and physi¬ 

cal variables measured during the collection period. 

conducted indicator species analysis to identify species’ 

affinities to particular months and years (Table 2). Al¬ 
though month and year analyses were performed sepa¬ 

rately, results are combined in the table. In 2007 and 
2008, years previously identified as having high mean 

concentrations (>60 individuals/1000 m3) of rockfish 

larvae in the northern California Current ecosystem 
(Auth, 2011), we identified the rosethorn rockfish as 

an indicator species. This species was also more likely 

to be sampled in summer (August). Two of the spe¬ 
cies that were strongly associated with spring months 

(May and June) in NMS ordinations (canary and wid¬ 

ow rockfish) were also significant indicators in spring 
months. Another spring indicator species that was not 

included in NMS ordinations was the yellowtail rockfish 

(S. flavidus). The NH-100 station was sampled only 
once during the study, in June 2008. Because widow 

and yellowtail rockfish were identified as significant 
indicator species in June and were identified in high 

abundance from the NH-100 station sampled in 2008, 
these results suggest that widow and yellowtail rockfish 

either spawn far off the shelf, were more abundant, or 

were more susceptible to offshore advection than other 
spring spawning species in 2008. 

The spatial distribution patterns of the dominant 

rockfish taxa for selected cruises showed much over¬ 
lap overall (Suppl. Figs. 7-9) (online only). The redstripe 

rockfish was found mainly later in the summer and 
predominantly at the outer stations at the shelf break 

and beyond, although the NH transect had high catches 
some years at the inshore station (Suppl. Fig. 7) (online 

only). In contrast, the greenstriped rockfish tended to 

show lower abundances and were caught almost exclu¬ 
sively beyond the shelf break (Suppl. Fig. 8) (online only). 

The rosethorn rockfish had a patchy distribution, but 

there were indications for some cruises that sampling 

did not extend far enough offshore to capture the full 

distribution of this species (Suppl. Fig. 9) (online only). 
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Figure 6 

Nonmetric multidimensional scaling ordinations showing axes 1 and 3 for 

larval rockfishes (Sebastes spp.) identified by cytochrome b sequencing after 

collection off Washington and Oregon during 2005-2008 and environmental 

covariates. Environmental data include sea surface temperature (SST) and 

salinity at the sea surface (1 m; SSS), Upwelling Index (UI), Pacific Decadal 

Oscillation (PDO) index, and North Pacific Gyre Oscillation (NPGO) index. 

Asterisks (*) denote species with coefficients of correlation >0.15. Each sym¬ 

bol represents the species composition of larvae collected in a single complete 

haul of a midwater trawl ordinated in species space. The arrows indicate 

the directionality and strength (by length of arrow) of physical correlations 

between hauls and physical variables measured during the collection period. 

Discussion 

Before the widespread use of DNA-based identifica¬ 

tions, much of what was known about larval and ju¬ 
venile rockfishes off the west coast of North America 

came from bycatch in multiyear seasonal surveys made 

in the 1960s and 1970s by using strictly visual identi¬ 
fications (Richardson and Laroche, 1979; Laroche and 

Richardson, 1980, 1981). These authors used a variety 
of gear to sample both pelagic larvae and juveniles, as 

well as settled juveniles, providing useful information 

on the sizes and dates of occurrence and some infor¬ 
mation on spatial distribution for 7 common species, 

including several examined here. Using a similar ap¬ 

proach, we were able to identify a total of 3266 rockfish 
from 17 species, using visual methods alone, acknowl¬ 

edging that visual identification is more commonly ap¬ 

plicable for larger size classes. Previous studies found 
seasonal patterns similar to those we observed, in that 

darkblotched, canary, widow, and yellowtail rockfish 

were generally present early in the summer and settled 
by the end of June, whereas rosethorn rockfish reached 

peak catches later in the summer (July and August) 

(Richardson and Laroche, 1979; Laroche and Richard¬ 
son, 1980, 1981). Building on the earlier studies, we 

were able to provide information on a larger number of 
taxa (24) by using both genetic and visual approaches 

than by visual identifications alone (17) and to capture 

a broader size range of juveniles given the larger nets 
used in our study compared with those used in earlier 

studies. Because the list of species identified with the 
2 methods did not overlap completely, the combined ap- 
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Table 2 

Results of the analysis of indicator species for species of Sebastes identified 

either visually or on the basis of genetics for samples collected off Oregon and 

Washington during 2005-2008, by month or year in which samples were col¬ 

lected. Separate analyses were conducted for months and years. Results are 

combined here for ease of presentation. Only the species that had significant 

(P<0.05) indicators for a particular month or year are shown. 

Indicator value P-value Month or year 

Visual identification 

S. helvomaculatus 

Genetic identification 

59.0/34.3 0.0002/0.002 August 2008 

S. pinniger 38.2 0.002 May 

S. entomelas 37.4 0.003 June 

S. flavidus 33.3 0.002 June 

S. helvomaculatus 22.7 0.009 2007 

S. babcocki 16.7 0.001 2007 

proach allowed us to identify a total of 29 species in 
our samples, and to assign individuals to the WEVZ 

complex. Of those 29 species, 5 were identified only in 

the morphological collection, whereas only 12 appeared 
in the molecular data set. We could also examine an¬ 

nual patterns and seasonal patterns in the presence or 

absence of larval and juvenile stages of specific rockfish 
species for spring and summer and relate these to en¬ 

vironmental variables at local and regional scales (both 

cross- and along-shelf scales). 
With the publication of mitochondrial and nuclear 

sequences from 105 of the 110 then-described Sebastes 
species (Taylor et ah, 2004; Hyde et ah, 2007), it be¬ 

came possible to identify larval juveniles at any size. 
Sequence-based identification methods have been pre¬ 

viously used to identify morphologically unidentifiable 

rockfish larvae and to relate distributions of these lar¬ 
vae to oceanographic features and natal habitat (Taylor 

et al., 2004; Hitchman et ah, 2012; Thompson et al., 

2016; Thompson et al., 2017), to describe the early de¬ 
velopment of larval rockfishes (Watson et ah, 2016), and 

to describe the early life history among lesser-known 

species (Yu et ah, 2015). As with previously published 
research in Southern California utilizing cytochrome 

b sequencing, we identified 2509 rockfish from 24 dif¬ 

ferent taxa and the 4-species WEVZ complex (plus 25 
unknowns), and therefore adding this approach greatly 

increased the level of species identification and distri¬ 

bution details that could be made available. 
Given the difficulty or impossibility of visually iden¬ 

tifying the earliest life stages of larval rockfish, genetic 

approaches offer a way to explore the diversity of im¬ 
portant previously unidentifiable rockfish species, thus 

providing new information on the timing of pelagic lar¬ 
val and juvenile stages and distribution of these previ¬ 

ously unexamined species. For example, NMS and our 

observations from the indicator species analysis that the 
canary, darkblotched, and widow rockfish are more com¬ 
mon among spring samples and the rosethorn rockfish is 

more prevalent in summer, revealed a clear relationship 

between abundances of certain species and the time of 
year sampled. Although some of these patterns have 

been previously identified, we were able to expand our 

identifications to include a much greater diversity of 
species, including many of those that are unidentifiable 

by visual means. This newly described diversity was 
then related to environmental factors, such as ocean 

temperature, upwelling intensity, and productivity re¬ 

gime (PDO and NPGO indices), and season to explore 
temporal and spatial drivers of species diversity or mat¬ 
ing success (Taylor et al., 2004; Thompson et al., 2016; 

Thompson et al., 2017). Although a detailed seasonal 

and annual analysis of the abundance and distribution 
patterns of rockfish species is beyond the scope of this 

study, we did observe some months and years where in¬ 
dividual species showed greater prominence through the 

indicator species analysis. The years examined in this 

study showed substantial differences in their oceano¬ 
graphic conditions which may have greatly affected the 

cross-shelf and along-shore distributions of rockfishes 

(Brodeur et ah, 2006; Ralston and Stewart, 2013). 
Previous research on ichthyoplankton diversity and 

concentration in the eastern North Pacific has shown 

spatial variation at the local (Richardson et ah, 1980; 

Auth and Brodeur, 2006) and regional scale (Thomp¬ 

son et ah, 2014) and temporal variation over the short- 
and long-term (Brodeur et ah, 2008; Auth et ah, 2011; 

Thompson et ah, 2014), all of which are influenced by 
regional and basin-wide environmental fluctuations 

(Auth et ah, 2011; Auth and Brodeur, 2013). One uni¬ 
fying feature of much of this previous research is that 

some groups of larval fishes cannot be identified to 

the species level based on pigmentation or meristics. 
These unidentifiable groups include larval smelts (7 

species in the family Osmeridae), rockfishes (65 spe¬ 

cies), sanddabs (2 species of the genus Citharichthys), 
and snailfishes (17 species of the genus Liparis) (Rich¬ 
ardson et ah, 1980; Matarese et ah, 1989; Love et ah, 
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2002; Auth et al., 2011). Our work off the coast of Or¬ 

egon, like previous research in and around Southern 
California (Taylor et ah, 2004; Thompson et ah, 2016; 

Thompson et ah, 2017), has helped illuminate the di¬ 

versity of the largest of these previously unidentifiable 

groups of fishes. 
Because of the distributional patterns we observed, 

we may not have sampled the offshore extent of a num¬ 

ber of our late-larval rockfishes sufficiently because the 
highest catches often were found at the most offshore 

station along our transects. Many species spawn well 

offshore and move progressively shoreward as they age 

before finally settling in most cases in demersal habi¬ 

tat over the continental shelf (Laroche and Richardson, 
1980; 1981). Time constraints precluded us from sam¬ 

pling beyond our normal sampling grid during most 
cruises. However, on one occasion in June 2008, we 

were able to trawl at a station 185 km offshore along 

the Newport transect (Fig. 1). This single trawl tow 
sampled more than 60 km farther offshore than our 

target stations and captured 20,756 rockfish, which 

were mostly late-larval individuals and too small to 

be visually identified. We were able to run genetic 
analysis on a subsample from that haul of 105 indi¬ 

viduals that were identified as mostly widow and yel- 

lowtail rockfish. In a study of larval fish distribution 
out to 364 km from shore along the Newport transect 

and from another transect off Northern California, 

Auth (2009) found that the majority of Sebastes larvae 
were seaward of 120 km during the spring of 2007, but 

were closer to the shore during the summer months. 

However, as acknowledged by the author, because the 

larvae could not be identified to species, these shifts 
in regional observations could be confounded by differ¬ 

ences in cryptic species not observed in that study. Sta¬ 

ble isotope analysis of juvenile rockfish caught on the 
continental shelf also revealed that they had derived 

much of their previous nutrition from taxa found off 

the shelf, indicating potential onshore advection before 
settlement (Bosley et al., 2014). However, as postulated 

by Kamin et al. (2014) for a Gulf of Alaska population 

of Pacific ocean perch (S. alutus), these offshore popu¬ 

lations may be subjected to substantial mortality and 
only a small fraction of the larvae may subsequently 
return to shelf nursery areas. 

Because some closely related groups of rockfishes 
are still undergoing lineage sorting (Hyde and Vetter, 

2007) or may experience mtDNA introgression (Pearse 

et al., 2007), it was not possible to confidently iden¬ 

tify some individuals to species. In our sampling, the 

WEVZ complex represented a substantial proportion 
of the larval catch, and is a still-unresolved diversity 

of species. Although microsatellites represent one ap¬ 
proach to separate this (and potentially other multi¬ 

species complexes) (Pearse et al., 2007), microsatel¬ 

lite peak sizes can vary between sequencers and PCR 

chemistries, and therefore would require standardiza¬ 
tion between different laboratories to produce useful 

data (Weeks et al., 2002; Moran et al., 2006). This need 
for standardization makes it more difficult to compare 

and use microsatellites in databases of known samples 

than to use DNA sequences, as used here. Ultimately, 
the development of a suite of linked diagnostic single¬ 

nucleotide polymorphisms from genomes of all the 

members of the genus Sebastes (microhaplotypes) may 

prove most effective for confidently identifying any spe¬ 
cies by a molecular approach. 

Our study combines the relative speed and ease of 

visually identifying more distinctive species of rock¬ 
fish with the power of current sequence-based genetic 

identification methods. This combined approach pro¬ 

vides new information on the distribution and sea¬ 

sonal timing of pelagic and larval juvenile stages of 

several rockfish species which have been challenging 
to identify on the basis of traditional morphologi¬ 

cal metrics and pigmentation. However, there remain 

some species (i.e., the WEVZ complex) that cannot be 

resolved to species level with the cytochrome b data¬ 

base of known samples. Analysis down to the species 
level for collections that contain a high proportion of 

rockfish (e.g., Thompson et al., 2016) can provide valu¬ 

able information for ecosystem-based fishery manage¬ 

ment. Identifying Sebastes larvae to species may allow 
estimates of spawning biomass of the more abundant 

species (Ralston et al., 2003; Ralston and MacFarlane, 

2010) and enable managers to track recruitment over 
time (Ralston et al., 2013). As the availability of high 

throughput sequencers bring the cost per sample down 

substantially, molecular identification of rockfish spe¬ 

cies should become more commonplace in the future. 
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Abstract—-The Penobscot River is 

home to the last remaining major 

run of Atlantic salmon (Salmo so¬ 

lar) in the United States and the 

subject of a century-long stocking 

effort. Since the 1970s, most kelts 

have been released to the estuary 

after they spawn in a hatchery, and 

the iteroparous share of the run has 

declined to <1%. We tagged with a 

radio transmitter 55 kelts that had 

spawned at a hatchery in 2015, and 

released them at two locations (head 

of tide and -50 km upstream) to as¬ 

sess 1) when kelts leave the river, 

2) whether release location influ¬ 

ences the timing of river exit, and 

3) whether kelts from the upper 

river could outmigrate through the 

hydroelectric complex of the river. 

The kelts were tracked from No¬ 

vember 2015 to July 2016. Although 

fish from both release groups left 

the system within one month, the 

majority (84%) overwintered in 

freshwater. Many (71%) kelts that 

overwintered in freshwater made 

upstream movements in November 

and December. There was no differ¬ 

ence in upstream movement rates, 

timing of outmigration, or survival 

between the release groups. Survival 

to outmigration was 23.6%. This low 

survival to outmigration may have 

contributed to the precipitous de¬ 

cline in iteroparous Atlantic salmon 

from the Penobscot River over the 

last four decades. 
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Atlantic salmon (Salmo salar) popu¬ 

lations in the United States have de¬ 

clined precipitously over the last sev¬ 
eral decades, and the only remain¬ 

ing population segment is listed as 

endangered under the U.S. Endan¬ 
gered Species Act (Fay et al., 2006). 

The Penobscot River historically sup¬ 
ported spawning runs of more than 

100,000 individuals (Saunders et 

al., 2006), but recent returns have 
averaged only around 1000 fish an¬ 

nually (Cox1). The U.S. Government 

has identified restoration of the dis¬ 

tinct population segment of the Gulf 
of Maine as a high priority (NMFS 

and USFWS, 2005). However, Atlan¬ 

tic salmon face a variety of threats 
because of their anadromous and 

iteroparous life history (Legault, 

2005; Maynard et al., 2017), such as 
overfishing, pollution, and the pres¬ 

ence of dams (Parrish et al., 1998; 

1 Cox, O. 2016. Personal commun. 
Maine Dep. Mar. Resour., 21 State House 
Station, Augusta, ME 04333-0021. 

Nieland et al., 2015). Although many 

stages of Atlantic salmon life history 

have been well studied (Klemetsen 
et al., 2003), comparatively little is 

known about the survival and move¬ 
ments of kelts (postspawning adults) 

after successful spawning. Because 

repeat spawners have increased re¬ 

productive influence in salmonine 
populations (Kusterle et al., 2013; 

Trammell et al., 2016), ensuring sur¬ 

vival of kelts could enhance restora¬ 

tion efforts. 
Many anadromous salmonines can 

spawn multiple times during their 

life cycle, returning to sea after each 

spawning event to recondition (Kl¬ 

emetsen et al., 2003). Survival af¬ 
ter spawning can be high in Atlan¬ 

tic salmon (-80%; Chadwick et al., 
1978; Jonsson et al., 1990). However, 
a much smaller proportion of fish 

survive to spawn again (Ducharme, 
1969). Broadly, the outmigration of 

kelts takes place in two stages. A 

small proportion of individuals mi¬ 
grate directly to the sea, whereas the 
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majority overwinter in the river before outmigrating 

to the marine environment during the following spring 
(Ruggles, 1980). For those fish that overwinter in-river, 

survival to outmigration is >50% (Gray et al., 1987; 

Downton and Reddin2). Across systems (North Ameri¬ 

can and European rivers) and species (Atlantic salmon 

and steelhead, Oncorhynchus my kiss), downstream kelt 
migrations in spring are generally finished by July 

(Halttunen et ah, 2010; Marston et ah, 2012; Lacroix, 

2013). Once at sea, the time needed to rebuild energy 
stores varies according to several factors: the amount 

of time previously spent in freshwater (Niemela et ah, 

2006), migratory distance to marine feeding areas (La¬ 
croix, 2013), and fish condition after spawning (Jons- 

son et ah, 1991). 

The ability of kelts to survive 1) a return migra¬ 

tion to the sea, 2) a year or more of reconditioning, 
and 3) a return migration to spawning grounds affects 

the proportion of repeat spawners, which varies from 
0 to 26% for Atlantic salmon populations (Fleming and 

Reynolds, 2004; Niemela et ah, 2006). However, spawn¬ 

ing runs composed of >40% repeat spawners have been 
reported in undammed systems in Canada that are 

not subject to commercial exploitation (Jessop, 1976; 

Saunders and Schom, 1985). The number of broods a 
fish has is also variable in salmonines. In steelhead, 

nearly all iteroparous individuals spawn no more than 
twice in their lifetime (Seamons and Quinn, 2010). At¬ 

lantic salmon have been documented as returning for 
as many as eleven spawning runs during their lives 

(Ducharme, 1969; Hutchings and Morris, 1985; Saun¬ 

ders and Schom, 1985), but with at-sea kelt survival 
<10% (Jonsson and Jonsson, 2004), multiple returns is 

likely the exception, rather than the rule. 

It is unknown how recent changes to the Penob¬ 
scot River (Opperman et ah, 2011) may have affected 

migration of naturally spawned kelts from the upper 

reaches of the river, particularly because the down¬ 
stream bypasses at all dams are closed for much of 

the winter, and therefore may not be operational dur¬ 
ing the postspawning period. Kelts outmigrating down 

the upper mainstem of the Penobscot River must pass 

two dams to reach the middle portion of the river (up¬ 
stream from Milford Dam, and downstream from the 

Piscataquis River confluence [Fig. 1]), whereas kelts 

moving through the Piscataquis River must pass three 
dams to reach the same location. Once reaching the 

confluence of the Piscataquis and Penobscot rivers, 

kelts may travel downstream through the main stem 
of the Penobscot River to the estuary (passing Milford 

Dam), or migrate through the Stillwater Branch of the 
river through Gilman Falls Dam, Stillwater Dam, and 

Orono Dam (Fig. 1). 

The Penobscot River has been the focus of hatch¬ 
ery supplementation based on sea-run broodstock since 

Map of the study area that included the Penobscot 

River from Orrington, Maine, at river kilometer (rkm) 

33, to the West Enfield Dam. Black rectangles repre¬ 

sent functioning hydroelectric dams that have no oper¬ 

able fish passage upstream from 15 November to 15 

April. Open rectangles represent water control dams 

that are passable under certain conditions. Gray tri¬ 

angles represent the locations of stationary radio re¬ 

ceivers, and circles indicate the sites where tagged 

kelt Atlantic salmon (Salmo salar) were released on 17 

November 2015. River kilometer zero is located at the 

southwestern tip of Verona Island (516414E 4927755N, 

UTM Zone 19N). The area surrounded by the Milford, 

Orono, Stillwater, and Gilman Falls Dams is Marsh 

Island. 

2 Downton, P. R., and D. G. Reddin. 2004. Status of Atlantic 
salmon (Salmo salar L.) in Campbellton River, Notre Dame 
Bay (SFA 4), Newfoundland in 2003. Can. Sci. Adv. Seer., 
Res. Doc. 2004/043, 64 p. [Available from website.] 
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the late 1800s (Spidle et al., 2001). Current broodstock 
management practice requires the collection of ma¬ 

ture adults from a trap at the terminus of the first 

fishway on the river (currently, Milford Dam) by the 
Maine Department of Marine Resources. These fish are 

transported to the U.S. Fish and Wildlife Service Craig 

Brook National Fish Hatchery in Orland, Maine, where 
they are held for up to five months before spawning is 

artificially induced in late October or early November. 

After spawning, kelts are released into the Penobscot 
River just downstream of the head of tide (at river ki¬ 

lometer [rkm] 43.5). This release point is thought to 

minimize spatial and temporal overlap with naturally 
spawning salmon and maximize survival by expediting 

their return to the sea (Bartron et al.3); however, nei¬ 

ther of these assumptions have been tested. Because 
of record low returns in 2013 and 2014, 56% (18-98%) 
on average of all salmon returning to the Penobscot 

River have been taken to the hatchery as broodstock 

(USASAC4). Coinciding with decreased returns to the 
Penobscot River there has been a reduction in the per¬ 

centage of the run of repeat spawners from an average 

of 1.7% in the 1980s to an average of 0.6% in recent 
years (Maynard et al., 2017). 

Although the total number of repeat spawners in 

the Penobscot River has been low for several decades, 
their contribution to the total number of eggs pro¬ 

duced in the system was likely important, historically. 
A review of salmon egg production in New England 

from the early 1980s to 2011 indicated that, on aver¬ 

age, repeat spawners produced 2300 more eggs per fe¬ 
male than virgin spawners in the Connecticut River, 

3000 more eggs/female in the Sheepscot River, and 
3100 more eggs/female in the Merrimack River (USA¬ 

SAC3). Similarly, research from the River Teno, Fin¬ 

land, found that although iteroparous Atlantic salmon 
numerically represented an average of 5% of the run, 

they accounted for an average of 7% of the total mass 
of salmon caught in the river (Niemela et al., 2006). 

In the river systems of the Pacific Northwest, female 

iteroparous steelhead have a lifetime reproductive suc¬ 
cess that is 1.3 times higher than that of semelparous 

individuals, and iteroparous males have a lifetime re¬ 

productive success that is 2.8 times higher than that of 
semelparous individuals (Seamons and Quinn, 2010), 

indicating that this life history strategy allows some 

salmonines to produce more offspring than semelpar- 

3 Bartron, M. L., D. Buckley, T. King, M. T. Kinnison, G. Mack¬ 
ey, T. F. Sheehan, K. F. Beland and J. Marancik. 2006. Cap¬ 
tive broodstock management plan for Atlantic salmon at 
Craig Brook National Fish Hatchery, 133 p. Report to the 
Maine Technical Advisory Committee. [Available from Pro¬ 
tected Species Branch, Northeast Fish. Sci. Cent., Natl. Mar. 
Fish. Serv., NOAA, 166 Water St., Woods Hole, MA 02543- 
1026.] 

4 USASAC (U.S. Atlantic Salmon Assessment Committee). 
2015. Annual report of the U.S. Atlantic Salmon Assess¬ 
ment Committee. Report No. 7—2014 activities. Kittery, 
Maine, February 9-12, 2015, 228 p. Prepared for U.S. Sec¬ 
tion to the North Atlantic Salmon Conservation Organiza¬ 
tion. [Available from website.] 

ity would. Previously spawned individuals may also 
provide an important buffer against years with low es¬ 

capement (Saunders and Schom, 1985) because of their 

high fidelity to their natal rivers (Hansen and Jonsson, 
1994) and high reproductive potential. 

Research on kelt movements and survival is rela¬ 
tively sparse, compared with research on other life his¬ 

tory stages of salmonines (Hubley et al., 2008). This 

sparsity of research is especially true in the context 

of individuals that are artificially induced to spawn at 
hatcheries. Because nearly all kelts in the Penobscot 

River system are the product of artificial spawning at 

hatcheries (i.e. the fish are anesthetized and stripped 
of gametes before release), a better understanding of 

postrelease movements may allow a targeted selection 

of release sites to match the need for suitable over¬ 

wintering habitat, and therefore improve survival to 
outmigration. 

Our goals were 1) to compare the postrelease move¬ 

ment and exit timing of kelts released at two sites in 
the Penobscot River, -head of tide and upstream of the 

Marsh Island hydropower complex, which comprises 

the 4 dams that surround Marsh Island (Milford, Oro- 
no, Stillwater, and Gilman Falls), and 2) to evaluate 
differences in outmigration success between fish re¬ 

leased upstream of the hydropower complex and those 
released downstream, in the free-flowing estuary. 

Materials and methods 

Study area 

The Penobscot River, Maine, is the second largest wa¬ 
tershed in New England (with an area of 22,000 km2) 

and has been dammed in multiple locations since the 
late 1800s (Opperman et al., 2011). It also currently 

has the largest remaining run of Atlantic salmon in the 

United States and is dependent on hatchery stocking. 

Since the 1970s, an average of 82% of returning adult 
Atlantic salmon have originated from hatchery-reared 

smolts (USASAC3), and in recent years, the number is 

>95%. 
Our study area (Fig. 1) included a 66-km section of 

the Penobscot River from Orrington, Maine (rkm 33), 

to the West Enfield Dam (rkm 99), as well as a 67-km 
stretch of the Piscataquis River from Howland Dam 
(rkm 98) to Brown’s Mill Dam (rkm 165). There are 

8 dams in the study area. Howland Dam has a newly 
constructed bypass channel that is operational in the 

winter months. Stillwater Dam and Gilman Falls Dam 

have no dedicated upstream passage facilities, and the 
remaining five dams (Orono, Milford, West Enfield, 
Pumpkin Hill, and Brown’s Mill) have upstream pas¬ 

sage facilities that are not operated between November 

15 and April 15. Downstream passage facilities at Still¬ 
water Dam, Orono Dam, and Milford Dam are closed 

between December 31 and April 1 because of ice, but 
passage may still be possible through the spillways or 

when water overflows the dams. 
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Table 1 

Minimum, median, and maximum values of total length (cm), mass (g), and body condition 

index for kelt Atlantic salmon (Salmo salar) released at an upriver and a downriver site on the 

Penobscot River, Maine, on 17 November 2015. 

Downriver Upriver 

Min Med Max Min Med Max 

Total length 72 76 85 73 77 81 

Mass 3900 4481 5901 3338 4454 5561 

Body condition index -0.03 0 0.13 -0.13 0 0.16 

Fish capture and tagging 

Throughout the 2015 upstream migration, adult Atlan¬ 

tic salmon were collected at the Milford Dam lift and 
trap facility (rkm 61) by personnel of the Maine Depart¬ 

ment of Marine Resources. After collection, the fish were 
transported to Craig Brook National Fish Hatchery, ap¬ 

proximately 56 km south of the dam, on a different river 

system. There, fish were held until they spawned in the 
fall. During the spawning process, fork length, mass, 

and sex of each fish were recorded. We used the residuals 

of log(Mass) regressed on logiTotal length) to calculate 
body condition (Halttunen et al., 2013). On November 

17, 2015, after several days of recovery from the arti¬ 

ficial spawning procedure, 55 fish were anaesthetized 
with tricaine methanosufonate (MS-222) and surgically 

implanted with MCFT2-3L5 radio transmitters (Lotek 
Wireless, Inc., Newmarket, Canada). A 16-mm incision 

was made offset from the ventral line and posterior 

to the pelvic fin girdle on the ventral side of the fish 
to enable closure with two or three sutures of Vicryl 

size 4-0 (Ethicon, Inc., Somerville, NJ). Tags had an 

air mass of 25.0 g and a water mass of 11.0 g, ensuring 
that they were <1% of the estimated body mass of the 

study fish, which ranged from 3.3 kg to 5.9 kg (median 

mass=4.4 kg). Transmitters had a 2.5- second burst rate 
and a tag life of < 170 days because of their use in a 

previous study. Of the 55 fish, 27 were released at the 

boat launch in Brewer, Maine (rkm 43.5, a 26-mile drive 
from the hatchery ), downstream of the head of tide, and 

28 were released at the boat launch in Passadumkeag, 

Maine (rkm 92, an 85 km drive from the hatchery). 
All releases took place within five hours of surgery on 

November 17, 2015. 

Radio tracking 

We monitored fish movements over a seven-month peri¬ 
od from mid-November 2015 to mid-June 2016, primar¬ 
ily by mobile tracking with a portable receiver (SRX 

800, Lotek Wireless, Inc.) during trips in the study 

5 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 

area. These trips took place between Orrington (rkm 
33) and Medway, Maine (rkm 149), on a weekly basis; 

more frequent trips (two or three/week) were made be¬ 
fore ice-in (late December) and after ice-out (late April). 

Once a month, we used mobile tracking along the Pis¬ 
cataquis River to detect any fish that moved upstream 

through the Howland Dam bypass. All mobile tracking 
was conducted by using cars with omnidirectional an¬ 

tennas traveling along the side of the river on ME-116, 

U.S. Highway 2, and ME-178 at an average distance 
of 0.332 km (min 0.037 km, max 0.965 km), and an 

average speed of 64 km/h (40 mph). We also employed 
an array of three stationary radio receivers (SRX-DL, 

Lotek Wireless, Inc.) equipped with unidirectional Yagi 

antennas that were located between Orrington (rkm 
33) and Indian Island, Maine (rkm 62; Fig. 1). One 

aerial survey, conducted aboard an airplane with a por¬ 
table receiver, covered the mainstem Penobscot River, 

the Penobscot estuary, and the Piscataquis River on 

January 25, 2016. 
Because a study with similar tagging methods 

found no tag loss in Atlantic salmon smolts (Stich et 
al., 2014), we assumed no tag loss. However, fish that 
remained in the same position throughout the winter, 

spring, and into the summer of 2016 were presumed 

dead. We used x2 tests to test for differences in sur¬ 
vival, successful migration, and behavioral differences 

between the upper and lower release groups. Only fish 

that were detected at the most downstream receiver 
or fish that were detected in-river over the duration of 

the study were included in the survival analysis. Wil- 

coxon-Mann-Whitney tests were used to compare body 
condition index between groups of fish with different 

movements or survival outcomes. For the purposes of 

this study, we considered overwinter survival to take 
place between November and late April (ice-out); any 

movements after this were considered to take place 
during the spring, and we stopped tracking fish in 

early July 2016. 

Results 

We collected and tagged 55 fish from the hatchery: 53 
females and two males (Table 1). All were multiseawin- 
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Figure 2 

Representative paths of 4 tagged kelt Atlantic salmon (Salmo solar) tracked 

from mid-November 2015 to min-June 2016 on the Penobscot River, Maine. Pie 

charts indicate the proportion of fish that exhibited 1 of 2 movement patterns or 

1 of 2 mortality types. The gray pie charts provide percentages for fish released 

at the upriver site at river kilometer (rkm) 92, and the black pie charts provide 

percentages for fish released at the downriver site at rkm 43.5. The tracks indi¬ 

cate fish that (A) overwintered in freshwater and then migrated to the estuary 

in the spring, (B) had an apparent overwinter mortality, (C) outmigrated rapidly 

(within 1 month) after release, and (D) had an apparent initial mortality. The 

dotted lines represent locations of hydroelectric dams on the main stem of the 

river. Because our lowest radio receiver in the Penobscot River system was lo¬ 

cated at rkm 30, detection at that point was considered successful outmigration. 

ter fish (i.e. they spent >2 years maturing at sea), and 

because no grilse were tagged, only a limited number 
of males were available for the project. Total lengths 

ranged from 720 mm to 850 mm (median=77Q mm). 
Fish masses ranged from 3.3 kg to 5.9 kg (median=4.4 

kg), and body condition index ranged from -0.33 to 

0.16 (median=0.01). Of the 55 fish released, 30 were 
detected at least once on the stationary radio array, 

and 49 were detected at least once during mobile track¬ 

ing. Only three fish were never detected. Over half of 
all fish (56%) were tracked for more than 100 days 

(median=46 days). On the basis of detection histories 

(as described in the Materials and methods section) 
19 fish from the upriver release and 20 fish from the 

downriver were included in the survival analysis. 

Broadly considered, movement could be classified 
into 2 major groups overwintering in-system or rapid 

(within one month) downstream movement to the es¬ 
tuary (Fig. 2). Most of the tagged kelts (46 individu¬ 

als) overwintered in the Penobscot River, and only 6 

rapidly exited the system (Fig. 3). Of the 6 kelts that 
rapidly exited the system, 4 were initially released at 

the downriver site (rkm 43.5) and two were released 
at the upriver site (rkm 92). Many of the fish (36 in¬ 

dividuals) that remained in the river over the winter 

made directed upstream movements (Fig. 4). Fish that 

overwintered in the system did so between rkm 33 and 
rkm 99, depending on where they were stocked (i.e. 

under most river conditions Milford Dam at rkm 61 

impeded movement upstream). Of these, 15.4% of the 
fish were located downstream of the head of tide (~rkm 

48), 34.6% were located between the head of tide and 
Milford Dam, and the remainder of our tagged fish 

(50%) overwintered between Milford Dam and the Pis¬ 

cataquis River confluence within the main stem of the 
river. 

A total of 23 fish moved to the next dam upstream 
from their release location. Of these fish, 9 made re¬ 

peated approaches to the dams over a period of days 
or weeks, indicating that the dams likely impeded their 
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Figure 3 

Timing of outmigration (in months after release) of kelt At¬ 

lantic salmon (Salmo salar) released in an upriver site (light 

gray, river kilometer [rkm] 92) and a downriver site (dark 

gray, rkm 43.5) on the Penobscot River, Maine, on 17 Novem¬ 

ber 2015 and tracked with radio telemetry from release to 

mid-June 2016. The values on the y-axis represent the num¬ 

ber of fish exiting each month. 

upstream movement. Apparent overwinter survival 

was below 50%; 26 kelts were presumed dead in the 

river system and an additional 16 fish had an unknown 
outcome (8 from each release group). 

The apparent survival for kelts released upriver was 

43%. The maximum distance the 28 upper release fish 
could have moved upstream was 7 km before reaching 

the West Enfield Dam. Further movement was possible 

into the Passadumkeag River for up to 17 km before 
reaching the Pumpkin Hill Dam, although because of 

the absence of roads, this area was not tracked by a 

mobile receiver, except during our one flight. We found 
that 13 fish moved upstream from the release site (11 

during the first month following release), and 10 of 

these approached the dam. Half of the fish (14/28) re¬ 
leased upstream moved downstream past the Milford 

Dam. Most fish that successfully passed the dam did 

so before March, and only one fish descended from the 
upper river in May. Of the fish in this release group, 

4 were documented leaving the system through the 

estuary, including 2 of those that initially moved up¬ 
stream (Fig. 3). Of the 16 presumed fish that died in 

the upriver release group, 6 initially moved upstream, 
8 initially moved downstream, and 2 remained within 

1 rkm of the release site—a finding that indicated no 

relationship between initial movement choice and sur¬ 
vival. Of the presumed mortalities, 6 occurred after 

the fish had moved downstream over the Milford 

Dam. For the purposes of these analyses, mor¬ 
tality and movement are not mutually exclusive 

(i.e. a fish that was counted as moving upstream 
could also be counted as a mortality). 

The maximum distance that the 27 lower re¬ 

lease fish could have moved upstream from the 

release point in Brewer was 17.5 km before 
reaching Milford Dam. Of the 23 fish that moved 

upstream from the release site; 13 of those ap¬ 
proached the dam, and 1 passed the dam during 

a period of extreme high water in mid-December 

2015, when river discharges were more than twice 
the 113-year median. All upstream movements 

originating from the downriver release site took 

place before the end of January. Of these fish 9 
were eventually documented leaving the system, 

including 5 that initially moved upstream (Fig. 
3). An additional 10 fish in this release group 

were presumed dead. Of these fish, 6 moved up¬ 
stream initially, and 3 remained within 1 rkm of 

the release site. 

A larger proportion of kelts released downriver 
were observed making directed upstream move¬ 

ments than the proportion of kelts released at 
the upriver location exhibiting the same behav¬ 

ior (85% vs. 46%, x2=7.498, df=l, P-0.006). There 

was no difference in apparent survival to the es¬ 
tuary between the upriver and downriver release 

groups (14% and 33%, respectively, x2=l-8084, 
df=l, P=0.179). Apparent mortality over the 

course of the study and apparent initial mortality 
(fish that remained within 1 rkm of the release 

site for the duration of the study) were not different 
for the upriver and downriver groups (Table 2). There 

was no difference in body condition index between the 

fish that were documented successfully leaving the sys¬ 
tem, and the fish that were presumed dead (Wilcoxon- 

Mann-Whitney [W]=367, P-0.899). There was also no 
difference in body condition index between the fish that 

made directed movements upstream and those that 
moved downstream (W=343, P=0.566). 

Discussion 

The results of this study suggest that the majority (88%) 
of kelts released into the Penobscot River overwinter in 

freshwater, regardless of where they are released. This 
finding is consistent with research from the River Teno, 

where about one third of individuals (35%) moved direct¬ 

ly out to sea (Halttunen et al., 2010). Unlike Halttunen 
et al. (2013), we found no differences in body condi¬ 
tion index between fish that emigrated quickly and fish 

that overwintered in the Penobscot River. However, our 

data set of outmigrating fish was considerably smaller 
than Halttunen et al.’s (13 vs. 166 individuals), the fish 

spawned artificially in a hatchery rather than naturally 
in the river, and our outmigrating fish were all females 

(as opposed to mixed sex in Haltunnen et al. (2013)). 



Maynard et al.: Movement and mortality of Atlantic salmon kelts (Salmo salar) released into the Penobscot River, Maine 287 

Representative paths of Atlantic salmon (Salmo salar) kelts tracked with 

radio telemetry from mid-November 2015 to min-June 2016 on the Penob¬ 

scot River, Maine. The tracks in the top 2 graphs indicate movement of 2 

kelts (from the release site at river kilometer [rkm] 43.5) after the first 

month of release and the tracks in the bottom 2 graphs indicate move¬ 

ment of 2 kelts from the release site at rkm 92. The horizontal dotted 

lines represent dams located at rkm 61 and rkm 99 on the main stem of 

the river. 

Research from European rivers 

suggests that females are generally 
in better condition than males after 

spawning, likely because of low in¬ 

stances of aggression among female 
fish (Halttunen et al., 2013). Because 

their condition is generally better af¬ 

ter spawning, it may be more advan¬ 

tageous for females to remain in the 
low-productivity, low-risk freshwa¬ 

ter environment through the winter 

(Halttunen et al., 2013) to keep the 
risk of mortality low for those months, 

whereas males must enter the marine 
environment sooner to recondition. In 

our study, both males were presumed 
dead. Previous research has also doc¬ 

umented low postspawning survival 

among males, which leads to a higher 
proportion of iteroparous fish being fe¬ 

male (Niemela et al., 2006; Halttunen 

et al., 2010). However, given that the 
sex-ratio of our study fish was so heav¬ 

ily skewed toward females, it is pos¬ 
sible that our results are applicable 

only to female fish. With only 2 male 
fish (both released at the upriver re¬ 

lease, and both mortalities), it is very 

likely that we were unable to capture 
the full range of male postspawning 
behavior. 

Unlike the fish in several other 

studies of kelt movements (Bagliniere 
and Porcher, 1994; Komandina-Douth- 

wright et al., 1997; Cunjak et al., 
1998), many fish in our study made 

directed, upstream movements after release. However, 
in our study, kelts were released downriver from where 

they would naturally spawn, if not taken to the hatch¬ 
ery. This provides at least 2 possible reasons why fish 

would move upstream: to seek more advantageous hab¬ 

itat conditions and because they may have been more 
physiologically similar to ripe adults than postspawn¬ 

ing adults owing to the artificial spawning process at 
the hatchery. 

Further study is needed to clarify the causes of 

upstream movements, such as those we observed in 

hatchery-spawned kelts. One possible explanation for 
upstream movement centers on habitat availability. 

Estuarine habitat may be most desirable for kelts dur¬ 
ing severe winters (Cunjak et al., 1998) because of the 

absence of frazil ice in that area. However, the win¬ 

ter of 2015-16 was unusually mild, which may have 

contributed to kelts overwintering farther upstream 
in the watershed during our study. Additionally, stud¬ 
ies in other systems (Saunders, 1960; Komandina- 

Douthwright et al., 1997; Cunjak et al., 1998) have 

found that habitat complexity (e.g. lakes, large pools, 
islands, and other structure) was positively correlated 
with higher instream survival of postspawning fish and 

higher usage of freshwater habitat instead of marine 

or estuarine habitat. The first 38 rkm of the Penobscot 

River are commercially navigable, and relatively few 
islands (natural or artificial) exist downstream of rkm 

48. In contrast, the reach between rkm 48 and rkm 

61 is filled with artificial islands built for log drives, 
as well as several large natural islands. Therefore, for 

fish released at the downriver site, most of the com¬ 

plex habitat exists upriver of their release point. How¬ 
ever, because the habitat between rkm 61 and rkm 99 

is mostly complex, braided channel with many small 
islands, upstream migration would not be necessary for 

fish released at the upriver location to reach suitable 

overwintering habitat. 

Another possible explanation for upstream migra¬ 
tion after release is physiological. In our study, most 

of the fish in the lower release group and nearly half 

of the fish in the upper release group made directed 
movements upstream after release. However, other 

researchers have found that kelts move downstream 
after spawning (Bagliniere and Porcher, 1994). Up¬ 

stream movements late in the spawning season, as 
documented here, have only been documented in fish 
that were still ripe (Komandina-Douthwright et al., 
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Table 2 

Presumed mortality of kelt Atlantic salmon (Salmo salar) released at an upriver and a downriver site 

on the Penobscot River, Maine, on 17 November 2015 and tracked with radio telemetry from time 

of release to mid-June 2016. Fish presumed to be initial mortalities are those that remained within 

1 km of their release site for the duration of the study. Fish presumed to be overwinter mortalities 

are those that remained at a fixed location in the river for several months, including the end of the 

study in mid-June 2016. Total presumed mortality includes both initial mortalities and overwinter 

mortalities. Mortality between the two release sites was compared using a chi-square (%2) test. 

Mortality Upriver (28 individuals) Downriver (27 individuals) x2 df P 

Initial 2(0.071) 3(0.111) 0.002 1 0.966 

Overwinter 14(0.500) 7(0.259) 2.432 1 0.119 

Total 16(0.571) 10(0.370) 1.496 1 0.221 

1997). Because spawning of all the fish in our study 

was artificially induced in a hatchery, many still had 

gametes in the abdominal cavity when we surgically 
implanted tags. Physiological mechanisms to motivate 
upstream migration before spawning have been noted 

in previous studies (Bendall et al., 2012), therefore it 
is possible that our kelts were behaving more like ripe 

adults than postspawning adults, given that gametes 

were still present. The majority (95.3%) of upstream 
movements in individuals from both release sites 

ceased within a month of release. Therefore, without 
further knowledge of the physiology of each fish, it is 

difficult to determine a trigger for upstream movement. 
Regardless of the mechanism behind upstream move¬ 

ment, the fact that kelts continue to move throughout 

the fall and early winter may be of concern to river 
managers. During this time of year, fish passage struc¬ 

tures (in both upstream and downstream directions) 

are typically closed to avoid damage from ice and de¬ 
bris (Simpson6). Keeping these facilities operational in 

the winter may require substantial expenditures of ef¬ 

fort and capital, but may also provide an opportunity 
for better survival, particularly for kelts moving in a 

downstream direction. 
Because of the logistics of maintaining the radio re¬ 

ceiver array, we were unable to place receivers on the 

Stillwater Branch of the river. Because of this gap in 

coverage, we were unable to determine the predomi¬ 
nant path choice around Marsh Island (rkm 56-63) for 

fish outmigrating from the upriver release location. In 
the future, securing access to sites along this portion 

of the river could help determine whether path choice 

around the island influences mortality in the lower 
river. Previous research on Atlantic salmon smolts has 

shown that downstream passage at hydroelectric fa¬ 
cilities results in decreased survival farther downriver 

(Stich et al., 2015). Because path choice influences the 

number of dams passed (e.g. there is one dam on the 
east side of the island and three on the west, Fig. 1), 

6 Simpson, M. 2017. Personal commun. Maine Dep. Mar. 
Resour., 21 State House Station, Augusta, ME 04333-0021. 

it may be also be linked to survival. Just as smolts 
are at risk of being descaled, of movement delays, and 

depredation at dams, these sites may also pose risks to 
downstream migrating kelts. 

In both release groups, 8 tags were lost to the radio 

network, and we were unable to ascertain their area of 
disposition. The lack of transmissions from these tags 

could be due to a number of factors. First and foremost, 

the tags were all repurposed from an earlier study of 
upstream migrating Atlantic salmon, and therefore 
their batteries had already been somewhat depleted. 

Additionally, some tags may have been removed from 

the watershed either by poachers or wildlife (e.g. birds 
of prey). Finally, the most downriver receiver in the 

system covered a portion of the river that is inundated 
with salt water at high tide. Salt water can interfere 

with radio signals and likely reduced the probability of 
detection at that receiver during certain time periods. 

Survival of kelts released into the Penobscot River 
was relatively low, compared with survival in Euro¬ 

pean rivers, which may contribute to the observed de¬ 
clines in the number of multispawning individuals in 
the population (Maynard et al., 2017). Apparent initial 

mortality (fish that remained within 1 km of release 

for the duration of the study) was <15% in both re¬ 
lease groups. There was no significant difference in 

apparent overwinter mortality between the groups. 
Apparent survival to outmigration was at least 23.6% 

(13/55 individuals) , which is considerably lower than 

documented survival to outmigration in the River Imsa 
(65-85%; Jonsson et ah, 1990) in Norway and in the 

Burrishoole River in Ireland (40%; Piggins, 1990). Be¬ 
cause 2015-2016 was an unusually warm winter, an 

absence of ice cover on the river may have contributed 

to low survival because kelts are known to use ice for 
refuge from aerial predators (Cunjak et al., 1998) such 

as bald eagles (Willson and Halupka, 1995). Since the 
initiation of the Penobscot River Restoration Project, 

the proportion of bald eagle diets made up of marine- 
derived nutrients has been increasing (Call, 2015). Al¬ 

though survival to repeat spawning varies among river 
systems (2-25%, Jonsson et ah, 1991), multispawning 
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returns to the Penobscot River have averaged 0.04% 

in the past decade. This percentage is below that of 
reports from degraded rivers in France where multi¬ 

spawning individuals made up 0.5-3% of spawning 

runs (Bardonnet and Bagliniere, 2000). 

The majority of keits released into the Penobscot 
River overwintered in freshwater or the estuary rather 

than makimg a rapid exit to the marine environment. 

There was no measurable difference in migratory tim¬ 

ing between fish released downstream of the head of 

tide and those released ~5Q km upstream, and some 

fish stocked upstream were able to successfully mi¬ 

grate to the ocean through one or two hydroelectric 

facilities. Survival rates were comparable for the two 

release groups, but were lower than expected. Addi¬ 

tionally, the majority of tagged fish exhibited directed, 
upstream movements more characteristic of ripe fish 

than spent fish. Survival and movement patterns may 

have been influenced by an unusually mild winter. Fu¬ 

ture research may benefit from a longer time-series 

of data, as well as better quantification of the repro¬ 

ductive status of the fish. The focus of this study was 

to document the possibility of adult Atlantic salmon 
requiring passage both upstream and downstream at 

dams in the Penobscot River during time periods when 

these facilities traditionally are nonoperational. 
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Abstract—Data from the West Coast 

Bottom Trawl Survey and from sur¬ 

veys conducted with a manned sub¬ 

mersible in nearby untrawlable 

areas were used to compare length 

distributions for greenspotted rock- 

fish (Sebastes chlorostictus), green- 

striped rockfish {S. elongatus), ca¬ 

nary rockfish (S. pinniger), and 

vermilion rockfish (S. miniatus) off 

central California. For all 4 species, 

broader size ranges and greater pro¬ 

portions of small fish were present 

in the data from the submersible 

surveys, and length distributions 

were significantly different (P<0.01) 

in comparisons of all lengths from 

the submersible surveys with all 

lengths from the trawl surveys, as 

well as in comparisons of lengths 

from the submersible surveys and 

trawl surveys over trawlable habi¬ 

tat. For 3 species, length distribu¬ 

tions were significantly different 

in comparisons of lengths obtained 

from submersible surveys on traw¬ 

lable and on untrawlable habitats. 

Trawl selectivity curves from recent 

stock assessments were evaluated 

in relation to the length data for 

greenspotted, greenstriped, and ca¬ 

nary rockfish. Although derived from 

a larger spatiotemporal extent than 

our study, greenspotted and green- 

striped rockfish selectivity curves 

appear to account for the reduced 

frequency of small fish in the trawl 

survey, whereas the canary rockfish 

selectivity curve does not. Similar 

comparisons between submersible 

and trawl-survey rockfish lengths 

from other regions of the west coast 

could help address spatial variabil¬ 

ity in trawl survey selectivity and 

further inform selectivity functions 

for stock assessments. 
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Rockfishes (genus Sebastes) have 
been historically significant for Cali¬ 

fornia commercial and recreational 

fisheries. Approximately 40 of the 
more than 60 species that occur off 

California have been harvested over 

the last 150 years (Love et al., 2002; 
Love, 2006). Most of these species 

occur at depths of 30-500 m on the 

continental shelf and upper conti¬ 
nental slope off California, and as¬ 

sociate with complex rocky seafloor 

habitats, such as pinnacles, rock 
ridges, boulders, canyon walls, and 

cobbles, mixed with varying amounts 

of low relief soft sediments (Love and 
Yoklavich, 2006). The diversity of 

deepwater rockfishes and the com¬ 

plex habitats that they occupy make 
them difficult to study and manage. 

Most Pacific rockfishes are man¬ 

aged by the Pacific Fisheries Man¬ 
agement Council in accordance with 

its Pacific Coast Groundfish Fishery 

Management Plan and stock assess¬ 
ment process (website), as first re¬ 

quired by the Magnuson-Stevens 
Fishery Conservation and Manage¬ 

ment Act of 1976. Since 1999, several 
rockfish species have recovered from 

an overfished to a rebuilt status; 
currently, 2 species remain classified 

as overfished and in rebuilding sta¬ 

tus (cowcod [S. levis]] and yelloweye 
rockfish [S. ruberrimusj). However, 

regulatory measures implemented to 
reduce fishing mortality for rebuild¬ 

ing rockfish stocks have also reduced 

the amount of fishery-dependent 
data available for stock assessments 

(Field et al., 2006; Starr et al., 

2016). A principal source of fishery- 
independent data for rockfish stock 

assessments is the Northwest Fish¬ 

eries Science Center (NWFSC) West 
Coast Bottom Trawl Survey (hereaf¬ 

ter referred to as the trawl survey; 
Keller et al., 2017), which cannot 

be conducted in complex rocky habi¬ 

tats where the highest densities of 
most deep-water rockfishes occur. 

Recognizing that trawl survey data 

may not represent many rockfish 

populations adequately, the Pacific 
Fisheries Management Council has 

encouraged the development of sur¬ 
vey methods in untrawlable areas 

and research on the relative density, 
age, and length composition of rock¬ 

fishes in trawlable and untrawlable 
areas (PFMC1). In particular, com¬ 
parisons of length composition data 

between trawlable and untrawlable 

1 PFMC (Pacific Fishery Management 
Council). 2013. Groundfish fishery 
management plan. In Research and 
data needs 2013, p. 21-31. Pacific Fish¬ 
ery Management Council, Portland, OR.. 
[Available at website.] 
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areas could increase understanding of trawl-survey se¬ 

lectivity, thereby improving model estimates of stock 

abundance. 
Length composition data are among the fundamen¬ 

tal sources of information used to assess fish popu¬ 

lations (Ono et al., 2015), and sampled lengths ide¬ 

ally would represent the true distribution of lengths 
in a population. Length distributions are used to es¬ 

timate critical population parameters (e.g., growth, 

mortality, recruitment), and the selectivity of fishing 
gear or scientific sampling methods. Length-depen- 

dent selectivity values are estimated from the fit of 

a stock assessment model to trawl survey data; se¬ 

lectivity can be thought of as a function of the avail¬ 
ability of all lengths in the population to the trawl 

gear and the efficiency with which the gear samples 

those available lengths (Sampson, 2014; Weinberg et 
al., 2016). Selectivity also can be considered as the 

probability of a fish being sampled in relation to its 
length (Maunder et al., 2014). The selectivity func¬ 

tion relates the index of abundance from the trawl 

survey to the estimate of total population abundance 
from the stock assessment model, and can interact 

with related model parameters, such as growth and 

natural mortality. Therefore, appropriate specification 

of selectivity is critical for reliable model outputs, 
evaluation of stock status, and resulting management 

recommendations (Maunder et al., 2014; Sampson, 
2014; Weinberg et al., 2016). 

Submersible surveys of demersal rockfishes that are 

most abundant in deepwater, untrawlable habitats can 
provide non-extractive, fishery-independent estimates 

of abundance, size composition, and biomass for stock 

assessments, e.g., cowcod (Yoklavich et al., 2007; Dick 
and MacCall, 2014); and yelloweye rockfish (O’Connell 

et al.2). Such surveys provide spatially explicit data 
that reveal patterns in abundance, size, and biomass, 

as well as habitat associations and community struc¬ 

ture that are not possible with other survey methods 
(Yoklavich et al., 2000; Yoklavich and O’Connell, 2008; 

Wedding and Yoklavich, 2015). Length composition 

data from submersible surveys of rockfishes in areas of 
untrawlable habitat can be used to assess the extent to 

which length data from trawl surveys represent these 

populations on a regional basis, and to provide infor¬ 
mation to aid stock assessors with choosing a function 

that best represents trawl survey selectivity for a given 
species. 

In this study, we examined length data collected 

off central California in trawl surveys and from sur¬ 
veys conducted with a manned submersible in nearby 

untrawlable areas. Our objectives were to compare 

length distributions of demersal rockfishes sampled in 
these two surveys, to evaluate the extent to which they 

might differ, and thereby to inform trawl survey selec- 

2 O’Connell, V., C. Brylinsky, and D. Garble. 2003. Demer¬ 
sal shelf rockfish stock assessment and fishery evaluation 
report for 2004. Alaska Dep. Fish Game., Reg. Inf. Rep. 
1J03-39, 36 p. [Available from website] 

tivity functions used in stock assessments for selected 
species. 

Materials and methods 

Our study area was located off central California with¬ 
in the region bounded by latitudes 36°N (just south of 

Big Creek) and 37°N (Davenport), which was the geo¬ 

graphic extent of the most recent submersible surveys 
conducted during a 7-yr period 2003-2009 (Fig. 1). We 

chose the period 2003-2009 for our study because our 

initial examination of length data for several species 
sampled during the trawl survey indicated that we 
would need to combine data from multiple years to en¬ 

sure adequate data for comparison. 

Submersible surveys of fishes and habitats 
were conducted with the 2-person Delta (Delta 

Oceanographies,3 Torrance, CA) during daytime hours 

(typically 0700-1700) between late August and early 
November in years 2003, 2004, 2007, 2008, and 2009. 

Surveys of a total of 919 strip transects 2 m in width 
and averaging 248 m in length (standard deviation 

[SD] 54.4) were conducted at depths ranging from 24 

to 326 m in submarine canyon and continental shelf 
locations. Strip-transect surveys of 10-min duration 

were directed by a scientific navigator aboard the sup¬ 
port FV Velero IV and were located in areas of rocky 

substrata determined from maps of bathymetry and 
interpreted seafloor habitat (Monterey Bay Aquarium 

Research Institute, website; California State Univer¬ 
sity Monterey Bay Seafloor Mapping Lab, website; 

Yoklavich et al., 1997; Eittreim et al., 2002). The posi¬ 

tion of the submersible was displayed in ArcGIS, vers. 
9.0-9.3 (Esri, Redlands, CA) and tracked at 1- to 3-s 

intervals with an ORE Trackpoint II ultra-short base¬ 
line (USBL) acoustic system (EdgeTech, West Ware- 

ham, MA) and WinFrog software (Fugro, Leidschen- 
dam, Netherlands). The length of each transect was 

estimated either from the edited and smoothed USBL 

navigation data, or from a MiniRLG2 ring laser gyro¬ 
compass (Teledyne TSS, Watford, UK) and NavQuest 

600 Micro Doppler Velocity Log (LinkQuest, Inc., San 

Diego, CA) mounted on the outside of the submersible. 
Details about the Delta survey vehicle, its associated 

equipment, and visual survey methods are described 
by Laidig and Yoklavich (2016) and Yoklavich and 

O’Connell (2008). 
From inside Delta, a pilot and a scientist conducted 

the transect surveys. The pilot operated the submers¬ 
ible within 1 m of the seafloor at a speed of 0.3-0.5 m/s 
(0.5-1.0 kn), while the scientist identified and counted 

all fishes within the transect, and estimated their total 
lengths (TL) to the nearest 5 cm by direct observation 

in situ. A video camera and lights (Laidig and Yoklav¬ 

ich, 2016), mounted externally on the starboard side of 

3 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 
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The study area off central California with locations where transects of 

submersible surveys (black dots) and hauls of the Northwest Fisheries 

Science Center West Coast Bottom Trawl Survey (black crosses) were 

conducted from 2003 through 2009. Only transects and hauls with 

positive occurrence of one or more of the following 4 rockfish species 

at depths 55-326 m are shown: greenspotted rockfish (Sebastes chlo- 

rostictus), greenstriped rockfish (S. elongatus), vermilion rockfish (S. 

miniatus), and canary rockfish (S. pinniger). Depth contours are in 

meters. 

the submersible above the scientist’s viewport, recorded 

the view of the transect area and the scientist’s narra¬ 
tion. Two parallel lasers, spaced 20 cm apart on either 

side of the camera, aided estimates of fish lengths. A 
handheld sonar gun was used by the scientist to esti¬ 

mate and maintain the 2-m transect width. The time 
of each fish observation, along with counts and length 

estimates, was entered into a relational database dur¬ 

ing subsequent video analysis. 

The amount and type of seafloor habitat within each 
subsmersible transect were defined from a video review. 

Contiguous patches comprised primary (>50% of the 

area) and secondary (>20% of the area) habitat types 
delineated by time (at least a 3-s duration) along each 

transect. Habitat types were 1) high-relief rock outcrop 
(>1 m and <3 m in-place rock), pinnacle (>3 m, isolated 

rock outcrop) and boulder (>25 cm); and 2) low-relief 

cobble (>6 cm and <25 cm), flat rock, brachiopod bed, 
pebble (>2 cm and <6 cm), gravel (>4 mm and <2 cm), 

sand, and mud. The area of each habitat patch was 
estimated by multiplying the 2-m transect width by the 

patch length. We categorized these habitat patches as 
untrawlable or trawlable after consulting with scien¬ 

tists familiar with the trawl survey and our habitat 



294 Fishery Bulletin 116(3-4) 

classification method (Whitmire,4 Wakefield5). Untraw- 

lable habitats were considered to be primary and sec¬ 

ondary combinations of at least 1 high-relief type, e.g., 

boulder-boulder, rock-mud, or sand-pinnacle. Trawlable 
habitats were primary and secondary combinations of 

low-relief types, e.g., cobble-cobble, cobble-mud, mud- 

mud, flat rock-sand. Trawlable habitats within a tran¬ 

sect were considered to be proxies for the type of area 
surveyed by a trawl, although these patches were too 

small to be trawled. We noted the occurrence of each 

fish on untrawlable or trawlable habitat patches. 
The current trawl survey has been conducted an¬ 

nually off the U.S. west coast since 2003, from Cape 

Flattery, Washington (48.3°N latitude), to the border 
with Mexico (32.6°N latitude). Detailed descriptions of 

the survey design, sampling allocation, protocols, and 

equipment are provided by Keller et al. (2017). A strat¬ 
ified, random grid design and chartered commercial 

bottom trawlers were used to sample depths 55-1280 

m during daylight (after sunrise and before sunset). 
Cells within the grid were 3.7 km (2.0 nautical mile 

fnmi]) latitude by 2.8 km (1.5 nmi) longitude in size 
and were selected randomly from depth and latitudi¬ 

nal strata. Within a selected cell, the captain of the 

vessel surveyed the seafloor with sonar to find suit¬ 
able areas that were large enough to accommodate a 

15-min trawl haul conducted at a speed of 1.1 m/s (2.2 

kn). Trawlable habitat types were low to moderate in 
relief and included little substrata larger than cobble 

(Wakefield5). 

The trawl net was an Aberdeen-type bottom trawl 
(NET Systems, Inc., Bainbridge Island, WA) with a 
14.0-cm (5.5-in) stretch mesh and 3.8-cm (1.5-in) mesh 

liner that extended from the middle of the intermedi¬ 
ate section to the codend. The spread of the net when 

deployed was approximately 5 m high and 14 m at the 

wing tips. The footrope had a continuous series of 25.4- 
cm (10-in) rubber disks that allowed the net to pass 
over cobbles (Wakefield5). Predetermined species of 

management concern or interest were subsampled ran¬ 

domly for individual length measurements. Depending 
on the species, up to 100 individuals were measured 

(fork length [FL]) to the nearest cm from each haul 
(Keller et al., 2017). 

Trawl survey data were obtained from the NWFSC 

Data Warehouse: (website). We selected trawl hauls 

with the project name “Groundfish Slope and Shelf 
Combination Survey,” with a “satisfactory” performance 

(determined from sensors attached to the trawl net to 

monitor bottom contact and the net opening [Keller et 
al., 2017]), and from latitudes 36° to 37°N and years 

2003-2009, resulting in a total of 139 hauls conducted 

at depths 60-1208 m from June through October. 

4 Whitmire, C. 2017. Personal commun. Northwest Fish. 
Sci. Cent., Natl. Mar. Fish. Serv., NOAA, 99 Pacific St., Bldg. 
255-A, Monterey, CA 93940. 

5 Wakefield, W. 2017. Personal commun. Northwest Fish. 
Sci. Cent., Natl. Mar. Fish. Serv., 2032 SE OSU Dr., New¬ 
port, OR 97365-5275. 

We examined the length data from the trawl and 
submersible surveys for harvested deepwater rockfishes 

that commonly occur off central California within the 

overlapping depth range of the two surveys (55-326 m) 
(Love et al., 2002). Species with at least 50 length re¬ 

cords from each survey were considered for comparison. 

We also considered species that have different orien¬ 
tations to the seafloor (i.e., on-the-bottom dwellers, 

near-the-bottom dwellers) and habitat associations, as 

described in Yoklavich et al. (2000), Love et al. (2002), 
and Laidig et al. (2009). On the basis of these consider¬ 

ations, we selected 4 rockfishes for analysis: greenspot- 
ted rockfish (S. chlorostictus), a bottom-dwelling species 

that occurs on a wide range of habitats; greenstriped 
rockfish (S. elongatus), a bottom-dwelling species that 

occurs primarily on low-relief cobble and mud; canary 

rockfish (S. pinniger), a near-bottom species that oc¬ 
curs over high-relief rock; and vermilion rockfish (S. 

miniatus), a near-bottom species that occurs over high- 
relief rock. 

From submersible transects and trawl hauls (i.e., 

samples) with positive occurrences and length data for 
each of these 4 species, we examined the number of 

samples, total area sampled, and numbers and depths 

of fish measured from each survey. Fish length data 
from depths <55 m in the submersible survey were 

eliminated to match the shallow depth limit of the 
trawl survey. Fish length data from the trawl sur¬ 

vey fell within the 326-m maximum depth of the sub¬ 

mersible survey; therefore none was eliminated. Fish 
lengths measured from the trawl survey were convert¬ 

ed from FL to TL by using conversions from Echeverria 
and Lenarz (1984). Within the 2 surveys, length data 

for each species were weighted by sampling effort. 
For each species, we compared 1) all lengths from 

trawl and submersible surveys; 2) lengths from the 

submersible survey associated with untrawlable and 
trawlable habitats; and 3) lengths from trawl and sub¬ 

mersible surveys associated with trawlable habitats. 

For these comparisons, we plotted lengths as the per¬ 
centage of total frequency, using trawl data binned to 

5-cm increments (bin as the midpoint) to match the 
format of the submersible data, and we added the 

trawl survey selectivity curve (not available for ver¬ 
milion rockfish) from the most recent stock assessment 

to the plots with trawl data. To test whether 2 length- 

frequency distributions came from the same distribu¬ 
tion, we used Pearson’s chi-square two-sample test in 

R statistical software, vers. 3.3.2 (R Core Team, 2016) 
and trawl data binned to 5-cm increments. The means 

of the length data and the 10%, 50%, and 90% quan¬ 

tiles were calculated (trawl data, however, not binned) 

with R statistical software (R Core Team, 2016). 

Results 

The spatial distribution of submersible transects and 
trawl hauls with 1 or more of the 4 species present 

in our study from depths >55 m was fundamentally 
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Table 1 

Characteristics of samples from submersible and bottom-trawl surveys used to compare length distributions of 4 species of 

rockfish (Sebastes spp.) off central California (36-37°N latitude) during 2003-2009. Habitats categorized as trawlable within 

the submersible surveys were considered rough proxies for the trawl survey because they were too small to be trawled. Com¬ 

mon depth ranges for species are from Love et al. (2002). 

Species Survey 

No. of 

transects 

or hauls 

Total area 

sampled 

(m2) 

Area of 

trawlable 

habitat 

surveyed (%) 

No. 

of fish 

measured 

Avg. depth 

and depth 

range (m) of 

measured fish 

Common 

depth range 

(m) of 

species 

Greenspotted rockfish Submersible 503 250,970 40 3282 132(55-307) 30-363 

Trawl 20 318,699 100 292 109(85-239) 

Greenstriped rockfish Submersible 369 189,596 47 2157 125(80-299) 100-250 

Trawl 28 461,814 100 601 126(94-264) 

Vermilion rockfish Submersible 139 65,846 22 695 111(55-203) 50-150 

Trawl 6 90,812 100 80 111(81-121) 

Canary rockfish Submersible 120 53,313 27 667 108(55-233) 80-200 

Trawl 9 144,062 100 90 98 (84-161) 

different (Fig. 1). A total of 609 submersible transects 

were clustered in canyons and areas of relief, whereas 
35 trawl hauls were dispersed outside of these areas. 

Length data from the trawl and submersible surveys 
were collected from overlapping depths throughout the 

common depth range of all 4 species (Table 1). Range 

of depth was broader for the submersible data. Traw¬ 
lable habitat represented less than 50% of the total 

habitat sampled along submersible transects and var¬ 

ied by species. Transects with vermilion and canary 
rockfishes present contained the least amount of traw¬ 

lable habitat, while those with greenspotted and green- 
striped rockfishes contained greater amounts of habi¬ 

tat categorized as trawlable. In general, the amount 

of seafloor area sampled in relation to the number of 
fish measured was considerably greater for trawl hauls 

than for submersible transects. 
The first comparison, that of length distributions of 

all individuals of each of the 4 species, revealed signifi¬ 

cantly different distributions for the 2 surveys (Pear¬ 

son’s chi-square two-sample test, P<0.001), and there 
was a broader range of lengths and greater proportion 
of small fish in the submersible data (Fig. 2, Table 2). 

Greater proportions of greenspotted and greenstriped 

rockfishes <30 cm TL and <20 cm TL respectively, and 
canary and vermilion rockfishes <40 cm TL and <45 

cm TL respectively, were present in the submersible 

data than in the trawl data. Binned maximum lengths 

from the 2 surveys were the same for greenstriped (40 
cm TL) and vermilion (60 cm TL) rockfishes, 5 cm TL 

larger in the submersible survey for greenspotted rock- 
fish (50 cm TL), and 15 cm TL larger in the submers¬ 

ible survey for canary rockfish (70 cm TL). Greenspot¬ 

ted rockfish length distributions were most similar be¬ 
tween the surveys, although two peaks were present in 

the trawl survey data; all but the smallest (5 cm TL) 
and largest (50 cm TL) length bins were represented in 

trawl survey data for this species. Length distributions 
of vermilion and canary rockfishes were most dissimi¬ 

lar between the surveys; several length bins with data 

from the submersible survey were missing data from 
the trawl survey, and the 10% length quartiles differed 
by ca. 10-cm-TL. 

Trawl survey selectivity curves for greenspotted and 
greenstriped rockfishes are consistent with a reduced 

proportion of small fish compared with the proportion 

from the submersible survey (Fig. 2). The dispropor¬ 
tionate number of small canary rockfish in the sub¬ 

mersible survey, compared with that in the trawl sur¬ 

vey, is not consistent with the estimated trawl selectiv¬ 
ity curve for that species. If canary rockfish larger than 

15 cm TL are 100% vulnerable to the trawl survey, as 

implied by the selectivity curve, the expected propor¬ 
tions of small sizes would be at least as large as those 

in the submersible survey. 
The second comparison, that of length distributions 

of fish from the submersible survey on untrawlable 

and trawlable habitats (Fig. 3), revealed significantly 

different distributions for greenspotted, greenstriped, 
and canary rockfishes (Pearson’s chi-square two-sample 

test, P<0.001), whereas those of vermilion rockfish were 
not (Table 3). Mean lengths for all, except vermilion 

rockfish, were smaller on trawlable than on untraw¬ 

lable habitat. All sizes of greenspotted rockfish were 
present on both habitat types; however, small (<20 cm 
TL) fish occurred in greater proportion on trawlable 

than on untrawlable habitat. Greenstriped rockfish, 

with almost equal numbers of lengths from the 2 habi¬ 
tats, had a greater proportion of small (<20 cm TL) 

fish on trawlable habitat. The small number of canary 

rockfish that were surveyed on trawlable habitat (35 
individuals) also had a greater proportion of small (<20 

cm TL) fish than the proportion of small fish present 

on untrawlable habitat. Although length distributions 
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Figure 2 

Length-frequency distributions of 4 species of rockfish (Sebastes spp.) sampled in submers¬ 

ible surveys (S, dark gray bars) and the Northwest Fisheries Science Center West Coast 

Bottom Trawl Survey (T, checkered bars) conducted off central California (36-37°N latitude) 

during 2003-2009. The curved line represents the bottom-trawl selectivity function from the 

most recent stock assessment for each species (not available for vermilion rockfish, Sebastes 

miniatus). The solid and dashed vertical lines indicate the mean lengths from submersible 

and bottom-trawl surveys, respectively. 

Table 2 

Values for 10%, 50%, and 90% total length quantiles (cm) and results of a chi-square two- 

sample test in comparing length distributions of all individuals of 4 species of rockfish (Se¬ 

bastes spp.) from submersible surveys in untrawlable areas and trawl surveys conducted off 

central California (36-37°N latitude) during 2003-2009. Length data were estimated to the 

nearest 5 cm during submersible surveys and to the nearest 1 cm during trawl surveys. For 

the chi-square test, length data from trawl surveys were binned to 5-cm increments (bin as 

midpoint) to match the format of data from submersible surveys. 

Species 

Submersible 

10%, 50%, 90% 

length quantiles 

Trawl 

10%, 50%, 90% 

length quantiles 

Chi-square 

two-sample test 

Greenspotted rockfish 10, 25, 35 14, 26, 36 88.311, df=9, P<0.001 

Greenstriped rockfish 5, 20, 25 17, 23, 29 314.36, df=7, P<0.001 

Vermilion rockfish 30, 45, 50 42, 47, 52 29.5, df=9, P<0.001 

Canary rockfish 25, 40, 60 37, 42, 50 50.354, df=ll, P<0.001 
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Figure 3 

Length-frequency distributions of 4 species of rockfish (Sebastes spp.) on untrawlable 

high-relief habitat (UT, dark gray bars) and trawlable low relief habitat (T, hatched 

bars) from submersible surveys conducted off central California (36-37°N latitude) dur¬ 

ing 2003-2009. The solid and dashed vertical lines indicate the mean lengths of fish on 

untrawlable and trawlable habitats, respectively. 

Table 3 

Values of 10%, 50%, and 90% total length quantiles (cm) and results of a chi-square two- 

sample test in comparing length distributions of 4 species of rockfish (Sebastes spp.) from 

submersible surveys conducted in untrawlable and trawlable habitat off central California 

(36-37°N latitude) during 2003-2009. Length data were estimated to the nearest 5 cm. 

Species 

10%, 50%, 90% 

length quantiles, 

untrawlable habitat 

10%, 50%, 90% 

length quantiles, 

trawlable habitat 

Chi-square 

two-sample test 

Greenspotted rockfish 10, 25, 40 10, 15, 30 235.33, df=9, P<0.001 

Greenstriped rockfish 10, 20, 30 5, 15, 25 466.99, df=7, PcO.001 

Vermilion rockfish 30, 40, 50 35, 45, 50 9.2217, df=9, P=0.4171 

Canary rockfish 25, 40, 60 15, 30, 45 202.52, df=ll, P<0.001 
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Figure 4 

Length-frequency distributions of 4 species of rockfish (Sebastes spp.) on trawlable low- 

relief habitat from submersible surveys (ST, dark gray bars with diagonal hatches) and 

the Northwest Fisheries Science Center West Coast Bottom Trawl Survey (T, checkered 

bars) conducted off central California (36-37°N latitude) during 2003-2009. The curved 

line represents the bottom-trawl selectivity function from the most recent stock assess¬ 

ment for each species (not available for vermilion rockfish, Sebastes miniatus). The solid 

and dashed vertical lines indicate the mean lengths from submersible and bottom-trawl 

surveys, respectively. 

of vermilion rockfish on the 2 habitats were not sig¬ 

nificantly different, fish <35 cm TL occurred in greater 
proportion on untrawlable habitat. 

The third comparison, that of length distributions of 

fish from submersible surveys on low-relief trawlable 
habitat with those from the trawl survey (Fig. 4) was 

significantly different for all 4 species (Pearson’s chi- 

square two-sample test, P<0.001; Table 4). In these 
comparisons, the dissimilarity in length distributions 

between the two surveys was even more apparent for 

greenspotted, greenstriped, and canary rockfishes than 
when all submersible survey data for these species, re¬ 

gardless of habitat, were compared with trawl survey 
data (Fig. 2, Table 2). The difference in the proportion 

of small fish present in the two surveys was particular¬ 

ly pronounced for greenstriped and canary rockfishes, 
with 10% length quartiles of 5 and 17 cm TL (green¬ 

striped) and 15 and 37 cm TL (canary) in submersible 

and trawl survey data, respectively. In contrast, length 
distributions for vermilion rockfish were more similar 

between surveys than length distributions for the other 
species, owing to a greater proportion of large vermil¬ 

ion rockfish (>45 cm TL) on trawlable habitat in the 
submersible survey data. 

Discussion 

Our study provides a useful comparison of length 

data collected by the West Coast Bottom Trawl Sur¬ 
vey and nearby submersible surveys in untrawlable 

areas, for some deepwater rockfishes off central Cali¬ 
fornia. Although the trawl survey samples areas of 

soft and low-relief habitats where relatively low den¬ 

sities of many rockfishes occur, there were enough 
length data for comparisons of some species that 

associate mostly with mixed and high-relief rocky 

habitats. The broader length and depth distributions 
present in the submersible survey data allowed infor¬ 

mative comparisons with the trawl survey data. We 

could not directly address whether the low proportion 
of small sizes in the trawl data was due to habitat 

(i.e., small fish not available on trawlable habitat) or 
gear selectivity. However, the greater proportion of 

small sizes present on trawlable habitats in the sub¬ 
mersible survey data (in particular for greenstriped 

rockfish), and the similar maximum lengths present 
in both surveys (Fig. 4) suggest that gear selectiv¬ 

ity was the cause. Similarly, commercial trawl gear 
selects for larger sizes and would not be expected 
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Table 4 

Values for 10%, 50%, and 90% total length quantiles (cm) and results of a chi-square two-sample 

test in comparing length distributions of 4 species of rockfish (Sebastes spp.) from submersible 

surveys in low-relief (<25 cm), trawlable habitat and from trawl surveys conducted off central 

California (36-37°N latitude) during 2003-2009. Length data were estimated to the nearest 5 cm 

during submersible surveys and to the nearest 1 cm during trawl surveys. For the chi-square test, 

length data from trawl surveys were binned to 5-cm increments (bin as midpoint) to match the 

format of data from submersible surveys. 

Species 

10%, 50%, 90% 

length quantiles, 

untrawlable habitat 

10%, 50%, 90% 

length quantiles, 

trawlable habitat 

Chi-square 

two-sample test 

Greenspotted rockfish 10, 15, 30 14, 26, 36 138.9, df=9, P<0.001 

Greenstriped rockfish 5, 15, 25 17, 23, 29 574.01, df=7, P<0.001 

Vermilion rockfish 35, 45, 50 42, 47, 52 16.58, df=7, P<0.02032 

Canary rockfish 15, 30, 45 37, 42, 50 73.905, df=10, P<0.001 

to cause the reduced numbers of small sizes we ob¬ 
served in the trawl survey data. 

An important consideration for our study was the 
accuracy of visually estimated fish lengths from the 

submersible survey. Trawl length data are in-hand 

measurements to the nearest cm, whereas submersible 
length data are visually estimated underwater to the 

nearest 5 cm with the aid of paired lasers. Yoklavich 

et al. (2007) conducted a study to address the error as¬ 
sociated with visual estimates of fish length from the 

Delta submersible and found lengths were underesti¬ 
mated by 1.1 cm on average. Given that the trawl sur¬ 

vey data were binned to 5-cm increments for plotting 
and the chi-square test, and maximum lengths from 

the submersible survey were similar or greater than 

those from the trawl survey, we did not consider the 
relatively small amount of error associated with visu¬ 

ally estimated length data to have contributed greatly 

to the differences found in our study. 
Before our comparisons of lengths, we surmised that 

lengths from the submersible survey would be more 
similar to lengths from the trawl survey for green'’pet¬ 

ted and greenstriped rockfishes than for canary and 

vermilion rockfishes, on the basis of known habitat 

associations of these species that would make them 
more or less available to the trawl survey. To some 

extent, this assumption held true. Greenspotted rock- 
fish, which associate with a wide variety of high- and 

low-relief habitats (Yoklavich et al., 2000; Love et al., 

2002; Laidig et al., 2009), had similar length distribu¬ 
tions and mean lengths between the surveys when all 

fish, regardless of habitat, were compared; the distri¬ 

butions were significantly different, however, because 
of the large amount of length data from the submers¬ 

ible survey. Canary and vermilion rockfishes associate 

strongly with high-relief rock habitats (Yoklavich et 

al., 2000; Love et al., 2002; Laidig et al., 2009), had 

the most dissimilar length distributions between the 
surveys for all fish regardless of habitat, and had the 

least amount of length data from the trawl survey. Our 
result for greenstriped rockfish was somewhat surpris¬ 

ing because, given that this species associates most 
commonly with low-relief trawlable habitats (Yoklav¬ 

ich et al., 2000; Love et al., 2002; Jagielo et al., 2003; 

Laidig et al., 2009) and had the greatest amount of 
length data (601 measurements) from the trawl survey, 

we did not expect to find such strong dissimilarity in 

the length distributions between the surveys. However, 
the trawl survey selectivity curve from the stock as¬ 

sessment for greenstriped rockfish (Hicks et al., 2009) 

correctly assumes that smaller fish were not sampled 

by the trawl survey. 
Given that adults of many rockfish species are known 

to associate with high-relief rocky habitats, for assess¬ 

ments based on trawl survey data, it is often assumed 

that selectivity for the survey is “dome-shaped,” i.e., 
availability of larger fish to the survey may decline be¬ 

yond a given size (Dick et al., 2011; Taylor and Wetzel, 

2011; Hamel et al., 2013; He et al., 2015). One mecha¬ 
nism for this pattern could be ontogenetic movement 

into untrawlable habitat (Love and Yoklavich, 2008). 
Although limited in spatial and temporal extent com¬ 

pared with stock assessments based on trawl survey 
data from the entire U.S. west coast and multiple years, 

our results for these 4 species suggest that the major 
difference between size compositions from the submers¬ 

ible and trawl surveys may be a reduced frequency of 

smaller individuals in the trawl survey. The estimated 

selectivity curves in the assessments of greenspotted 
and greenstriped rockfishes appear to account for this 
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difference, but for the selectivity curve for the canary 

rockfish assessment, all fishes larger than ~15 cm TL 
are assumed to be 100% available to the gear. It is im¬ 

portant to note that the assessments are based on data 

from years and areas not represented in this analysis, 
which may be the reason for the differences in length 

composition observed in our study. These differences 

would imply that selectivity varies over time or space 
(or both). Time-varying selectivity is commonly assumed 

in rockfish assessments, although spatial variability in 

survey selectivity is considered less often, despite known 
latitudinal dines in size for many rockfishes (Fraiden- 

burg, 1980; Gertseva et al., 2010; Keller et al., 2012). 
The differences we observed between surveys also could 

be due to a reduction in availability of large fish to the 

submersible survey, but that seems unlikely given that 
we found greater proportions of large sizes for 3 species 

on untrawlable habitat patches (Fig. 3, Table 3). With 

regard to survey efficiency, the probability of detection 
of fish in submersible surveys increases with fish size, 

and the reaction of large rockfishes to the Delta has 
been found to be minimal (Yoklavich et ah, 2007; Laidig 

and Yoklavich, 2016). 
A number of studies have compared other aspects of 

data collected during underwater visual surveys and 

trawl surveys of rockfishes, including fish density on 
trawlable habitat (Adams et ah, 1995), trawl catch ef¬ 

ficiency (Krieger, 1993), fish frequency of occurrence 

and weights on trawlable and untrawlable habitat 
(Starr et al., 2016), and species composition and den¬ 

sities on trawled and untrawlable habitat (Jagielo et 

al., 2003). Lauth et al. (2004) estimated size-specific 
selectivity for a trawl survey of thornyheads (Sebastol- 

obus spp.) off Oregon, using independent estimates of 
density and lengths obtained with a video camera sled 

on trawlable habitat. Lauth et al. (2004) calculated 

much lower selectivity values for fish >30 cm TL than 
the most recent stock assessment (which was based on 

data from California, Oregon, and Washington), rais¬ 

ing the question of spatial variability in trawl survey 
selectivity for thornyheads. 

As far as we know, ours is the first study to com¬ 

pare length distributions of rockfishes from trawl sur¬ 
veys with those from submersible surveys conducted 

in nearby areas inaccessible to trawls. Additional 
comparisons can be made for other species from these 

central California data sets, and from existing sub¬ 
mersible and trawl data sets from southern California. 

Similar comparisons of rockfish lengths estimated from 

submersible and trawl surveys from other regions of 

the west coast could help address spatial variability in 
trawl survey selectivity (Sampson, 2014) and assump¬ 

tions about the trawl selectivity functions used in stock 

assessments for rockfishes. 
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Abstract—The daily deposition 

of growth increments within both 

sagittae and lapilli was validated 

for known-age laboratory-reared 

(18°C) larval northern pike (Esox In¬ 

dus) (9-33 mm in standard length 

[SL]) sampled 1, 7, 14, 22, and 28 

days after hatching. The mean oto¬ 

lith length at hatching was 58.1 

pm (standard deviation [SD] 4.32) 

for sagittae (no. of larvae sampled 

[zi]=30) and 39.04 pm (SD 4.04) for 

lapilli (n=30). For both sagittae and 

lapilli (the otoliths of which were 

examined without polishing), incre¬ 

ments were formed daily and the 

first increment was deposited at 

time of hatching. The relationship 

of otolith size to fish size was lin¬ 

ear for lapilli and exponential for 

sagittae. The size of the sagittae in¬ 

creased more than that of the lapilli 

at about 9 days after hatching—a 

size increase that corresponded with 

an increase in larval wet weight. 

The age of larval northern pike was 

moderately difficult to determine 

from otoliths; the difficulty varied 

according to the size of the larvae. 

Sagittae are preferable for fish lar¬ 

vae of up to approximately 25 mm 

SL, but for larger individuals, lapilli 

are more suitable. On some of the 

otoliths (79% of sagittae and 18% of 

lapilli), a “stress ring” was deposited 

that corresponded with the time of 

sampling from the aquaria. 
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Identification of the survival mecha¬ 
nisms at early life stages of fish is 

exceedingly important, but it also 
requires the application of appropri¬ 

ate techniques to obtain essential 
information. One such technique is 

otolith microstructure analysis (Ste¬ 
venson and Campana, 1992). This 

analysis provides a timeline of the 
life history of individuals, including 

the precise date of hatching, and 

analysis of growth rate and condition 
up to the observed size at capture 

(Campana and Jones, 1992). In fact, 

daily increments can be used not 
only for aging larvae and early juve¬ 

niles, but also for fish that are sev¬ 

eral months old (Fey and Linkowski, 
2006) and sometimes adults (Hiissy 

et a!., 2010). Unfortunately, even 
the most precise analysis based on 

abundant, long-term material will 

be worthless if the underlying data 
are erroneous. The basic information 

that must be verified is daily incre¬ 
ment formation and the time of first 

increment formation (Geffen, 1992; 

Campana, 2001). Obviously, such 

evaluations should be performed sep¬ 
arately for each species and otolith 

type (i.e., sagittae and lapilli). How¬ 
ever, even within the same species, 

otolith microstructure and frequency 
of increment deposition can vary de¬ 

pending on environmental variables 

and larval growth rates (Campana, 
1963; Folkvord et al., 2000; Fukuda 
et al., 2009). Moreover, preparation 

technique (e.g., with a sagittal view 
with or without polishing, or with a 

transverse section with one or both 

sides polished, etc.) should be consid¬ 
ered because the choice of prepara¬ 

tion technique can affect the accu¬ 

racy and precision of age estimates 
(Fey et al., 2005). Finally, as it was 

recently shown by Fey (2018) for lar¬ 
val Baltic herring (Clupea harengus 

membras), even the preservation of 

ichthyoplankton samples in alcohol 
may affect otolith quality and the 
results of age-determination and 

growth-rate analysis. 
Several methods can be used for 
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the age validation of larval and juvenile fish (for a re¬ 

view, see Geffen, 1992; Campana, 2001). The most used 
method involves analysis of larvae of known age (e.g., 

Folkvord et al., 1997; Folkvord et al., 2000; Hill and 
Bestgen, 2014; Ding et al., 2015) and marking otoliths 

with alizarin or tetracycline (Secor et al., 1995; Fox et 

al., 2003). The marginal increment analysis method is 
more commonly used for adult fish, but it can be ap¬ 

plied to larvae (Sepulveda, 1994; Fey, 2002). Although 

most of such otolith microstructure analysis is per¬ 
formed with light microscopes, scanning electron mi¬ 

croscopes can be used as well, especially if increment 

deposition occurs at low temperatures (Radtke and Fey, 
1996) or during periods of starvation (Jones and Broth¬ 

ers, 1987; Fox et al., 2003). 
The present study validates the aging method for 

larval northern pike (Esox lucius), a species of signifi¬ 

cant importance for both commercial and recreational 
fisheries and having a wide circumpolar distribution 

(i.e., in North America and Europe) (Craig, 2008). Al¬ 

though many populations of northern pike are not over- 
exploited, in some geographical areas the species is 

close to extirpation, which is the case in many coastal 
areas of the Baltic Sea (Nilsson et al., 2014; Larsson et 

al., 2015; Skov and Nilsson, 2018). The reasons for pop¬ 

ulation declines are over-exploitation, disappearance of 
suitable spawning grounds, and low recruitment (Lars¬ 

son et al., 2015; Skov and Nilsson, 2018). Other fac¬ 
tors related to human activities in coastal areas (e.g., 

presence of wind farms and underwater cables) should 

be considered, as well (Fey et al., 2019). Given their 
endangered status in some regions, there is a need to 

better understand the early life period, growth, and 

survival of northern pike. Therefore, it is also impor¬ 
tant to evaluate the methods applied for aging larvae 
and early juveniles (e.g., by enumeration of daily incre¬ 

ments within otoliths). Unfortunately, only one publi¬ 

cation validating age estimates of northern pike from 
lapilli is available (Wang and Eckmann, 1992), and no 

information of this kind exists on the basis of sagittae. 

Although Wang and Eckmann (1992) provided general 
information on sagittae and stated that lapilli were al¬ 

ways much clearer to read than sagittae, no data have 

been presented to date on the rate of increment deposi¬ 
tion for this otolith type. 

Our goal was to estimate the periodicity of incre¬ 

ment formation and the time of the first increment 
deposition on sagittae and lapilli of known-age labora¬ 

tory-reared larval northern pike (9-33 mm in standard 
length [SL]). Changes in otolith size are described in 
relation to larval age, SL, and weight. 

Material and methods 

Rearing of fish larvae 

Eyed-eggs of northern pike (12 days after fertilization) 

from wild spawners were transported in April 2015 
from the Komorowo Hatchery (northern Poland) to the 

laboratory of the Center of Aquaculture and Ecological 

Engineering, University of Warmia and Mazury in 01- 

sztyn. For the purpose of forcing the mass hatching of 

larvae, the eggs were subjected to a temperature that 
increased within one hour by 3-4°C. Pike larvae were 

kept in two separate aquaria with a water volume of 

60 L each and initially at a density of approximately 
22 indivduals/L per aquarium. Water in the aquaria 
was aerated and purified with a bio-filter at a con¬ 

stant water temperature of 18°C (standard deviation 

[SD] 0.5°C). The larvae were fed ad libitum every 1.5 
h during day light hours with Perla Larva Proactive 

4.01 commercial starter feed (Skretting, Stavanger, 

Norway). The aquaria were cleaned every morning, 
before feeding began, and dead larvae were removed. 

Throughout the rearing period, a natural photoperiod 

(14 h light/10 h dark) was applied that was character¬ 

istic of the spring photoperiod in East Central Europe. 

Otolith analysis 

A sample of 25 specimens was collected from each tank 
7, 14, 22, and 28 days after hatching (dah)]. Additional¬ 

ly, 15 specimens were collected on the day of hatching. 
The fish samples were collected between 10:00 h. and 

11:00 h. The fish were preserved in 96% alcohol. Oto¬ 
liths (left and right sagittae and lapilli) were extracted 

from each larva and placed on microscope slides, dis¬ 

tal surface down (sulcus up) and covered with DEPEX 
mounting medium (Electron Microscopy Sciences, Hat¬ 

field, PA). The otoliths without any preparation were 

used in the following analysis. At the time of otolith 
extraction, the SL of each larva was measured to the 

nearest 0.1 mm, and wet weight was estimated to the 

nearest 0.01 g. Length measurements were corrected 
for shrinkage before further analysis (Greszkiewicz and 

Fey, 2018). The length (i.e., maximum diameter) of all 

extracted otoliths (n=230 pairs) was measured by us¬ 
ing an image analysis system (Image-Pro Premier, Me¬ 

dia Cybernetics, Inc., Rockville, MD) under an Eclipse 

80i transmitted light microscope (Nikon Corp., Tokyo, 
Japan). The mean value of the length measurements 

from the left and right otoliths was used for our analy¬ 

sis. The total number of increments was counted by 
the same person on two different occasions. If the dif¬ 

ference in estimated numbers exceeded a given number 

of increments (2 increments for 7 dah, 3 for 14 dah and 
22 dah, and 4 for 28 dah ), the otolith was excluded 

(approximately 14-29% of the otoliths examined). Oth¬ 

erwise, the mean value from the two readings was used 
for the analysis. Some otoliths were excluded without 

increment counts if there was a lack of confidence in 
recognizing increments. The otoliths extracted on the 

day of hatching of the larvae were used to confirm the 
position of the hatching check on otoliths of older fish. 

1 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 
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Data analysis 

The number of increments deposited in larval oto¬ 
liths in each of the 2 aquaria (i.e., the replications) 

after 7, 14, 22, and 28 days were compared by us¬ 

ing Atests conducted separately for each of the 4 
age groups. Age validation was completed by fitting 

linear regression to increment number-at-age data 

and by analyzing the slope for the difference from 

1 (analysis of covariance [ANCOVA]). Otolith size- 
at-age and otolith size-at-SL data were described 

with best-fit functions to better visualize the pat¬ 

terns observed. Best-fit models for the relationship 
of fish growth to size (in SL) and weight at age are 

also presented. Statistica, vers. 12.0 (TIBCO Soft¬ 

ware, Inc., Palo Alto, CA) software was used for data 

analysis. Differences were considered statistically 
significant at P<0.05 (a=0.05). 

Results 

The final number of otoliths on which increments 
were counted successfully was 78 for sagittae (21% 

and 24% of otoliths were excluded from aquarium 1 
and 2, respectively) and 74 for lapilli (28% and 23% 

of otoliths were excluded from aquarium 1 and 2, 

respectively). 
The mean otolith length at hatching was 58.1 pm 

(SD 4.32) for sagittae (n=30) and 39.04 pm (SD 4.04) 

for lapilli (n=30). The cores of both ototlith types were 
formed by a large number of primordia (Fig. 1). 

The number of increments deposited in northern 

pike otoliths after 7, 14, 22, and 28 days was not sta¬ 
tistically different for the 2 replications U-test, P>0.05 

for each of the 4 age groups). Therefore, the data from 

A 

40 pm 

Figure 1 

Images of otoliths at time of hatching of larval northern pike 

(Esox lucius) reared in a laboratory in 2015 at the Center of 

Aquaculture and Ecological Engineering, University of Warmia 

and Mazury in Olsztyn, Poland: (A) sagittae and (B) lapilli. 

Three examples are shown for each type of otolith. 

the replications were pooled for further analysis. The 

number of increments on otoliths, both sagittae (n=78) 
and lapilli (n=74), corresponded to the known age of 

the larvae, as was confirmed by fitting linear regres¬ 
sion to the increment number-at-age data (Fig. 2). The 
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Figure 2 

Number of increments counted from sagittae (n=78) and lapilli (n=74) of known- 

age laboratory-reared larval northern pike (Esox lucius). The data are described 

with linear regressions: sagittae, y=0.972x+0.69, coefficient of multiple determina¬ 

tion (R2)=0.98, P<0.001; lapilli, y=Q.977x + 0.53, R2=0.97, PcO.001). The slopes of 

the regressions are not statistically different from one, confirming the daily peri¬ 

odicity of increment formation. 
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Table 1 

Number of increments deposited on sagittae and lapilli of known-age larval north¬ 

ern pike (Esox lucius) reared in a laboratory in 2015 at the Center of Aquaculture 

and Ecological Engineering, University of Warmia and Mazury in Olsztyn, Poland. 

n=the number otoliths analyzed (left or right otolith was used depending on which 

provided a clearer microstructure). 

Number of days 

after hatching 

Sagittae Lapilli 

n 

Mean number 

of increments SD n 

Mean number 

of increments SD 

7 17 7.6 0.88 16 7.4 0.97 

14 21 14.4 0.65 18 13.9 1.47 

22 22 22.0 0.97 20 21.6 1.51 

28 18 27.8 1.41 20 28.1 1.26 

slopes of these two regressions were not statistically 

different from 1 (ANCOVA, P>0.05). The intercept of 

these 2 regression lines was not statistically different 
from 0 (ANCOVA, P>0.05), indicating that the first in¬ 

crement was formed at hatching (when the tempera¬ 

ture is 18°C). The mean number of increments counted 
in relation to real age is presented in Table 1. The SD 

for lapilli was higher than that of sagittae for all age 
classes (7, 14, and 22 days) except for the age of 28 

days. 

A stress check (i.e., a distinct dark band formed be¬ 
tween regular increments) was formed on most (79%) 

of the sagittae on the days of handling, especially on 
day 7, and less frequently on days 14 and 22. Stress 

checks were less commonly observed on lapilli (18%). 

The mean number of increments between the sagittal 
edge and stress check formed on day 7 was 6.7 (SD 

0.49, n=14; for 14-day-old fish), 14.8 (SD 0.67, n=17; for 
22-day-old fish), and 21.4 (SD 0.51, n=19; for 28-day- 

old fish). Therefore, the number of increments between 

stress check and otolith edge corresponded to the num¬ 
ber of days elapsed after the formation of the stress 

check. The lower SD for the counts from the stress 
check to the otolith edge described above compared 

with the SD for the counts from the otolith center to 

the edge (Table 1) indicate that the source of error in 

increment counts is related largely to the analysis of 
the area close to the otolith center. 

The relationship of otolith size to fish size was lin¬ 
ear for lapilli (tz=115) and exponential for sagittae 

(n=115) (Fig. 3). The rapid change in otolith size be¬ 

tween sagittae and lapilli, i.e., when daily increments 
on sagittae become significantly wider than those on 
lapilli, occurred around an SL of 17 mm and an age 

of 9-10 days (Fig. 3). This SL and age corresponded 

to the starting point of increase in fish weight (Fig. 4). 

The clarity of the otolith microstructures in both 
sagittae (Fig. 5A) and lapilli (Fig. 5B) varied among 

all individuals from good, with easily distinguishable 

increments, to unclear and difficult to read. Generally, 

the lowest confidence in increment recognition was for 
the smallest fish (< 17 mm SL), for both sagittae and la¬ 

pilli. Differences between these two otolith types were 

evident when fish of different sizes were compared. 

Sagittae are preferable for northern pike larvae of up 
to approximately 25 mm, but lapilli are more suitable 
for larger specimens. 

Discussion 

The number of increments on otoliths, both sagittae 
and lapilli, corresponded in this study to the known 

age of the larvae. These results can be compared with 

those of Wang and Eckmann (1992) who also confirmed 
the daily deposition of increments on the lapilli of lar¬ 

val northern pike. No published data on increment for¬ 

mation exist for sagittae that could be used for com¬ 
parison with data from the present results. The results 

obtained in the current study at a relatively high tem¬ 

perature of 18°C should be supplemented in the future 
with data obtained at lower temperatures that could 

potentially cause non-daily increment formation or the 

formation of increments that are too narrow to be iden¬ 
tified with a transmitted light microscope. Wang and 

Eckmann (1992) analyzed increment development in 

lapilli at 16°C and 10°C, but it would still be valuable 
to analyze samples at temperatures below 10°C. Such 

temperatures that can result in age underestimation 

because the increments are too narrow to record have 
been previously reported for Atlantic herring (Clupea 

harengus) and turbot (Scophthalmus maximus) (Geffen, 
1982) and Arctic charr (Salvelinus alpinus) (Radtke 

and Fey, 1996). 
Depending on the species, the first increment oc¬ 

curs either at hatching, a day after hatching, or af¬ 

ter the first feeding and yolk-sac absorption (Jones, 

1986; Thorrold and Hare, 2002). In the present study 
on northern pike, conducted at a temperature of 18°C, 
increment deposition started at hatching in both the 
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Figure S 

Changes in otolith size with age and standard length (SL) of laboratory-reared 

larval northern pike (Esox lucius), presented separately for sagittae (n=125, cir¬ 

cles) and lapilli (n=125, diamonds). The data are described by best-fit regressions. 

Age from sagittae: y=0.264x2+6.234x+6Q.14, coefficient of multiple determination 

(i?2)=0.97, PcO.001. Age from lapilli: y=39.457x0-52, R2=0.97, P<0.001. Standard 

length from sagittae: y=1.30 7x1-76, f?2=0.97, P<0.001. Standard length from lapilli: 

y=9.983x-31.96, i?2=0.95, P<0.001. Arrows indicate approximate age and SL at 

which the growth of sagittae accelerated in contrast with that of lapilli. 

sagittae and the lapilli, as has been reported before for 
many species (Isely and Noble, 1987; Bestgen and Bun¬ 

dy, 1998). Different results were obtained for northern 

pike by Wang and Eckmann (1992), who reported that 
increment formation in lapilli started 2-3 dah. Such a 

difference in first increment formation among differ¬ 
ent studies has been reported for other species. For 

example, increment formation starts at hatching in 

larval smallmouth bass (Micropterus dolomieu) in con¬ 
stantly fluctuating diel water temperatures (Hill and 

Bestgen, 2014). This finding contradicted the results of 
a previous study for the same species by Graham and 

Orth (1987), who reported that increment formation 

starts 7-11 dah. Similarly, Fey et ah (2005) reported 

that the first increment appeared at hatching in lar¬ 

val spot (Leiostomus xanthurus), whereas Peters et a!.2 
identified it at five dah at first feeding. The reasons 
for such discrepancies could be related to the otolith 

preparation method or the lack of such preparation. 

The present study is based on unprepared otoliths, but 
the paper by Wang and Eckmann (1992) is based on 

increment counts from otoliths that were ground and 

polished. Although otolith preparation by grinding and 
polishing can reveal increments and facilitate correct 

2 Peters, D. S., J. C. DeVane Jr., M. T. Boyd, L. C. Clements, 
and A. B. Powell. 1978. Preliminary observations on feed¬ 
ing, growth, and energy budget of larval spot (Leiostomus 
xanthurus). In Ann. Rep. Southeast Fish. Cent., Beaufort 
Lab. to U.S. Dep. Energy, p. 377-397. Beaufort Lab., Natl. 
Mar. Fish. Serv., NOAA, Beaufort, NC. 
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Figure 4 

Growth of laboratory-reared larval northern pike (Esox 

lucius) in standard length (SL, n=125, triangles) and 

wet weight (n=125, circles) during the first .28 days of 

life. The data are described by best-fit regressions: SL, 

y=-0.G045x2+0.7X7x+8.61, coefficient of multiple deter¬ 

mination (P2)=Q.93, P<0.001; wet weight: y=4.5Q3e°'107x, 

J?2=G.94, P<0.001. Arrows indicate the age when growth 

in wet weight (bottom arrow) and SL (top arrow) of sag¬ 

ittae accelerated in contrast with that of lapilli. 
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Figure S 

Images of otolith microstructure of a laboratory-reared larval northern pike fEsox lucius) 28 

days after hatching: (A) sagitta and (B) lapillus. The white dot indicates the hatching check 

(Hch) and arrows indicate stress checks that correspond with days of handling (i.e., sampling 

of larvae from aquaria). 

age estimates, it can also remove increments and lead 
to the underestimation of ages. The narrowest incre¬ 
ments at the otolith center, in particular, can be affect¬ 

ed during preparation (Secor et al.3; Fey et al., 2005). 

The most important source of inaccuracy is interpre¬ 

tation error among investigators (Campana, 1990). In¬ 
terpretation depends on the experience of the reader 

and clarity of the otoliths, the latter of which may be 
affected by increment width. The increment width in 

turn is not only species specific, but it can also be af¬ 

fected by factors such as temperature, feeding condi¬ 
tions, and somatic growth (Campana, 1983; Folkvord 

et al., 2000; Fukuda et al., 2009). Although Wang and 

Eckmann (1992) reported that increment deposition 
started 2-3 dah, they referred to fish held in waters 

at a temperature of 10°C. For fish held at a temper¬ 

ature of 16°C, the delay in first increment formation 
described by Wang and Eckmann (1992) was only 1-2 

days. It is possible that the clarity of the microstruc¬ 
ture in the otoliths from the present study conducted 

with fish held at a temperature of 18°C was greater 

and therefore first increment formation was found to 
occur at hatching. Thus, it can be suggested that incre¬ 

ment formation starts at hatching but, depending on 

the temperature at hatching, some age underestima¬ 
tion may occur because of problems with recognition 

of increments that are very narrow. Considering the 

3 Secor, D. H., J. M. Dean, and E. H. Laban. 1991. Manual 
for otolith removal and preparation for microstructural ex¬ 
amination, 85 p. Electric Power Res. Inst., Palo Alto, CA, 
and Belle W. Baruch Inst. Mar. Biol. Coast. Res., Clemson, 
SC. 

above conditions, the importance of repeated evalua¬ 
tions of the timing of increment deposition and first 
increment formation is emphasized. 

The relationship of otolith size to fish size was linear 

for lapilli and exponential for sagittae. Rapid differen¬ 
tiation in otolith size between sagittae and lapilli, i.e., 

when daily increments in sagittae become significantly 

wider than those in lapilli, occurred when fish growth 
in weight increased. Therefore, if larvae larger than 17 

mm SL are used for age estimates, wider increments in 

sagittal otoliths would be more suitable for measure¬ 
ments of increment width otolith back-calculations of 

growth. Fey et al. (2005) made the opposite recommen¬ 

dation (i.e., lapilli are better for back-calculations of 
growth) for larval spot. Although sagittae had wider 

increments than lapilli, their irregular pattern made 

width measurements along one radius impossible. 
When aging itself was concerned, in the present 

study sagittae provided slightly better visibility and 

clarity of increments than lapilli in fish of up to 25 mm 
SL. In larger specimens (25-33 mm SL), the useful¬ 

ness of sagittae decreased, and that of lapilli increased 
slightly. In sagittae, difficulties resulted particularly 
from wide and relatively irregular increment formation 

with the result that many subdaily structures that can 
sometimes be difficult to distinguish from “real” incre¬ 

ments. In lapilli, when optimal focus of the microscope 

is used, increment patterns are seen as more regular 
and are seen as daily increments, but when the focus 

is changed from that optimum, the daily increments 

have a tendency to merge and result in an underes¬ 
timation of real age. Notice, however, that the qual¬ 

ity of otolith microstructures in laboratory-reared fish 
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is frequently worse than in fish occurring in the wild. 

For example Graham and Orth (1987) reported that 

the clarity of otolith increments in laboratory-reared 
smallmouth bass was less than that viewed in wild in¬ 

dividuals. It could also have been the case that in the 

present study, the clarity of otoliths of northern pike 

larvae was not as good as it possibly could have been 

if the otoliths were collected from wild fish. As with 

the present results, lapilli are found to be useful for 

aging in many species (e.g., Hoff et ah, 1997; Bestgen 
and Bundy, 1998). Ichimaru and Katsunori (1995) pre¬ 

ferred lapilli for collecting age data for two species of 

flyingfish larvae (Cheilopogon doederleini and Cypselu- 

rus hiraii) because the increments in the lapilli were as 
clear as those in the sagittae and did not require any 

preparation. Bestgen and Bundy (1998) reported that 

increments deposited on the sagittae of Colorado pike- 

minnow (Ptychocheilus lucius) were difficult to distin¬ 

guish after the fish were 30 days old. Therefore, those 
authors used lapilli to age older fish. 

On some of the otoliths (mostly sagittae) a stress 

check was deposited on day 7 (and less frequently on 
days 14 and 22), which corresponded with the time of 

sample collection from the aquaria. Increment counts 

between the otolith edge and the check formed on day 

7 provided additional confirmation of daily periodicity 

of increment deposition. Stress checks related to han¬ 

dling are frequently observed on larval fish otoliths, 
and some authors use them, as we did in this study, 

as markers for increment validation (Volk et al., 1984; 

Boehlert and Yoklavich, 1985). Moreover, lower SD for 

the counts from the stress check to the otolith edge, 
compared with SD for counts from the otolith center 

to the edge, suggests that the source of error in aging 

northern pike is related largely to distinguishing incre¬ 

ments in the central otolith area (approximately first 

7 days). A more irregular increment pattern in the oto¬ 

lith center was also reported in northern pike by Wang 
and Eckmann (1992). 
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Abstract-—The blue shark (Prionace 

glauca) is the most landed shark 

species in Peruvian shark fisheries, 

representing 42% of total landings. 

Despite its importance for fisheries, 

the ecological role of the blue shark 

in Peruvian waters remains poorly 

understood. Therefore, in this study, 

we aimed to assess the food habits 

of blue sharks off northern Peru 

through stomach content analysis. 

Between February and December of 

2015, 143 stomachs were collected 

and 28 found to be were empty. In¬ 

dividuals measured from 110.0 to 

299.4 cm in total length. The results 

indicate that blue sharks have epi- 

pelagic and mesobathypelagic feed¬ 

ing habits, preying upon a wide 

number of prey taxa (42 species) 

but with a diet dominated by cepha- 

lopods, especially Argonauta spp. 

and Ancistrocheirus lesueurii. Diets 

differed by size class and location, 

suggesting that longitudinal move¬ 

ments are related to increments in 

body size. In addition, we propose 

that blue sharks scavenge for food 

on the basis of finding the cyprid 

larval stage and juvenile cosmopoli¬ 

tan duck barnacle (Lepas anatifera) 

associated with the prey item ‘un¬ 

identified cephalopods.’ The present 

study contributes new information 

on the diet of blue sharks. 
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In the southeastern Pacific Ocean, the 

area off northern Peru is an important 

area of convergence between temper¬ 
ate (Humboldt Current) and tropical 

(South Equatorial Current) waters 
(Spalding et al., 2007). This particular 

area hosts a diversity of marine spe¬ 

cies (Chirichigno and Cornejo, 2001), 

including a large number of sharks 
(Cornejo et ah, 2015). One of these 

is the blue shark (Prionace glauca), 

which is considered a key cosmopoli¬ 

tan pelagic species that exerts top- 

down control on community structure 
(Stevens et al., 2000). 

On a global scale, the blue shark 

is the most landed shark species (as 
target and nontarget catch) and the 

major component of the international 

shark fin trade (Clarke et al., 2006; 
Nakano and Stevens, 2008). It is also 

the most landed species by Peruvian 
shark fisheries, representing 42% of 
total landings (Gonzalez-Pestana et 

4 Facultad de Biologia Marina 

Universidad Cientffica del Sur 

Panamericana Sur Km 19 

15067 Lima, Peru 

5 Center for Ecology and Conservation 

College of Life and Environmental Sciences 

University of Exeter, Penryn Campus 

Penryn, Cornwall TRIO 9FE, United Kingdom 

al.,1 2016). Seventy percent of blue 
shark landings come from the small- 

scale longline fishery operating along 
the coast (Doherty et al., 2014), es¬ 

pecially off southern Peru where 

cold to temperate waters support 
higher abundances of pelagic sharks 

(Adams et al., 2016). Likewise, it is 

one of the most frequently species 
caught in Peruvian small-scale drift- 
net shark fisheries (Alfaro-Shigueto 

et al., 2010). However, despite its 

importance for fisheries, biological 
studies describing the ecological role 

of blue sharks in Peruvian waters 

are few. 
There have been several studies 

regarding the diet of blue sharks in 

1 Gonzalez-Pestana, A., C. Kouri, and X. 

Velez-Zuazo. In review. Shark fisher¬ 

ies in the southeast Pacific: a 61-year 

analysis from Peru. FlOOOResearch 

3:164. [Available at website.] 
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Map of locations where blue sharks (Prionace glauca) were 

collected in northern Peru between February and December 

2015. The blue vertical gradient defines the position of the 

Peru-Chile Trench (with an average distance from shore of 

130 km or 70 nautical miles). 

the eastern Pacific Ocean. For example, Tricas (1979) 

and Harvey (1989) reported that blue sharks consume 
euphausiids (mostly Thysanoessa spinifera), small fish 
(e.g., the northern anchovy, Engraulis mordax), and 

a variety of cephalopods (e.g., Loliginidae and Histio- 

teuthidae). Studies from the Mexican Pacific Ocean 

have revealed a high consumption of the pelagic red 
crab (Pleuroncodes planipes), as well as a variety of 

squid, including Histioteuthis heteropsis, Gonatus cali- 

forniensis, and Ancistrocheirus lesueurii (Markaida and 
Sosa-Nishizaki, 2010; Hernandez-Aguilar et ah, 2016). 

Loor-Andrade et al. (2017) showed that A. lesueurii, 

Stigmatoteuthis hoylei, and the jumbo squid (Dosidi- 

cus gigas) were the most consumed species off Ecuador. 

In Chilean waters, prey species included a variety of 
fishes: mackerels (Trachurus murphyi and the Pacific 

chub mackerel, Scomber japonicus) and tunas (Thun- 
nus spp.), as well as jumbo squid (Lopez et al., 2010; 
Klarian et al., 2018). 

In Peru, three studies of blue shark diet have re¬ 
vealed that they feed on jumbo squid, Peruvian ancho- 

veta (Engraulis ringens), Pacific sardine (Sardinops 

sagax), Peruvian hake (Merluccius gayi peruanus), 

and eggs from flying fish (Exocoetidae) and Chilean 

silverside (Odontesthes regia) (Hoyos et al., 1991; 
Elliot et al., 1995, 1996). Although these previous 

studies provide valuable insights into prey species 

of blue sharks off the coast of Peru, their results 
have been limited by sample size, time series, and 

size classes. Therefore, to determine the ecological 

role of blue sharks in the Peruvian marine ecosys¬ 
tem, we focused on providing broader information 

on blue shark food habits off northern Peru by ana¬ 
lyzing stomach contents and assessing diet variabil¬ 

ity by sex, size class, season, and fishing ground. 

Materials and methods 

Sampling and stomach content analysis 

Stomach contents of blue sharks were collected 

between February and December 2015 by onboard 
observers during small-scale driftnet and longline 

fishing trips that landed in Mancora and Sala- 
verry ports in northern Peru (Fig. 1). Sex of each 

shark was determined and total length (TL) was 

measured to the nearest centimeter (Bigelow and 
Schroeder, 1948). Stomachs were extracted and pre¬ 

served in 10% formalin for analysis (Galvan-Maga- 

na et al., 1989). Stomach samples were examined 
at the Laboratorio de Recursos Hidrobiologicos of 

the Universidad Nacional Agraria la Molina, where 
prey items were identified to the lowest possible 

taxon and weighed (wet weight) to the nearest 0.01 

g. Fish items (entire specimens and skeletons) were 
identified according to Chirichigno and Velez (1998) 

and Clothier (1950), and fish otoliths were identi¬ 
fied according to Rivaton and Bourret (1999) and 

Garcfa-Godos (2001). Cephalopods were identified 
by examination of beaks (Wolff, 1982, 1984; Clarke, 
1986; Xavier and Cherel, 2009). Crustaceans and ma¬ 

rine mammals were identified according to Moscoso 

(2013) and Jefferson et al. (2015), respectively. Recon¬ 

struction of cephalopod weights by regression equa¬ 
tions was based on measurements of the lower rostral 

length of cephalopod beaks (Wolff, 1982, 1984; Clarke, 
1986; Smale et al., 1993; Xavier and Cherel, 2009), 

whereas reconstruction of fish weights was based on 

the relationship of length to weight (Fernandez, 1987; 
IMARPE2) and the relationship of otolith radius to to¬ 

tal length (Goicochea and Arrieta, 2008) when possible. 

To assess whether the sample size collected was ap¬ 
propriate to describe the diet of blue sharks, we con¬ 

structed a cumulative prey curve at the family level 
from the total number of prey species identified, ex¬ 

cluding ‘unidentified remains’ (i.e., cephalopod, fish, 
and crustacean) prey items by using the software Es- 

2 IMARPE (Instituto del Mar del Peru). 2012. Crucero 1202- 
04 de “Evaluacion hidroacustica de los recursos pelagicos.” 
Inst. Mar Peru, Inf. Ejec., 49 p. [Available from website.] 
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timateS, vers. 9.1.0 (Colwell, 2013). The order of sam¬ 
ples was permuted 1000 times to reduce bias. Follow¬ 

ing the method of Jimenez-Valverde and Hortal (2003), 

we plotted the results to analyze the suitability of the 
sample size. When the curve approaches the asymp¬ 

tote (slope<0.1), the number of samples is deemed to 

be sufficient to describe the diet (Soberon and Llorente, 
1993). Furthermore, we used the calculation method 

proposed by Bizzarre et al. (2007) to reinforce the sam¬ 
pling assessment. This method states that the slope 

of the line generated from the curve endpoints (mean 

cumulative number of prey taxa generated for the final 
4 stomach samples) should be compared to a line of 0 

slope to establish whether a cumulative prey curve has 
reached an asymptote. Slopes are compared by using 

Student’s t-test, where slopes that are not significant 

(P>0.05) indicate that the curve has reached an asymp¬ 
tote (Bizzarro et al., 2007). 

The relative importance of each prey species to the 
diet of the blue shark was established by the prey-spe¬ 

cific index of relative importance (%PSIRI) (Brown et 
al., 2012), by using the equation: 

%PS IRI-0.5 %FO, x (%PN\+%PW^, (1) 

where %FO{ = the number of stomachs containing prey 

category i, divided by the total number 

of stomachs n; 

%PNi = prey-specific numeric abundance; and 
%PWi - prey-specific wet-weight abundance. 

Prey-specific abundance (%PAX) was calculated by 

%PAi = 'Ll1%Aijn;\ 

where = the abundance (by counts [%PN^\ or weight 
[%PWj]) of prey category i in stomach 

sample j; and 
tti = the number of stomachs containing prey i. 

The %PSIRI, is a modification of the index of relative 

importance (%IRI [Cortes, 1997]) that avoids %FO re¬ 

dundancies taken in the %IRI and is additive with re¬ 

spect to taxonomic levels. As a result, the %PSIRI of a 
family will be equal to the sum of the %PSIRI of the 

species within the taxon (Brown et al., 2012). 

Niche breadth was calculated according to Levin’s 
standardized index by using %PSIRI converted to pro¬ 

portions at the family level (Krebs, 1999). The index 
values ranged between 0 and 1, where values closer to 

0 indicate a diet dominated by few prey species (i.e., by 

a greater degree of specialization) and values closer to 
1 indicate a lesser degree of specialization (Munroe et 

al., 2014). In addition, the graphical analysis proposed 

by Amundsen et al. (1996) was performed to explore 

prey importance at the family level and predator feed¬ 
ing strategy. The analysis is based on a 2-dimensional 
graph representation of prey-specific abundance (%PA;) 

in relation to the frequency of occurrence of the differ¬ 
ent prey types in the diet (%FO;). 

Trophic position was calculated based on percent 

weight values of the prey species identified with the 
equation proposed by Christensen and Pauly (1992): 

TP = 1 + (X?=1 DCy)x(7^.), (2) 

whereUCij = the composition of the prey j in the diet of 
the predator /; 

TPj = to the trophic level of prey j; and 

n = the number of prey species in the diet of 
predator j. 

Values of trophic position for fish prey were obtained 

from Froese and Pauly3 and Espinoza (2014); and 

for cephalopod prey from Cortes (1999) and Espinoza 
(2014). 

To identify possible differences in diet, individual 
sharks were analyzed according to 5 factors: sex, sea¬ 

son, size class, latitude of fishing ground, and longitude 
of fishing ground. The analysis by sex was performed 

to clarify whether the composition of diets of females 

and males is related to the reported spatial segregation 
by sex (Nakano and Stevens, 2008). Specimens ana¬ 

lyzed per season were grouped into warm (February- 
May and December) and cold (June-November) seasons 

according to established patterns of sea-surface tem¬ 
peratures (SST) (Flores et al., 2013). Cluster analysis 

was employed with 20-, 30-, and 40-cm-TL intervals 

to define size classes (Markaida and Sosa-Nishizaki, 
2010) by using the numeric abundance (at family lev¬ 

els) of identified preys. Calculations were performed 

by the unweighted pair-group method with arithmetic 
mean and by using the Bray-Curtis index as a mea¬ 

sure of dissimilarity. A 50% of dissimilarity distance 
indicated major divisions between size classes (Ebert 

and Bizzarro, 2007). Fishing grounds based on latitude 
were grouped into 2 biogeographical marine provinces, 

where ‘northern’ corresponds to the Tropical Eastern 

Pacific marine province and ‘Northern-Central’ to the 
Warm Temperate Southeastern Pacific marine province 

(Spalding et al., 2007). Fishing grounds based on lon¬ 
gitude were grouped into ‘coastal’ and ‘oceanic’ groups, 

with the Peru-Chile Trench (which occurs at an aver¬ 

age distance from the coast of 130 km or 70 nautical 
miles) as the boundary between these 2 groups (Mach- 

are et al., 1986) (Fig. 1). 

Statistical analysis 

To assess differences in the diet of blue sharks by fac¬ 

tors, we performed two multivariate techniques: non¬ 
metric multidimensional scaling (MDS) ordinations 

and analysis of similarity (ANOSIM). These techniques 
were conducted with the Bray-Curtis index of dissimi¬ 

larity generated from the numeric abundance of each 

prey grouped by family (Mendoza-Avila et al., 2016), 
pretreated by fourth-root transformation and standard¬ 

ized to percentages. The stress value generated by the 
nonmetric MDS model indicates the reliability of the 

representation, where values closer to 0 indicate excel¬ 
lent representation and values larger than 0.2 indicate 

that interpretation of the data is unreliable (Clarke, 

3 Froese, R., and D. Pauly (eds.). 2018. FishBase, vers. 
02/2018. World Wide Web electronic publication. [Avail¬ 
able from website.] 
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Table 1 

Diet composition of blue sharks (Prionace glauca), based on analysis of stomach contents collected be¬ 

tween February and December 2015 off northern Peru, by percent frequency of occurrence (%FO), percent 

prey-specific number (%PN), percent number (%N), percent prey-specific weight (%PW), percent weight 

(%W) and the prey-specific index of relative importance (%PS1RI). 

Prey species %FO %N %PN %W %PW %PSIRI 

CEPHALOPODA 

Decapodiformes 

Oegopsida 4.35 0.27 6.18 <0.01 <0.01 0.13 

Ancistrocheiridae 

Ancistrocheirus lesueurii 14.78 5.07 34.31 7.37 49.86 6.22 

Chiroteuthidae 

Chiroteuthis veranyi 3.48 1.45 41.83 0.93 26.85 1.19 

Grimalditeuthis bonplandi 11.30 1.88 16.66 <0.01 <0.01 0.94 

Cranchiidae 

Galiteuthis pacifica 2.61 1.14 43.63 0.88 33.55 1.01 

Leachia danae 4.35 1.06 24.34 0.24 5.42 0.65 

Enoploteuthidae 

Abraliopsis affinis 1.74 0.51 29.35 0.28 16.34 0.40 

Gonatidae 

Gonatus antarcticus 11.30 4.06 35.90 5.88 51.98 4.97 

Gonatus sp. 0.87 0.87 100.00 0.87 100.00 0.87 

Histioteuthidae 

Histioteuthis cerasina 0.87 0.14 16.67 0.05 6.00 0.10 

Stigmatoteuthis hoylei 6.96 2.12 30.44 2.91 41.83 2.51 

Mastigoteuthidae 

Mastigoteuthis dentata 2.61 1.53 58.59 0.88 33.64 1.20 

Octopoteuthidae 

Octopoteuthis sicula 6.09 1.65 27.15 1.30 21.35 1.48 

Ommastrephidae 

Dosidicus gigas 6.09 1.58 26.03 4.03 66.17 2.81 

Ommastrephes bartramii 1.74 0.61 35.00 1.22 70.40 0.92 

Onychoteuthidae 

Onychoteuthis banksii 4.35 0.89 20.46 0.07 1.72 0.48 

Pholidoteuthidae 

Pholidoteuthis massyae 3.48 0.27 7.74 0.11 3.05 0.19 

Thysanoteuthidae 

Thysanoteuthis rhombus 12.17 5.53 45.41 6.43 52.79 5.98 

Myopsida 

Loliginidae 

Doryteuthis (Amerigo) gahi 2.61 0.49 18.88 1.39 53.43 0.94 

Octopodiformes 

Argonautidae 

Argonauta spp. 26.09 17.60 67.46 14.52 55.65 16.06 

Bolitaenidae 

Japetella diaphana 7.83 3.61 46.18 3.15 40.21 3.38 

Japetella heathi 1.74 0.34 19.64 <0.01 <0.01 0.17 

Enteroctopodidae 

Muusoctopus sp. 0.87 0.14 16.67 0.01 0.73 0.08 

Octopodidae 

Eledone spp. 0.87 0.05 5.71 <0.01 <0.01 0.02 

Tremoctopodidae 

Tremoctopus uiolaceus 1.74 0.10 5.72 0.01 0.77 0.06 

Vitreledonellidae 

Vitreledonella richardi 1.74 0.07 4.26 <0.01 0.00756 0.04 

Vampyromorphida 

Vampyroteuthidae 

Vampyroteuthis infernalis 6.96 2.42 34.82 2.96 42.55 2.69 

Unidentified cephalopods 33.04 29.57 89.47 33.04 99.98 31.30 

Table continued 
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Table 1 (continued) 

Prey species %FQ %N %PM %W %PW %PSIKI 

TELEOSTEI 
Clupeiformes 
Engraulidae 
Engraulis ringens 2.61 1.12 42.91 1.52 58.43 1.32 

Gadiformes 
Macrouridae 
Coryphaenoides sp. 0.87 0.02 2.86 <0.01 <0.01 0.01 

Merlucciidae 
Merluccius gayi peruanus 0.87 0.05 6.25 0.56 63.94 0.31 

Myctophiformes 
Myctophidae 
Myctophum aurolaternatum 0.87 0.09 10.00 <0.01 0.03 0.04 

Perciformes 
Coryphaenidae 
Coryphaena hippurus 1.74 0.43 25.00 1.65 94.84 1.04 

Scombridae 
Auxis thazard 0.87 0.08 9.09 0.02 2.87 0.05 

Sphyraenidae 
Sphyraena idiastes 0.87 0.11 12.50 <0.01 <0.01 0.05 

Unidentified fishes 22.61 8.71 38.53 3.51 15.51 6.11 
MAMMALIA 
Cetacea 
Delphinidae 1.74 0.23 12.96 0.91 52.29 0.57 
Delphinus capensis 0.87 0.29 33.33 0.25 28.61 0.27 

CRUSTACEA 
Decapoda 
Galatheidae 
Pleuroncodes monodon 0.87 0.84 97.14 0.81 92.64 0.83 

Unidentified crustaceans 5.22 0.70 13.42 <0.01 0.06 0.35 
AVES 
Unidentified bird 0.87 0.11 12.50 <0.01 0.31 0.06 
EGGS 
Exocoetidae eggs 7.83 2.17 27.76 2.25 28.75 2.21 

1993). The 12-statistic values from ANOSIM describe 

the extent of similarity, where R-0 refers to an identi¬ 

cal diet and R- ±1 is indicative of the most divergent 

diet (Clarke, 1993). Similarity percentages (SIMPER) 
were used, as well, to determine the prey categories, 
by family, that typified particular groups, or contrib¬ 

uted most to the similarities between groups, or both 

(Clarke, 1993). Finally, the semiparametric permuta¬ 

tion multivariate analyses of variance (PERMANOVA) 
test on the Rray-Curtis index of dissimilarity (based 

on numeric abundance) was used to test whether an 
interaction was present between factors that were sig¬ 

nificant according to the pairwise tests (ANOSIM). 

Statistical analyses were conducted with the soft¬ 

ware RStudio, vers. 1.1.453 (RStudio, 2018) with R, 
vers. 3.5.0 (R Core Team, 2018). Descriptive statistics 
are presented with mean standard deviations (SDs). 

Results 

A total of 143 stomachs of blue sharks were obtained 

from the ports of Mancora (n=43) and Salaverry (n=100). 

Of these, 115 (80.4%) had food remains and 28 (19.6%) 

were empty. Of those individuals with food remains, 
47 were female (range: 165-293 cm TL; mean: 214 cm 

TL [SD 35] and 68 were male (range: 110-288 cm TL; 
mean: 220 cm TL [SD 41]). A cumulative prey curve was 

constructed on the basis of 74 stomach contents because 

41 stomachs containing only ‘unidentified remains’ were 
excluded. The curve slope was 0.9, indicating that the 

sampling size was sufficient to describe the diet of blue 
sharks. However, according to the Bizzarro’s et al. (2007) 

method, the curve did not reach an asymptote (P<G.05), 

and therefore suggests that the results presented here 
do not fully describe the blue shark diet. 

Prey comprised 42 taxonomic levels (Table 1). Cepha- 
lopods represented the main prey group (87.4% PSIRI), 

followed by fishes (8.5% PSIRI), flying fish eggs (2.1% 

PSIRI), crustaceans (1.1% PSIRI), and marine mammal 
and bird remains (0.8% and 0.1% PSIRI, respectively). 

The prey item ‘unidentified cephalopoda' (represented 
by flesh, gladii, and eye lenses) was the most impor¬ 

tant (31.3% PSIRI) in the overall analysis, followed by 
Argonauta spp. (16.1% PSIRI) and A. lesueurii (6.2% 

PSIRI) (Table 1; Fig. 2). 
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Figure 2 

Prey-specific index of relative importance (%PSIRI) of the overall diet of blue sharks {Prionace glauca) sampled 

in northern Peru between February and December 2015, by size class and longitude of fishing ground. Size 

class II represents fish 150.0-229.9 cm in total length (TL) and size class III represents fish 230.0-309.9 cm 

TL; size class I had only 2 samples and was excluded from most analyses. Two regions were used for analyses 

with longitudes: coastal and oceanic, delineated by the Peru-Chile Trench (which has an average distance 

from shore of 130 km or 70 nautical miles). Taxa include Argonauta spp., Gonatus antarcticus, Ancistrocheirus 

lesueurii, the diamond squid (Thysanoteuthis rhombus), Japetella diaphana, flying fish (Exocoetidae) eggs, the 

Peruvian anchoveta (Engraulis ringens), and the jumbo squid (Dosidicus gigas). 

Table 2 

Levin’s standardized index (Bp, analysis of similarity (ANOSIM), and trophic position (TP) of blue 

sharks {Prionace glauca) from which stomach contents were collected between February and Decem¬ 

ber 2015 off northern Peru, by size class and longitude of fishing ground. Size class II represents 

fish 150.0-229.9 cm in total length (TL) and size class III represents fish 230.0-309.9 cm TL; size 

class I had only 2 samples and was excluded from most analyses. Two regions, coastal and oce¬ 

anic, were used for the analyses with longitudes of fishing grounds: these regions are separated 

by the Peru-Chile Trench (which has an average distance from shore of 130 km or 70 nautical 

miles). General=overall analysis. 

Factor Subfactor ANOSIM Bi TP 

General - - 0.26 4.4 

Size class II II vs III CR=0.05; 0.19 4.4 

III P<0.05*) 0.42 4.4 

Fishing ground longitude Coastal Coastal vs. oceanic 0.18 4.4 

Oceanic (7?=0.10; P<0.01*) 0.40 4.4 

The niche breadth of the blue shark was considered 

narrow according to Levin’s standardized index (Table 
2), indicating a higher degree of specialization. The 

graphical analysis suggests a similar feeding pattern, 
with a clear dominance of the Argonautidae family 

(Fig. 3). Additionally, the trophic position of the blue 
shark was calculated as 4.4, indicating that the blue 

shark is a high trophic-level consumer within the food 

web off northern Peru. 

Size class groups were evaluated at 20- and 30-cm- 
TL intervals and showed no clear organization of size 

classes. Nevertheless, cluster analysis with a 40-cm- 
TL interval showed positive results, with 3 size classes 

identified at 50% of Bray-Curtis dissimilarity (Fig. 4). 
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Figure 3 

Prey-specific abundance at a family level plotted against the frequency of 

occurrence (%FO) for families of prey species found in analysis of stomach 

contents of blue sharks (Prionace glauca) sampled in northern Peru between 

February and December 2015. The explanatory axes for foraging patterns 

are those modified by Amundsen et al. (1996). The 2 diagonal axes represent 

the importance of prey (dominant versus rare) and the contribution to niche 

width (high between-phenotype contribution [BPC] versus high within-phe- 

notype contribution [WPC]). The vertical axis defines the predator feeding 

strategy. The families include Ancistrocheiridae (ANC), Argonautidae (ARG), 

Bolitaenidae (BOL), Chiroteuthidae (CHI), Coryphaenidae (COR), Cranchi- 

idae (CRA), Delphinidae (DEL), Engraulidae (ENG), Enoploteuthidae (ENO), 

Enteroctopodidae (ENT), Galatheidae (GAL), Gonatidae (GON), Histioteuthi- 

dae (HIS), Loliginidae (LOL), Macrouridae (MAC), Mastigoteuthidae (MAS), 

Merlucciidae (MER), Myctophidae (MYC), Octopodidae (OCD), Octopoteuthi- 

dae (OCT), Oeogopsidae (OEO), Ommastrephidae (OMA), Onychoteuthidae 

(ONY), Pholidoteuthidae (PHO), Scombridae (SCO), Sphyraenidae (SPH), 

Thysanoteuthidae (THY), Tremoctopodidae (TRE), Vampyroteuthidae (VAM), 

and Vitreledonellidae (VIT). Other stomach contents include one bird (BIR) 

and flying fish (Exocoetidae) eggs (EXO). 

However, because size class I (110.0-149.9 cm TL) was 

represented by only 2 samples, only size class II (150.0- 
229.9 cm TL, n=32) and size class III (230.0-309.9 cm 

TL, n =40) were considered for subsequent analyses. 

From all the factors assessed (sex, season, size class, 
and fishing ground [by latitude and longitude]), ANO- 

SIM showed a significant difference in the diet by size 

class and fishing ground longitude. These differences 
were small (Table 2), but indicated that an overlap ex¬ 

ists between the composition of dietary factors (Clarke, 

1993). A small difference in diet composition existed 
between size class II and III (Table 2). The nonmetric 

MDS plot showed that this small difference is explained 
by an overlap of diets (Fig. 5A). According to SIMPER 

analysis, in order of importance, the prey families that 
most contributed to the diet of size class II were Argo¬ 

nautidae and Thysanoteuthidae, whereas in size class 
III they were Argonautidae and Ancistrocheiridae. The 

%PSIRI for size classes showed a similar trend (Fig. 
2). Argonauta spp. represented the main prey taxon 

for both size classes, although a considerable decrease 

in this taxon was observed from size class II (28.5%) 
to size class III (8.6%). Furthermore, larger size indi¬ 

viduals (size class III) exhibited a tendency to forage 
on other prey species such as A. lesueurii (7.8%) and 

Japetella diaphana (4.7%), in addition to an increase 

in the importance of 'unidentified cephalopoda’ in the 
diet. Niche breadth analysis revealed that both groups 
had high degrees of specialization, even though higher 

values were estimated for size class III (Table 2). Blue 

sharks of both groups were considered top predators 

(Table 2). 
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Figure 4 

Cluster analysis of 3 size classes with total length intervals of 40 cm for blue sharks (Prionace 

glauca) sampled off northern Peru between February and December 2015. Hierarchical clustering 

was performed by using the Bray-Curtis index of dissimilarity. 

The nonmetric MDS ordination for fishing ground 

longitude showed that the diets of both groups over¬ 

lapped (Fig. 5B). This overlap explains the small dif¬ 
ference calculated with ANOSIM (Table 2). SIMPER 

analysis revealed that, in order of importance, Argo- 

nautidae and Chiroteuthidae contributed more to the 
diet of blue sharks in the coastal zone, whereas An- 

cistrocheiridae and Argonautidae contributed more to 

the diet of individuals in the oceanic zone. Trophic 
positions in both longitudinal zones were similar and 

Levin’s standardized index revealed that blue sharks 
had a higher degree of diet specialization in both zones, 

although higher values were estimated for the oceanic 
zone (Table 2). Values of %PSIRI for longitudinal zones 

(Fig. 2) showed that the coastal zone diet (n=36) was 

predominated by Argonauta spp. (33.2%), flying fish 
eggs (6.3%), Gonatus antarcticus (5.2%), and Peruvian 

anchoveta (4.2%). In contrast, the oceanic zone (n=79 

stomachs) had a much lower percentage of Argonauta 
spp. (8.3%), in addition to A. lesueurii (8.2%) and dia¬ 

mond squid (Thysanoteuthis rhombus, 7.6%). Further¬ 

more, ‘unidentified cephalopods’ varied greatly between 

coastal (15.3%) and oceanic (38.6%) zones. 
Finally, the PERMANOVA test (pseudo-F=0.7961, 

P>0.05) indicated no interaction between the 2 size 

classes and coastal and oceanic fishing grounds. 

Discussion 

The present study provides important new information 
on the diet of blue sharks in Peruvian waters. In this 

study, cephalopods represented 87.4% PSIRI of overall 
diet, and 66.7% of total prey species identified. These 

results validate, for Peruvian waters, the preference 
of blue sharks to prey on squid in the eastern Pacific 
Ocean (Markaida and Sosa-Nishizaki, 2010; Loor-An- 

drade et al., 2017). Furthermore, our results showed 
that small quantities of fish were consumed (8.5% 

PSIRI). It is important, however, to note that fish con¬ 
sumption is likely underestimated because both fish 

flesh and otoliths degrade faster than cephalopod flesh 

and beaks (Tricas, 1979; Hernandez-Garcfa, 1995). 

Blue sharks have been described as meso- and 
bathypelagic predators (Clarke et al., 1996). They are 

known to swim at depths near the thermocline at night, 

whereas during daylight hours, they prefer to dive and 
complete long incursions to great depths (Carey and 

Scharold, 1990). Campana et al. (2011) stated that 

this behavior was highly related to the diel vertical 
migrations of their preferred prey (i.e., cephalopods), 

which feed in the epipelagic zone at night and move to 
greater depths during daylight hours. Our identifica¬ 

tion of mesopelagic (e.g., Ancistrocheiridae, Histioteu- 

thidae, Gonatidae cephalopods) and bathypelagic (i.e., 

Vampyroteuthis infernalis) prey in significant quanti¬ 
ties, suggests that, at least for the area studied, they 
also completed vertical migrations to feed on preferred 

or available prey, or both (Roper and Young, 1975). 

Argonauta spp. off the coast of northern Peru have 
been studied little and have been described only as 

fauna associated with prospections associated with the 
Peruvian anchoveta fishery in the northern Humboldt 

ecosystem (between 4-16°S and 0-148 km from shore) 
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Figure S 

Nonmetric multidimensional scaling plots comparing distributions of 

(A) size classes II (A) and III ( + ) and (B) oceanic (▼) and coastal (O) 

fishing grounds for blue sharks (Prionace glauca) collected off northern 

Peru between February and December 2015. Size class II represents 

fish 150.0-229.9 cm in total length (TL), and size class III represents 

fish 230.0-309.9 cm TL. The coastal and oceanic fishing grounds were 

categorized by using the Peru-Chile Trench (with an average distance 

from shore of 130 km or 70 nautical miles) as the boundary. The stress 

level of this plot is 0.06. 

(IMARPE4) and as a component of the diet of dol- 

phinfish (Coryphaena hippurus) (Solano et al., 2015). 
However, recent investigations have begun to assess 

basic aspects of its ecology. Orosco-Montenegro (2016) 
reported that the abundance of larvae of Argonauta 

spp. is higher during the summer (318 individuals/m2) 
than during the fall (9 individuals/m2) along the Peru- 

4 IMARPE (Institute del Mar del Peru). 2015. Crucero 
1502-04 de “Evaluacion hidroacustica de los recursos pelagi- 
cos.” Inst. Mar Peru, Inf. Ejec., 42 p. [Available from web¬ 
site] 

vian coast, while Sajinez et al. (2016) 

mentioned that Argonauta spp. abun¬ 
dance is highly related to SST, with 

increased abundance during positive 

anomalies. During the sampling year, an 
SST positive anomaly of 1.7°C (SD 1.2) 

(DHM5) was reported for the Nino 1+2 

region (in the eastern equatorial Pacific 
Ocean between 0-1 (rS and 90-80°W). 

Therefore, the elevated consumption of 
Argonauta spp. that we observed (16.1% 

PSIRI) may have been a response to 

higher abundances of this species during 
the SST positive anomaly if we consider 

the opportunistic foraging behavior of 

the blue shark upon abundant available 
prey (Stevens, 1973). The elevated con¬ 

sumption of Argonauta spp. is what most 
makes the blue shark a consumer with 
a high degree of specialization. However, 

further investigations are needed to fur¬ 

ther confirm this feeding pattern and to 

evaluate how this degree of specialization 
varies during La Nina periods. 

The consumption of flying fish eggs 
(in patches) recorded in this study may 
suggest, as Nakano and Seki (2003) pro¬ 

posed, the ingestion of prey (or objects) 

whose silhouettes are detected against 
light from the sea surface. However, the 

maximum number of individuals of cer¬ 
tain small-size species (e.g., Argonauta 

spp.=102, P. monodon-34, Doryteuthis 

(Amerigo) gahi=25, Peruvian ancho- 
veta=24, Grimalditeuthis bonplandi=14) 

reported in different samples may also 
reflect a habit of foraging upon shoals of 

small-size species (Tricas, 1979). Further¬ 
more, Trieas (1979) indicated that blue 

sharks benefit from schools of spawning 
squid, such as those of the opalescent 

inshore squid (Loligo opalescens). There¬ 

fore, Argonauta spp. could be prey of blue 
sharks within spawning areas of Argo¬ 

nauta spp. off northern Peru, as well, es¬ 
pecially considering that abundant fertil¬ 

ized and nonfertilized Argonautidae eggs 

were found in 21 stomachs. 

Scavenger behavior 

Blue sharks are considered active scavengers in the 

open ocean (Garibaldi and Orsi Relini, 2000). However, 
this behavior has only been discussed because of the 

discovery of cephalopod and marine mammal parts in 
stomachs of blue sharks (Markaida and Sosa-Nishiza- 

5 DHN (Direction deHidrografiayNavegaeiom). 2015. Anom- 
allas de la temperatura superficial del mar en el Pacific© ecu- 
atorial. Bol. Oceanogr., December 2015, 9 p. [Available from 
website] 
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ki, 2010; Klarian et al., 2018). In this study we sought 

to reinforce these studies with a new approach, i.e., 
with the consideration of the cosmopolitan duck bar¬ 

nacle (Lepas anatifera) as a bioindicator of scavenging 

behavior. 

The duck barnacle is a cosmopolitan species that as 
an adult is commonly found attached to floating objects 

(Hinojosa et al., 2006). Its cyprid larval stage denotes 

the shift from a free-swimming organism to a sessile 
organism. During this stage, cyprid larvae are forced to 

find a favorable place to settle and metamorphose into 

juvenile duck barnacles (Hpeg et al., 2012). The most 

common substrate used by cyprid larvae are animals 

and floating objects, such as boats, buoys (Sneli, 1983), 
wood (Minchin, 1996), macroalgae (Hinojosa et al., 

2006), turtles (Casale et al., 2012), and even fish (Zevi- 
na and Memmi, 1981). However, we believe that other 

substrates could be used by duck barnacle in the open 

ocean, for example, moribund spent females of many 

deep-water cephalopods that float passively to the 
ocean surface and die (Nesis, 1996). Indeed, Markaida 

and Sosa-Nishizaki (2010) stated that blue sharks may 

easily scavenge on these dead buoyant cephalopods. In 
our study, two stages of duck barnacle—cyprid larvae 

(60.1%, range: 1-200 individuals) and juveniles (9.1%, 
range: 1-3) (Suppl.Fig.)—were found in stomachs con¬ 

taining only the prey ‘unidentified cephalopods’ (n-40). 

We believe that at least some of the ingestion of cepha¬ 

lopods was the result of scavenging behavior. The pos¬ 
sible scavenging behavior of blue sharks is also rein¬ 

forced by findings of duck barnacle cyprid larvae in 

samples containing skin, blubber, muscle tissue, and 
dorsal fin of marine mammals, and in the keeled ster¬ 

num of an ‘unidentified bird’ (Klarian et al., 2018). 

Dietary variability by ontogenetic factors 

Ontogenetic shifts have been described in the diets of 
several shark species—shifts that are mainly due to 

energetics, metabolism, or changes in foraging ability 

(Grubbs, 2010). In the case of blue sharks, some stud¬ 
ies have tried to prove these ontogenetic shifts, how¬ 

ever, with no success (Markaida and Sosa-Nishizaki, 

2010; Hernandez-Aguilar et al., 2016). 

Length at first maturity of blue sharks in the 
southeastern Pacific Ocean has been reported to be 

around 200 cm TL (Bustamante and Bennett, 2013). 

Therefore, size class II in our study was considered to 

comprise both juvenile and small adults, with a large 
predominance (82%) of juveniles. Juvenile blue sharks 

(TL<200 cm) have a narrow coastal distribution before 

they take part in larger-scale migrations (Vandeperre 
et al., 2014). Litvinov (2006) supported the idea that 

this spatial isolation of juvenile blue sharks is caused 

by limitations on prey consumption at the earliest age, 

specifically during the period of development of teeth 
cusps. In addition, Vandeperre et al. (2014) stated 

that coastal areas may provide juvenile blue sharks 
(fork length<185 cm) with optimal growth conditions 

because of the availability of food resources that are 

associated with the diversity of topographic features 

(seamounts and islands), and localized oceanographic 

processes. In our study, the large abundance of small- 

size octopods, such as Argonauta spp., in the diet of 

individuals from size class II and in the diet of those 

captured in the coastal zone (Fig. 2), reaffirms the hy¬ 

pothesis that small-size blue sharks occur in coastal 

areas and feed upon available prey items. 

Vertical and horizontal movements of blue sharks 

expand progressively as body size increases, and ac¬ 

cording to migratory patterns throughout their life his¬ 

tory (Nakano and Stevens, 2008). The smaller quanti¬ 

ties of Argonauta spp. and the appearance of the oce¬ 

anic squid A. lesueurii in the diet of individuals from 

size class III (100% adults) and from oceanic areas 

(Fig. 2) may indicate longitudinal movements of larger 

blue sharks from coastal to oceanic areas (Vogler et 

al., 2012). Moreover, the presence of cephalopods from 

deeper depths, such as J. diaphana or V. infernalis, 

in the diet of size class III may indicate progressive 

dives to greater depths by larger individuals (Roper 

and Young, 1975). 

In this article we have provided important new 

information about the food habits of blue sharks off 

northern Peru. Blue sharks feed on small-size (Argo¬ 

nauta spp.) and larger size (A. lesueurii) prey species, 

which indicate a surface and mesobathypelagic for¬ 

aging behavior. In addition, we identified prey items 

with commercial importance, such as jumbo squid, D. 

gahi, Peruvian anchoveta, and flying fish eggs in the 

diet of blue sharks, which highlight the importance 

of the results from this study for Peruvian ecosystem 

management. 
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Abstract—-The black sea bass (Cen- 

tropristis striata) is extending its 

range northward, into a warming 

Gulf of Maine. Here, we plot the geo¬ 

graphic distribution of specific life 

stages to examine whether spawning 

and settlement, and therefore pro¬ 

ductivity, are extending northward. 

In order to align these life stages 

with the correct sampling season, 

we first resolve confusion about the 

spawning seasonality of this species, 

by collecting age-0 individuals from 

coastal waters of southeastern Mas¬ 

sachusetts (Buzzards Bay and Nan¬ 

tucket Sound) and aging them by 

using daily otolith microincrements. 

Wild-caught age-0 fish (?i=381), 

ranged in size from 32 to 88 mm to¬ 

tal length (mean: 53 mm [standard 

deviation (SD) 11]), and in age from 

50 to 129 d old (84 d [SD 16]). They 

hatched from May 2 to July 21 (June 

6 [SD 14 d]), and grew at linear 

rates from 0.32 to 1.22 mm/d (0.65 

mm/d [SD 0.15]). The literature and 

two 40-year trawl surveys confirm 

that black sea bass have spawned in 

Buzzards Bay and Nantucket Sound 

since the 1880s. Farther north, in 

the southern Gulf of Maine, spawn¬ 

ing has likely occurred in the last 

15 years. Settlement has increased 

about 1°N latitude over the recent 4 

decades in association with warming 

sea temperatures in the southern 

Gulf of Maine. 
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The black sea bass (Centropristis 

striata) is an important fishery spe¬ 
cies in temperate and subtropical 

latitudes of the western North Atlan¬ 
tic Ocean (Musick and Mercer, 1977; 

Hood et ah, 1994; NEFSC1) and is 

the only serranid that spawns north 
of Cape Hatteras, North Carolina 

(Kendall, 1972). The northernmost 

stock, subject of this study, has been 
historically distributed in temper¬ 

ate waters from Cape Hatteras to 

Cape Cod, Massachusetts (Roy et ah, 
2012; McCartney et al., 2013; Mc¬ 

Bride, 2014), but in recent years its 

range has been extending northward 
into the colder Gulf of Maine (Klein- 

MacPhee, 2002; Miller et al., 2016). 

Coastal warming along the U.S. 

northeast coast is accompanied by 
the shifting distributions for many 

marine species (Nye et al., 2009; Per¬ 

1 NEFSC (Northeast Fisheries Science 
Center). 2017. 62nd Northeast Re¬ 
gional Stock Assessment Workshop 
(62nd SAW) assessment summary re¬ 
port. Northeast Fish. Sci. Cent. Ref. 
Doc. 17-01, 37 p. [Available from web¬ 
site.] 

shing et al., 2015; Henderson et al., 

2017), and has led to predictions of 
“winning and losing” species as cli¬ 

mate changes (Graham and Harrod, 

2009; Hare et al., 2016). Unlike some 
New England species that appear 

to be losing ground in the region, 

the warm-temperate black sea bass 
may be a winner; however, our abil¬ 

ity to predict the effects of climate 
on fish remains difficult (Brander, 

2015; Kleisner et al., 2017; Frank 
et al., 2018). For example, it is un¬ 

clear whether random individuals or 

a specific subset of adults are simply 
moving farther north on a seasonal 

basis, or whether spawning or settle¬ 
ment is increasing in previously un¬ 

occupied or sparsely populated habi¬ 

tats of the Gulf of Maine. 
Fish movements may be a cause 

for distributional shifts. This north¬ 
ern stock is composed of subregional 

‘contingents’ that provide evidence 

of phenotypic, particularly meristic, 
variation along a latitudinal cline 

(Shepherd, 1991). A potential mech¬ 

anism underlying this phenotypic 
cline is contingent-specific seasonal 
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Figure 1 

Map of estuarine and inshore sites where black sea bass 

(Centropristis striata) were collected off southeastern Mas¬ 

sachusetts during 2006-2007. Collections were used for 

otolith microincrement analyses. The rhombus indicates 

the spawning area identified by Kolek (1990), from Suc- 

connesset Shoal to Point Gammon in Nantucket Sound. 

migrations, because individuals move offshore and 
south in autumn and back inshore and north in spring 

and show a substantial degree of site-fidelity evident 

from tag-recapture data (Moser and Shepherd, 2009; 

Fabrizio et al,. 2013). One or more contingents may be 
leading the way in expanding northward. 

Climate change may also be affecting reproduction 
by shifting spawning seasons or grounds in a manner 

that could affect productivity rates (Pankhurst and 

Munday, 2011), which is our focus here. Testing this 

hypothesis is challenging given that the first year of 
life of black sea bass at the northern extent of its his¬ 

torical range is poorly understood. Kendall (1972; p. 

1254) advanced the idea: “Seasonally, there seems to 
be some northerly progression of spawning” but add¬ 

ed “Details of the suggested northward progression 
of spawning need clarification” (p. 1257). Differences 

in modal peaks in spawning seasonality north versus 

south of Cape Hatteras are not in dispute here (Table 
1). To the south, black sea bass spawn in a protracted 

manner, beginning as early as January, peaking in 
March, and ending with a smaller peak in September 

(Mercer, 1978; Wenner et al., 1986). Juveniles, 3-17 

cm standard length, are reported year-round off South 
Carolina, within a coastal, subtropical range of prac¬ 

tical salinities (11-35) and temperatures (10-32°C) 
(Lehnert and Allen, 2002). Farther north, in Maryland 

and Virginia, Musick and Mercer (1977) concluded that 
spawning peaked in June. Klein-MacPhee (2002) stated 

that spawning between Chesapeake Bay and Long 

Island peaked in August. Age-0 black sea bass, 3-11 
cm total length (TL), have occurred in New Jersey 

coastal habitats during summer-autumn, but they 

cannot survive winter temperatures, and instead 

migrate offshore (Able and Hales, 1997; Hales and 
Able, 2001; Fabrizio et al., 2013). 

Although sparse, such data fit Kendall’s (1972) 
initial proposal that spawning progresses season¬ 

ally from south to north. However, Caruso’s (1995) 

and Wuenschel et al.’s2 sampling of black sea bass 
off Massachusetts, at the northernmost range limit 

of this species, provide evidence of peak spawning 

activity early, in late May or mid-June, not later in 
the season. They examined gonads macroscopically 

for evidence of spawning, whereas much of the other 
research was based on ichthyoplankon collections 

(Table 1). Ichthyoplankton surveys in waters off 

Massachusetts are not representative of black sea 
bass spawning, because such surveys did not sample 
in Nantucket or neighboring sounds (Table 1), where 

black sea bass have been observed in spawning con¬ 

dition during May-June and juveniles are present in 
autumn (Fig. 1; Wilson, 1889; Lux and Nichy, 1971; 

Kolek, 1990; Able et al., 1995; Caruso, 1995; Drohan 

et al., 2007). We conclude that spawning seasonality 
and the first year of life have not been adequately 

described for this species at the northern extent of 

its range. 
To resolve the issue of spawning seasonality, 

age-0 black sea bass were collected with multiple 

gears in Buzzards Bay and Nantucket Sound during 
summer and autumn of 2006 and 2007 to determine 

age, by day, within that annual age class. Herein and 

elsewhere (Hales and Able, 1995), this otolith microin¬ 
crement method has been validated as both accurate 

and precise with respect to daily increment formation. 
In addition to defining spawning seasonality based on 

backcalculated hatch dates, we examined growth rates 

and resulting size of age-0 fish entering their first over¬ 

wintering period. 
To check for shifting spawning and nursery grounds, 

we examined geographic distributions of spawning 

adults and age-0 black sea bass from 2 time series of 
fishery-independent groundfish (otter trawl) surveys 

since at least the 1980s. We plot the distributions of 

these fish roughly by decade and correlate the annual 
distributions of settled, age-0 fish by both latitude and 

temperature. 

2 Wuenschel, M. J., G. R. Shepherd, R. S. McBride, R. Jor¬ 
gensen, K. Oliveira, E. Robillard, and J. Dayton. 2011. Sex 
and maturity of black sea bass collected in Massachusetts 
and Rhode Island waters; preliminary results based on mac¬ 
roscopic staging of gonads with a comparison to survey data. 
A working paper for SARC 53- Black Sea Bass Data Meet¬ 
ing. In 53rd Northeast Regional Stock Assessment Work¬ 
shop (53rd SAW) assessment report. Northeast Fish. Sci. 
Cent. Ref. Doc. 12-05, p. 529-559. [Available from website.] 
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Materials and methods 

Daily age validation and precision 

Age-0 black sea bass were collected from the Swan Riv¬ 

er (Dennis, Massachusetts) on August 10, 2008, with 
minnow traps (42 cmx20 cm in size, with 7-mm mesh, 

and a 2.5-cm opening) baited with surf clams. Fifty- 

nine individuals were transferred to a 90-L aquarium 
and immersed in a 500 pg/L solution of oxytetracycline 

(OTC) for 5 h at a salinity of 15 and temperatures of 

21-22°C on August 13 (McBride, 2002). These fish were 
then held in a 970 L tank with a supply of flow-through 

sea water at 30-32 salinity and 21-22°C and fed to sa¬ 

tiation a daily diet of squid and clams. After 24 h (day 
2), 5 fish were sacrificed to verify that an OTC mark 

was present (these fish were not aged later). On day 
7, 1 fish was sacrificed to check again the formation 

of an OTC mark. On day 16, 10 fish were sacrificed 

for daily ring counts along the distal edge of the OTC 
mark. Also on day 16, 15 fish were re-marked by im¬ 

mersing them in OTC, in a similar manner as before. 
On day 30, all remaining fish, some with double OTC 

marks, were sacrificed for additional counts. There 

was no other evidence of mortality during the experi¬ 
ment. After fish were sacrificed, sagittal otoliths were 

removed, cleaned, and stored dry. 
Of the 54 marked fish, 17 were selected from each 

date in a simple random fashion: 1 fish at day 7, 8 fish 
at day 16, 8 fish at day 30 (including 1 fish with a dou¬ 

ble mark). One otolith per fish was embedded in epoxy 

resin, and a 300-pm transverse section was cut with a 
double-bladed IsoMet Low Speed Saw3 (Buehler, Lake 

Bluff, IL). These sections were mounted on microscope 

slides with a clear, thermoplastic adhesive (Crystal- 
bond 509, Electron Microscopy Sciences, Hatfield, PA) 

and polished with 3-pm and 5-pm metallurgical lap¬ 
ping film. OTC marks were identified with an ultra¬ 

violet light, and microincrements were counted with a 

light microscope (200x) and imaging software (Image- 
Pro Plus, vers. 7.0, Media Cybernetics, Inc., Rockville, 

MD). Standard tests for accuracy, bias, and precision 

of these daily ages included plotting the data, using 
Chang’s coefficient of variation (CV; Chang, 1982), and 

using Evans and Hoenig’s test of symmetry (Evans and 

Hoenig, 1998). Age-bias plots follow the bubble format 
advocated by McBride (2015), and the statistic tests 

were produced by the FSA package, vers. 0.8.20 (Ogle, 
2018) in R software, vers. 3.5.0 (R Core Team, 2018) 
(Ogle, 2016). 

Precision (i.e., repeatability) of daily age estimates 

from wild-caught fish was checked for 37 otoliths (10% 
of the 372 fish examined). These otoliths—from 5 ran¬ 

domly selected fish over 10-d intervals (range: 51-129 

d)—were aged a second time, independently but by the 

3 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA. 

same reader. Bias and precision tests were performed 
as described above. 

Hatching dates and growth rates 

In the estuary, age-0 black sea bass were collected dur¬ 

ing August-September, 2006 and 2007, off southeastern 

Massachusetts, by using minnow traps as described in 
the previous section (Fig. 1). Four sites were sampled 

in Buzzards Bay (Westport River; Clarks Cove; Nas- 

ketucket Bay; Sippican River) and 1 site was sampled 
in Nantucket Sound (Swan River). Estuarine surface 

salinity ranged from 17 to 23 and surface temperature 

ranged from 14° to 23°C during the sampling period. 
Inshore, off southeastern Massachusetts, age-0 black 

sea bass were also collected during the Massachusetts 
Division of Marine Fisheries (MA-DMF) autumn sur¬ 

vey in September 2006 and 2007 by trawl (with 7-mm 

codend liner). Trawl sites were selected following a 
stratified-random design (King et. al.4), and these sites 

were then stratified into two areas (Buzzards Bay and 

Nantucket Sound [Fig. 1]) in analyses. Inshore bottom 
salinity ranged from 31 to 33 and bottom temperature 

ranged from 6° to 20°C in September. 

The TL of each fish was measured to the nearest 
mm from the snout to the posterior of the medial cau¬ 

dal fin ray. Sagittal otoliths were removed, cleaned, 

and stored dry. Otoliths were embedded, sectioned, 
and mounted as described above; however, 400-pm sec¬ 

tions were initially produced, and these became thin¬ 
ner (150-200 pm) after subsequent wet sanding with 

1200-grit wet or dry sandpaper. These otoliths were 
also soaked for 24-96 h in a 2% trypsin solution to en¬ 

hance the visibility of the rings (Roemer and Oliveira, 

2007), and were then polished with metallurgical lap¬ 
ping film, to finish. 

Prepared otoliths were dabbed with immersion oil 

and viewed under a light microscope (lOOx), aided by 
imaging software (Image-Pro Plus). Counts began with 

the first visible ring near the nucleus and continued 

to the edge of the otolith. Variation in clarity of differ¬ 
ent areas of the otolith section meant that no single 

axis was used to count microincrements (‘images’ in 

Tweedie, 2014). 
A total of 1131 black sea bass were collected in 2006 

and 2007 from 5 estuarine sites and 18 different inner 

shelf sites. Fish were selected for age determination by 
simple, random subsampling when more than 20 fish 

were collected within a month-year-area (estuarine, 
inshore, Buzzards Bay, or Nantucket Sound) aggre¬ 

gate, which resulted in 34% (n=381) of these fish being 

aged (Fig. 2). Selected fish were statistically smaller 
than all fish collected in 2006 (Student’s t=2.7, df=636, 

P=0.006), but by <3 mm; therefore this difference was 

4 King, J. R., M. J. Camisa, and V. M. Manfredi. 2010. Mas¬ 
sachusetts Division of Marine Fisheries trawl survey effort, 
lists of species recorded, and bottom temperature trends, 
1978-2007. Mass. Div. Mar. Fish. Tech. Rep TR-38, 151 p. 
[Available from website.] 
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Figure 2 

Length-frequency distributions for all (white bars) 

and aged (overlayed black hatched bars) black sea bass 

(Centropristis striata) collected in 2006 (upper panel) 

and 2007 (lower panel) in southeastern Massachusetts. 

Mean values, with standard deviations, (SDs) for sizes 

and number of fish in) are indicated. 

of limited biological significance; there was no differ¬ 
ence in aged and all fish collected in 2007 (Student’s 

*=-0.27, df=863, P=0.78) (Fig. 2). 
Hatching dates were calculated by subtracting the 

total count of microincrements for each fish from the 
date of capture, assuming that the first ring observed 

corresponded to the hatching date and that there 

was negligible time difference between spawning and 
hatching (unknown but considered in the discussion). 

Capture dates were similar between years (mean: Au¬ 

gust 28 or 29 [standard deviation (SD) 18-19 d], in 
2006 and 2007) and areas (August 28-31 [SD 18-20 

d], Buzzards Bay and Nantucket Sound); however, cap¬ 
ture dates were 1 month earlier for estuarine than for 

inshore collections (August 18 [SD 13 d] vs. September 

19 [SD 3 d]). Therefore, capture date was a confound¬ 
ing variable, which precluded a comparison of a full 

3-way analysis of variance (ANOVA) of hatching dates 
between years, and between estuarine and inner shelf 

sites in both Buzzards Bay and Nantucket Sound. Also, 

because different sampling gears (traps, trawls), were 
used in estuarine and inshore habitats, there may also 

have been a gear effect, although this effect would not 
arise from mesh selectivity, which was the same for 

both gears (7-mm mesh). Because of these potential 

confounding variables, hatching dates are described 
and plotted separately by year and location. 

Daily increments and TL at capture were also used 
to calculate mean growth (in millimeters per day). As 

reported above for hatching dates, capture date had a 

significant effect when included in a full multifactorial 
ANOVA comparison of growth rates between years, and 

between estuarine and inner shelf sites in both Buz¬ 

zards Bay and Nantucket Sound. Consequently, size at 
age and growth rates are also described separately by 

year and sampling location. 

A time series of fish distributions 

Annual time series, from 2 otter trawl surveys conduct¬ 

ed since the late 1970s and early 1980s, were examined 

to map the distribution of adult female and age-0 black 
sea bass collected in coastal waters and on the conti¬ 

nental shelf. Plots of different maturity classes depict 
distributions of adult females and spawning grounds. 

Maturity classification, completed at sea, followed 
Burnett et al. (1989). For graphical clarity, 3 classes 

were plotted: 1) developing fish (prespawning females 

but also likely to include spawning fish between batch 
spawning events [Klibansky and Scharf, 2015]); 2) 

spawning fish (females with hydrated oocytes), and 3) 
postspawning fish (spent females). Immature and rest¬ 

ing fish were not plotted because these were reproduc- 

tively inactive at time of capture. Distributions of age- 
0 fish depict nursery grounds. Identification of age-0 

fish followed the methods of Penttila and Dery (1988) 
for examinations of prepared otoliths. Subsequently, it 

was determined that age-0 fish were readily identified 
by size (Suppl. Material), and a proxy size (< 12 cm TL) 

was used to select age-0 fish in order to include indi¬ 

viduals that were age-0 but that had not been specifi¬ 

cally examined for age. 
Site selection for these 2 otter trawl surveys fol¬ 

lowed a stratified-random sampling design. The first 

survey (MA-DMF), in coastal waters off Massachusetts, 

was the inshore bottom trawl survey described in the 
previous section; sampling occurred during spring 

(May) and autumn (September). The second survey was 

performed by the National Marine Fisheries Service’s 
Northeast Fisheries Science Center (NMFS-NEFSC) in 
the spring (March-May) and autumn (September-No- 

vember). It was conducted in federal waters primarily, 

covering offshore waters across the continental shelf 
to the shelf break, from North Carolina to the north¬ 

ern Gulf of Maine, including adjacent territorial seas 
of Canada. For both surveys, the time series of age-0 

fish started in 1978, the time series of mature adults 
started in 1983, and the terminal year of all data was 

2016. Further details are summarized in Reid et al. 

(1999). 
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Figure 3 

Accuracy and precision of daily otolith microincrement readings in black sea bass (Centro¬ 

pristis striata) collected in southeastern Massachusetts during 2006-2007. (A) Accuracy: 

estimated age minus days after marking with oxytetracycline in relation to the days after 

marking of captive fish held in an aquarium. Bubble size corresponds to number of marks 

on otoliths from 17 fish (1 fish of which had 2 marks). (B) Precision: estimated age differ¬ 

ence between 2 independent readings by the same reader in relation to the mean age of both 

readings for wild-caught fish. Each bubble represents one fish. In both panels, the dashed 

line indicates the mean of all differences, and the gray box depicts +2 standard deviations. 

For later examination in relation to age-0 fish dis¬ 

tributions, local sea-surface temperature data were 
measured from NOAA Buoy Station 44013, 30 km 

(or 16 nautical miles) east of Boston, Massachusetts 
(42°21'N, 70°39'W, National Data Buoy Center, web¬ 

site), 1984-2016. 

Results 

Microincrement analyses 

Otolith microincrements were validated as daily in 
marked fish held captive for up to 30 d (Fig. 3A). The 

mean bias, 0.22 d, was not significant (test of symme¬ 
try: x2=2.0, df=2, P=0.37) and there was agreement be¬ 

tween known-age and estimated ring count along the 

distal edge of the OTC mark (Chang’s CV=1.8). Micro¬ 

increment counts made from wild-caught individuals 
were also repeatable (Fig. 3B). The mean bias, -1.6, 

was not significant (test of symmetry: %2=11.0, df=10, 
P=0.36) and there was high precision between the first 

and second paired readings (Chang’s CV=3.3). Wild- 

caught age-0 fish ranged in size from 32 to 88 mm TL 
(mean: 53 mm TL [SD 11]), and in age from 50 to 129 

days old (84 d [SD 16]) (n [no. of fish sampled]=381). 

Results based on daily age counts showed that 
black sea bass spawn from early May to mid-July off 
southern New England. Individual hatching dates for 

all aged black sea bass ranged from May 2 to July 21 

(mean: June 6 [SD 14 d], 77=381) (Fig. 4). Mean hatch¬ 

ing dates, pooled by year, were at least a week later in 
2006 (June 11 [SD 13 d], n=200) than in 2007 (June 1 

[SD 13 d], 71=181). They were only 1 d apart between 

Buzzards Bay and Nantucket Sound (June 6 [SD 14 d], 

n=273 and June 7 [SD 14 d], 77=108, respectively), and 
they were 2 weeks earlier in fish collected in estuaries 

(June 1 [SD 11 d], n=2bl) than at inshore sites (June 

16 [SD 12 d], re=124). 
Age-0 black sea bass had variable growth rates 

ranging from 0.32 to 1.22 (mean: 0.65 mm/d [SD 0.15]) 

(Fig. 5). Mean growth rates, pooled by year, were faster 

in 2006 (0.70 [SD 0.14]) than in 2007 (0.58 [SD 0.12]); 

pooled by locations, they were less variable between 

Buzzards Bay and Nantucket Sound regions (0.66 [SD 
0.15] and 0.61 [SD 0.12], respectively), than between 
estuaries (0.68 [SD 0.14]) and inshore sites (0.57 [SD 

0.13]). 

Trawl survey analyses 

Black sea bass have been spawning farther north for 
the last 40 years (Fig. 6). Before 2000, spawning was 

focused in Buzzards Bay and Nantucket Sound, and 

there were no indications of spawning in the Gulf of 
Maine. In the 2000s, developing females appeared in 

Cape Cod Bay. Since 2010, developing females have 
been caught as far north as Cape Ann off northeast¬ 

ern Massachusetts (42°39,N, 70°36'W). Few spawning 

females were observed in the Gulf of Maine—a finding 
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Figure 4 

Hatching dates of black sea bass (Centro- 

pristis striata) in 2006 (upper panel, with 

numerical days of the year along the bot¬ 

tom axis) and 2007 (lower panel, with cor¬ 

responding calendar dates). Box-whisker 

plots represent aged individuals collected 

from estuarine (E) and inshore (I) sites 

within Nantucket Sound (NS) and Buz¬ 

zards Bay (BB) in southeastern Massachu¬ 

setts, each with the median (thick line), 

the 25-75 percentile (boxes), the approxi¬ 

mate 95% confidence limits (whiskers), and 

outliers (dots). 

that would provide the most direct evidence of spawn¬ 

ing. Few spent females were found. 
Black sea bass nursery grounds have also been mov¬ 

ing northward over the last 40 years (Fig. 7). Over¬ 

all, age-0 black sea bass were found distributed from 

the southern Gulf of Maine, specifically Cape Cod and 
Massachusetts Bay, to North Carolina (Suppl. Mate¬ 

rial). In the Gulf of Maine, they have been most fre¬ 

quently collected during the last decade, but they have 
been present in the southern Gulf of Maine since both 

surveys operated together in the late 1970s. Although 
the NMFS-NEFSC trawled well into Canadian waters 

(> 45°N), the maximum latitude of age-0 black sea bass 

occurrence during 1978-2016 ranged from 41°35'N in 
1993 to 42°56'N in 2014. 

The maximum latitude of age-0 black sea bass has 

steadily increased 0.021 degrees annually, on average, 
since 1978, for a total of about 1°N during the last 40 
years (Fig. 8). Most relevant for future monitoring is 

the association between autumn sea temperature and 
the maximum latitude of age-0 fish. This association 
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Figure 5 

Size at age of black sea bass (Centropristis stria¬ 

ta) in 2006 (upper panel) and 2007 (lower panel). 

Individuals are represented according to the loca¬ 

tion of collections from estuarine (E) and inshore 

(I) sites within Nantucket Sound (NS) and Buz¬ 

zards Bay (BB) off southeastern Massachusetts. 

is modeled in Figure 8 as a linear relationship, but 
also suggests a break point pattern, with a break val¬ 
ue around 16-17°C, below which this species is found 

much farther south and above which it is found much 

farther north. 

Discussion 

Black sea bass is already a winner under conditions 

of warming temperatures. Earlier spring warming has 
led to earlier and more extensive spring migrations, 
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Occurrence of mature female black sea bass (Centropristis striata) in trawl 

surveys conducted during spring by the Massachusetts Division of Marine Fish¬ 

eries (MA-DMF) and the Northeast Fisheries Science Center (NEFSC) at the 

northern distributional limit of this species off southeastern Massachusetts, 

from 1983 to 2016. Most fish are from the MA-DMF survey (Suppl. Material), 

but we examined fish from both surveys because the NEFSC survey shows 

broader spawning across the continental shelf. Mature fish are depicted in 3 

spawning conditions: developing (orange circles), spawning (red triangles), and 

postspawning (brown squares). Numbers of fish in each spawning condition (n) 

are provided. Black lines indicate the 50- and 100-m isobaths. 

and longer summer durations appear to favor growth, 

which increases their biomass (Henderson et al., 2017). 
Our new analyses support a hypothesis that increasing 

reproductive productivity by the northernmost spawn¬ 

ing contingents is driving the broader increasing abun¬ 
dance of this northern stock. As evidence, we define 

black sea bass spawning seasonality at the northern 

extent of its range, comment on juvenile growth rates, 

and examine geographic shifts in spawning females 
and settled juveniles. Trends in the northward expan¬ 

sion of settled age-0 fish are also correlated with a 
warming trend in the southern Gulf of Maine. 

Spawning seasonality 

Using an otolith microincrement method, we found that 
black sea bass spawning seasonality does not conform 
to Kendall’s (1972) preliminary proposal that spawning 

for this species occurs progressively later with latitude. 

True, peak spawning is much earlier in the year south 

versus north of Cape Hatteras, North Carolina, but 
black sea bass also have the potential for a very pro¬ 

longed spawning period in some regions but not oth¬ 

ers. In the south, in offshore waters of South Carolina 
and Georgia, Wenner et al. (1986) documented an early 

and prolonged spawning peak, from January to April, 
and a smaller peak in September. Farther north, in 

offshore waters of the middle Atlantic seaboard, from 

North Carolina to New York, spawning appears pro¬ 
tracted from as early as April to as late as November 

(Table 1). At the northernmost extent of black sea bass 
distribution, as shown herein, spawning begins later 

but appears less prolonged: from May to July, peak¬ 
ing in June. Earlier spawning is not likely, because 

adults return to Massachusetts waters in spring, from 

an overwintering migration. We postulate that later 
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Figure 7 

Occurrence (blue dots) of age-0 black sea bass (Centropristis striata) in trawl sur¬ 

veys conducted during autumn by the Massachusetts Division of Marine Fisheries 

and the Northeast Fisheries Science Center (NEFSC) at the northern distribu¬ 

tional limit of this species off southeastern Massachusetts, from 1978 to 2016. 

See Supplementary Material for areal extent of the NEFSC sampling coverage 

(~36-44°N). Numbers of age-0 fish (n) are provided. Black lines indicate the 50- 

and 100-m isobaths. A red X indicates the position of the sea-surface temperature 

buoy referred to in Figure 8. 

spawning is not favored in southern New England wa¬ 

ters because the resulting age-0 fish would not grow to 

a sufficient size or store sufficient energy to avoid over¬ 
wintering mortality (Munch et ah, 2003; Bell, 2012). 

The timing and length of the spawning season may 

itself be subject to change, if warming continues, as 
suggested by supplemental data in Walsh et al. (2015); 
therefore further monitoring is warranted. 

Our estimates of hatching dates are both accurate 
and precise. Daily microincrement formation in black 

sea bass otoliths has been validated by Hales and Able 
(1995) using OTC marked fish released and recaptured 

in the wild. Our effort confirms the age validation step 

of Hales and Able (1995) and shows the level of preci¬ 
sion in our specific estimates. Nonetheless, we have as¬ 

sumed that the first microincrement corresponds with 
hatching specifically, but it could be laid down earlier 

during embryogenesis. In general, we assume a negli¬ 
gible difference between the times of deposition of the 

first growth ring, hatching, and spawning. A review of 
the literature suggests that our estimates of hatching 

dates may differ from spawning dates by as much as a 

week. Egg incubation is reported to range from 38 h at 

23°C to 75-120 h at 15-16°C (Wilson, 1889; Hoff5; Ken¬ 
dall, 1972). The difference between spawning, hatch¬ 

ing, and the first microincrement may be more than 5 
d in Buzzards Bay and Nantucket Sound with May bot¬ 

tom temperatures of 10-12°C (King et al.2), but would 
be shorter later, June or July, as temperature increas¬ 

es and survival of eggs would improve (optimized at 

22-25°C; Watanabe et ah, 2003). These potential ad¬ 
justments would push the calculation of spawning sea¬ 

sonality earlier, especially when sea temperatures are 

5 Hoff, F. H. 1970. Artificial spawning of the black sea bass 
Centropristis striata melanus (Ginsberg), aided by chorionic 
gonadotrophic hormones. Fla. Dept. Nat. Resour. Mar. Res. 
Lab. Spec. Sci. Rep. 25, 17 p. 
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Figure 8 

(A) Increasing distribution (solid circles= maximum 

latitude) of age-0 black sea bass (Centropristis stri¬ 

ata) in trawl surveys conducted during autumn by 

the Massachusetts Division of Marine Fisheries and 

the Northeast Fisheries Science Center from 1978 to 

2016, plotted with increasing sea-surface temperatures 

(x=mean for September of each year) in the southern 

Gulf of Maine. Both regression slopes were signifi¬ 

cantly different than zero (autumn distribution, solid 

line: y=0.38+0.021x, P<0.001, coefficient of determina¬ 

tion [r2]=0.29; September temperatures, dashed line: 

y=-130+0.073x, P<0.001, r2=0.46). (B) Year-to-year 

comparison of maximum latitude and mean September 

sea-surface temperature (dashed line, y=39.3 + 0.177x, 

P=Q.03, r2=0.18). Temperature data for 1984-2016 come 

from NOAA Buoy Station 44013, 30 km east of Boston, 

Massachusetts (see Fig. 7). 
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cooler, but such adjustments would not push spawning 

or hatching outside a May-July period. 

We note few differences in hatching dates among 

our sampling years or locations. There was no differ¬ 
ence between years, and although temperature may 

drive spawning seasonality, June temperatures at the 

buoy in offshore waters of Boston varied by less than 
0.5°C between 2006 and 2007 (14.2°C vs 14.5°C), leav¬ 

ing little contrast between our years of sampling. It 
may be that—with the longer-term pattern of warming 

temperatures—black sea bass spawning seasonality is 
undergoing a directional selection so that spawning 

begins earlier in the year (Pankhurst and Munday, 

2011), which would justify replicating our study design 

to test such a hypothesis in Massachusetts waters. We 
were curious whether there was a spatial difference 

in hatching dates between neighboring Buzzards Bay 

and Nantucket Sound but found no difference. Finally, 
earlier hatching dates for fish that settle in estuarine 

sites, as opposed to inshore sites, may arise from early 

warming in estuarine waters, if warmer water initi¬ 
ates earlier seasonal spawning. However, our sampling 

design was confounded in two specific ways. First, dif¬ 

ferent gears were used in estuarine and inshore sites, 
which may lead to gear selectivity, although this seems 

unlikely because the smallest mesh was a similar size 

in both gears. Second, sampling at estuarine sites be¬ 
gan earlier than at inshore sites: if all fish originated 

across the same hypothetical hatching date distribu¬ 
tion, then fish sampled earlier (versus later) would ex¬ 

perience less cumulative mortality, resulting in differ¬ 

ent back-calculated hatching dates between early and 
late samples. Or they may have experienced different 

dispersal patterns with respect to age and habitat. 
These may be interesting considerations to pursue in 

the future, but their resolutions are not likely to re¬ 

veal a radically different perception of spring-summer 
spawning by black sea bass in coastal waters off south¬ 

eastern Massachusetts. 

It is unlikely that spawning occurs later, such as in 

August, but our study design may not have captured 
late spawning. For example, larvae from a hypothetical 

August spawning may have been too small to be re¬ 

tained by traps or they may have had a high mortality 
rate. However, spawning after July by local fish is not 

consistent with the predominance of immature or spent 

individuals observed by Kolek (1990), Caruso (1995) 
and Wuenschel et al.2 in late summer. Late summer 

spawning is occurring farther south. For example, a 
check of the NMFS-NEFSC data base from 35°N to 

41°N shows an average of 8.9% (range: 3-19% by 1° 

latitude) of mature females are in spawning condition 
(ripe or ripe and running) during autumn, whereas the 

percentage of spawning females drops to 0.3% north 
of 41°N. Thus, if black sea bass spawn into autumn in 

Massachusetts waters, it is rare. 
The dynamics and overlap between spawning and 

targeted fishing seasons is relevant for managing the 

reproductive potential of a fish population (Peer and 
Miller, 2014). For example, the (Massachusetts and 
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Table t 

Evidence from literature of black sea bass (Centropristis striata) spawning seasons by locations, ordered from north to south: 

Gulf of Maine (GOM, >42°N), southern New England (SNE, ~42-41°N), Long Island Sound (LIS, 41.5-41°N), New York 

Bight (NYB, 41-39°N), Chesapeake Bight (CB, 39-35°N), and South Carolina and Georgia (SC/GA, 33.5-31.5°N). Sampling 

habitats are identified as estuarine (E) or offshore (O). Months indicate the period during which eggs or larvae were present 

or when ripe or ripe and running gonads were observed by ichthyoplankton sampling (I) or by macroscopic or histological 

examination of gonads (G). Years of sampling are indicated, as are the citations for the sources of evidence. 

Location Habitat Months present Method Year Citation 

GOM O _ I (larvae) 1977-87 Able et al., 1995 

GOM O - I (eggs) 1977-87 Berrien and Sibunka, 1999 

GOM O - I (larvae) 1969-70 Chenoweth, 1973 

SNE — Juna — 1898 Bumpus, 1898 

SNE - May-Jun - - Bigelow and Schroeder, 1953 

SNE E Jul I (larvae)b 1957-8 Herman, 1963 

SNE E - I (eggs and larvae) 1972-3 Bourne and Govoni, 1988 

SNE Oc - I (larvae) 1966 Kendall, 1972 

SNE Oc - I (eggs) 1977-87 Berrien and Sibunka, 1999 

SNE Oc - I (larvae) 1977-87 Able et al., 1995 

SNE O May-July G (macro) 1993 Caruso, 1995 

SNE O May-Jund G (macro) 2010 Wuenschel et al.(fn- 2 in main text) 

LIS E - I (eggs and larvae) 1950s Richards, 1959 

NYB — May-Jun _ _ Bigelow and Schroeder, 1953 

NYB O Aug-Oct I (larvae) 1966 Kendall, 1972 

NYB 0 Jun-Oct I (eggs) 1977-87 Berrien and Sibunka, 1999 

NYB 0 Jul-Nov I (larvae) 1977-87 Able et al., 1995 

NYB o May-Jul G (macro) 1974-5 Wilk et al., 1990 

CB Ee Jun-Jul I (larvae) 1929-30 Pearson, 1941 

CB - May - - Bigelow and Schroeder, 1953 

CB 0 Jun, Aug, Oct-Nov I (larvae) 1966 Kendall, 1972 

CB 0 Apr-Oct, Jan I (eggs) 1977-87 Berrien and Sibunka 1999 

CB o Apr-Nov I (larvae) 1977-87 Able et al., 1995 

CB 0 Jul-Aug G (macro) 1987 Eklund and Targett,1990 

SC/GA 0 Jan-Apr (Sep) G (histology) 1978-81 Wenner et al., 1986 

aSpawns in June (sampling locations and method not explicit). 

bn=2 at mouth of Narragansett Bay, probably a product of offshore spawning. 

cNo sampling in Nantucket Sound. 

••Sampling May-Oct but not July. 

eMost taken in July at the mouth of the Chesapeake Bay. 

federal) fishing season begins in mid-May and ex¬ 
tends until at least August, completely overlapping the 

spawning season. Migrants that may arrive or start 

spawning after fishing starts are more vulnerable than 
earlier migrants to mortality and the potential disrup¬ 

tion of spawning behavior, and their vulnerabilities 
may vary on a yearly basis or could be reduced over 

time if the spawning season is pushed earlier. 

First year growth 

Farther south, off New Jersey (39.5°N; Able and Hales, 

1997) and Maryland (38.0-38.4°N; Peters and Chigbu, 

2017), autumn age-0 fish size distributions overlap 

(range: 50-110 mm TL, mode: 70 mm TL) with what 
we observed off southern New England. If anything, 

age-0 growth was slower to the south (mean: 0.43 

mm/d, Able and Hales, 1997; 0.58 mm/d, Peters and 
Chigbu, 2017), but a counter gradient pattern of ju¬ 

venile growth has not been described for this species 
(Conover, 1992) and more data across its range appear 

necessary before speculating further on growth pat¬ 

terns. Growth is likely affected by temperature and by 
salinity as well: Berlinsky et al. (2000) reported higher 
growth at a salinity of 20 in relation to salinities of 

10 and 32. Able and Hales (1997) observed high site 
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fidelity of age-0 black sea bass, at least until they mi¬ 
grate offshore as winter approaches; therefore local 

conditions are relevant to juvenile growth and survival 

(Miller et al., 2016). Although more experimental work 
would be useful to define a full response to tempera¬ 

ture and salinity combinations, first-year growth con¬ 
ditions off southern New England do not appear to be 

suboptimal in relation to the central portions of the 

middle Atlantic seaboard. 

Spawning and nursery habitats 

Black sea bass spawning during June was historical¬ 

ly documented in Nantucket Sound by Wilson (1889), 

and later, Kolek (1990) identified spawning black sea 
bass in shallow waters, <6 m, along the south shore of 

Cape Cod during May-July. In our analysis of spawn¬ 
ing fish from trawl samples, ripe females were deeper 

and more variable in deeper water (mean: 18.7 m [SD 

21.1], range: 6-146 m, n=341) than that reported for 
running ripe females (mean: 12.2 m [SD 5.3], range: 

5-35 m, n=83; MADMF and NEFSC spring surveys, 

1984-2017). These characterizations of spawning depth 
are similar to, or even shallower than, Drohan et al.’s 

(2007) characterization of black sea bass spawning: at 
20-50 m depth. Recaptures of spawning fish in subse¬ 

quent years, on the spawning grounds where they were 

tagged, indicate homing behavior to Nantucket Sound 
(Kolek, 1990). 

We assume limited movements by spawning fish 

between locations of capture and spawning, which ap¬ 
pears reasonable on the basis of field observations of 

tagged fish (Fabrizio et al., 2013). Our conclusion that 

spawning is expanding into the Gulf of Maine is de¬ 
pendent on whether the developing females observed 
there since 2000 do spawn there. Our prediction is that 

actively spawning females (i.e., ovulating) will eventu¬ 
ally be documented in the Gulf of Maine, or that with 

gonad histological methods, partially spent females 
(i.e., with fresh postovulatory follicles) between batch 

spawning events will be identified there. 
The NMFS-NEFSC trawling data may reflect a bias 

caused by a switch to a larger trawl and research ves¬ 

sel in 2008, which increased catches (NEFSC1). How¬ 
ever, expansion of mature adults into the southern 

Gulf of Maine was also evident in the MA-DMF sur¬ 
vey, which has not switched gear or ships during this 

period (Suppl. Material). Another concern is to explain 

why some age-0 fish were present in the southern Gulf 

of Maine in the 1980s, before spawning adults were 
documented. Some researchers have suggested early 

life stages of bass are transported through the Cape 

Cod Canal, but no ichthyoplankton data exist to con¬ 
firm such transport. 

These first approximations of areal extent and dy¬ 
namics of spawning suggest additional avenues for re¬ 

search. Tagging returns from previous years by Kolek 

(1990) and Moser and Shepherd (2009) indicate that 
a combined use of acoustic tags may not only be suc¬ 
cessful for documenting philopatry, but may also be 

successful for contrasting spawning activity in differ¬ 

ent habitats and elucidating details of black sea bass 

mating systems, as has occurred recently for Atlantic 

cod (Gadus morhua) (e.g., Dean et al., 2014; Zemeckis 
et al., 2014). 

Further focus on age-0 fish appears warranted. For 

example, the success of newly settled fish in habitats 
in the Gulf of Maine depends on the prey base there. 

Are there aspects of habitat at time of settlement that 

are being preconditioned by warming or is there already 

suitable habitat there now, but the area lacked compe¬ 
tent larvae (i.e., larvae capable of undergoing metamor¬ 

phosis) previously. Black sea bass do not use estuarine 

habitats extensively as nurseries, but age-0 juveniles 
do use polyhaline, subtidal habitats in estuaries (this 

study; Able and Hales, 1997; Peters and Chigbu, 2017), 

and larvae and juveniles are tolerant of a wide range 
of salinities (10-32; Berlinsky et al., 2000). The expan¬ 

sion of early life stages, those of both larvae and settled 

juveniles, on Georges Bank off the coast of New Eng¬ 
land (Suppl. Material) is quite recent and warrants con¬ 

tinued scrutiny, as well. Given this breath of possible 

settlement habitats, examining the microchemistry and 
isotopic signatures of otolith cores may be fruitful to 

test the hypothesis that fish settling at more northern 
latitudes have been responsible for the recent trend in 

increasing biomass of the northern stock. 

This study details black sea bass spawning and 
nursery habitats in a poorly studied region, noting that 

habitat use has been dynamic over the last 4 decades. 

Spawning adults and juveniles have extended north¬ 
ward as coastal waters warm, and possibly to the east, 

on Georges Bank (Suppl. Material). Nye et al. (2009) 

did not include black sea bass in their review of chang¬ 
ing fish distributions in continental shelf waters of the 

U.S. Northeast, but more recent examinations of the 
same data set show that the distribution range of this 

species is moving northward (Bell et al., 2015; Kleis- 

ner et al., 2016; Miller et al., 2016). Such analyses 

have been conducted at a coarse level, i.e., by examin¬ 
ing changes in geographic centroids, without consider¬ 

ation of life stage. The most recent stock assessment 

(NEFSC1) showed that the northern (north of Hudson 
Canyon off the New Jersey coast) but not the southern 

contingents of black sea bass have been increasing in 

abundance, which could give the impression that the 
fish are moving north, when what is changing is the 

productivity rates of each set of contingents. Also, the 

geographic distribution of this species may appear to 
be moving ‘north’ in spring because warmer tempera¬ 

tures initiate an earlier migration to inshore waters 

off Long Island, New York, as well as north of Cape 
Cod (Suppl. Material). Warm-temperate species, like 
black sea bass, are preconditioned to wide seasonal 

fluctuations in temperature, and thus may be better 
able to expand into new habitats caused by warming 
seas at high latitudes. Still, just because this stock mi¬ 

grates seasonally, we should not assume that aggregate 

changes in the distribution of this population are solely 
the result of individuals per se moving farther north. 
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Details, such as described here, will help form predic¬ 

tions about the ways in which population abundance 
and geographic distribution may change (Cheung et ah, 

2016). In this regard, black sea bass is an informative 
stock to watch in the future. 

Looking farther north, there is scant but growing 

evidence of black sea bass reaching the northern Gulf 
of Maine. Bigelow and Schroeder (1953) regarded black 

sea bass as ‘a rare stray from the south,’ mostly cap¬ 

tured in offshore waters off Massachusetts, and not 
known north of Maine’s Matinicus Island (43°51'N). 

Even today, evidence that black sea bass are moving 

seasonally into the northern Gulf of Maine is the result 

more of anecdotal accounts than survey records. Recent 
state records have been reported in New Hampshire 

(Xu6), there have been accounts of increased bycatch 

of black sea bass in lobster pots (Rudalevige, 2015), 
and rare catches (3 fish from 2012 to 2016) have been 

reported in an inshore trawl survey along coastal New 
Hampshire and Maine (Sherman et al.7). During the 

NMFS-NEFSC trawl survey, few black sea bass were 

captured in offshore waters of Maine, either in the 
spring (Suppl. Material) or in the autumn (data not 

depicted but only 2 adults north of 43°N). Still, the 

northward expansion of this species led to the imple¬ 
mentation of fishing regulations in 2014.8 

Will this expansion of spawning and nursery grounds 

contribute to greater population productivity or resil¬ 
iency? Maybe, but another phase of the first year needs 
to be recognized. Miller et al. (2016) report that cohort 

strength is limited by overwintering survival, a juve¬ 

nile phase later than that examined here. Therefore 
warming near the shelf break may be more important 

to recruitment variability than warming in the Gulf of 
Maine. However, these relationships often break down 

when new data are added. If expansion of spawning 

and nursery grounds continues northward, then the 
corresponding effect on increasing local productivity 

could interact, perhaps nonlinearly, with Miller et al.’s 

(2016) predictive model of year-class strength. The in¬ 

formation reported in this study provides additional 
context regarding the dynamics of the early life history 

of black sea bass, because year class strength may be 
set at multiple stages of ontogeny. 
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Abstract-—The distributions of 

sharks inhabiting deepwater eco¬ 

systems (>200 m) remain largely 

speculative because of limited collec¬ 

tion efforts for species of relatively 

low commercial value and because 

of difficulties associated with sam¬ 

pling in deepwater habitats. As a 

result, ranges of deepwater shark 

species are often considered con¬ 

tinuous across broad expanses de¬ 

spite records of occurrence, in many 

cases, being spatially fragmented. 

Within United States (US) waters 

of the western North Atlantic Ocean 

(WNA), the range of angel sharks 

(Squatinidae) in continental shelf 

and slope waters has been various¬ 

ly reported as both continuous and 

disjunct. The objective of this study 

was to use fishery-independent 

data to describe the range of angel 

sharks in US waters of the WNA 

and identify potential spatial dis¬ 

continuities that could be consistent 

with the idea of multiple species or 

populations in the region. Results 

indicate that angel sharks in US 

waters of the WNA have a disjunct 

distribution and discontinuities oc¬ 

cur from approximately Georgia 

through southern Florida and within 

a well-defined area off the coast of 

Louisiana. Evidence suggests spatial 

discontinuities could be related to 

thermal, salinity or current veloc¬ 

ity barriers, or to a combination of 

these factors. 
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Historically, distributions of shark 

species were based on the amalga¬ 

mation of observational and fish¬ 
ery-dependent data (e.g., Jordan 

and Evermann, 1896; Bigelow and 

Schroeder, 1948). Since the advent 

of fishery-independent surveys, the 
true spatial extent of shark distri¬ 

butions has come into greater focus, 
particularly for species occupying 

neritic habitats. However, distribu¬ 

tions of sharks inhabiting deepwater 
ecosystems (>200 m) remain largely 

speculative owing to limited collec¬ 

tions because of their relatively low 
commercial value and difficulties as¬ 

sociated with sampling in deepwa¬ 

ter habitats. Additionally, the use 
of satellite tagging technology is of 

limited applicability for monitoring 
movements of species found beyond 

the photic zone because of the de¬ 
pendence on light-based geolocation. 

As a result, the ranges of deepwater 

shark species are often considered 
continuous across broad expanses 

despite occurrence records being spa¬ 

tially fragmented. 
Within United States (US) wa¬ 

ters of the western North Atlantic 
Ocean (WNA), sharks from the or¬ 

ders Hexanchiformes, Squaliformes, 

Lamniformes, Squatiniformes, and 

Carcharhiniformes occur in ben¬ 
thic habitats of the outer continen¬ 

tal shelf and slope (Castro, 2011). 

Of these fishes, angel sharks are of 
particular concern because the fam¬ 

ily Squatinidae is reported to be the 
most threatened family of sharks 

globally (Dulvy et ah, 2014). Con¬ 
servation concern for angel sharks 

results from high bycatch rates, 

regional extinctions, relatively k- 

selected life history characteristics, 
data deficiencies (e.g., Colonello et 

ah, 2007; Baremore, 2010; Tagliafico 
et al., 2017), and, importantly, the 
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Table 1 

Data sources for trawl surveys used to examine the spatial distribution of squatinid sharks in the western North Atlantic 

Ocean. Data were collected by the Marine Resources Monitoring, Assessment, and Prediction Program (MARMAP), the 

Northeast Area Monitoring and Assessment Program (NEAMAP), the Northeast Fisheries Science Center (NEFSC), South¬ 

east Area Monitoring and Assessment Program South Atlantic (SEAMAP-SA) and Gulf of Mexico (SEAMAP-GOM) surveys, 

the Southeast Fisheries Science Center (SEFSC) Small Pelagics/Acoustic Trawl Survey, and SEFSC Mississippi Laboratories 

historical and exploratory trawl surveys (MSLABS). n=the total number of trawls conducted over each time series. 

Data source Years Months sampled n Spatial coverage Depth (m) 

MARMAP 1973-1980 Jan-Nov 1196 Cape Hatteras, NC, to Cape Canaveral, FL 3-108 
NEAMAP 2007-2016 Apr-May, Sep-Nov 2870 Cape Cod, MA, to Cape Hatteras, NC 4-57 

NEFSC 1963-2016 Jan-Dec 43,121 Halifax, Nova Scotia, to Cape Canaveral, FL 2-1164 

SEAMAP-SA 1989-2015 Apr-Nov 16,046 Cape Hatteras, NC, to Cape Canaveral, FL 2-20 

MSLABS 1950-1997 Jan-Dec 29,392 Rhode Island to Brownsville, TX 4-3085 

SEAMAP-GOM 1987-2016 Jun-Jul, Oct-Nov 16,794 Key West, FL, to Brownsville, TX 2-113 

SEFSC 2002-2016 Oct-Nov 1538 Key West, FL, to Brownsville, TX 12-555 

limited spatial distribution of some species (Compagno 

et al., 2005). For example, Walsh and Ebert (2007) con¬ 

firmed the validity of 4 species of squatinids around 
Taiwan in the western North Pacific Ocean: Taiwan 

angel shark (Squatina formosa); Japanese angel shark 
(S. japonica), clouded angel shark (S. nebulosa); and 

ocellated angel shark (S. tergocellatoides). Similarly, 

Vaz and de Carvalho (2013) described the overlapping 
range of three sympatric squatinids within the western 

South Atlantic Ocean off the coast of Brazil: Argentine 

angel shark (S. argentinaY, angular angel shark (S. 
guggenheim); and hidden angel shark (S. occulta). 

Angel sharks inhabiting the WNA off the US east 

coast of the US (EC) and throughout the Gulf of Mexico 
(GOM) are largely thought to consist of a single spe¬ 
cies, the Atlantic angel shark (S. dumeril) (e.g., Bigelow 

and Schroeder, 1948; Castro, 1983; Compagno, 1984). 

However, Applegate et al. (1979) reported the possible 
presence of an undescribed squatinid in the GOM on 

the basis of a specimen collected in a fish market in 

Mexico. Later, Castro-Aguirre et al. (2006) described 2 

new species of angel sharks, Gulf angel shark (S. het- 
eroptera) and Mexican angel shark (S. mexicana), from 

the GOM. Shortly thereafter, Ebert et al. (2013) placed 
the 2 newly described species in synonymy with S. du¬ 

meril leaving the validity of these species in question, 

a conclusion supported by Eschmeyer and Fricke1 but 
in disagreement with Castro (2011). Despite the taxo¬ 

nomic uncertainty associated with angel sharks in the 

GOM, the range of Atlantic angel sharks in continental 
shelf and slope waters of the WNA has been reported 

as continuous by some and disjunct by others. For ex¬ 

ample, Compagno (2002) indicated angel sharks within 
the WNA have a continuous range from Massachusetts 

to Veracruz, Mexico, whereas Bigelow and Schroeder 

1 Eschmeyer, W. N., and R. Fricke (eds.). 2017. Cata¬ 
log of fishes. Electronic version, updated 1 November 
2017. [Available from website,] 

(1948) reported that the range extends from southern 
New England to North Carolina off the east coast and 

from the Florida Keys into the northern GOM. 
On the basis of conflicting information regarding 

the range of the genus in US waters of the WNA, our 
goal was to examine fishery-independent data collected 

throughout the region to determine the distribution of 

angel sharks. Our goal was 1) to determine whether 

the range is continuous (or discontinuous) throughout 
US waters of the WNA and 2) to identify spatial dis¬ 

continuities in distribution that could be consistent 
with the idea of multiple species or populations in the 
region. 

Materials and methods 

To examine the broad- scale distribution of squatinids 
in US waters of the WNA, catch data from 7 fishery-in- 

dependent trawl surveys were obtained and analyzed. 
Data were collected from Nova Scotia to the Florida 

Keys off the EC and in the northern GOM from the 

Florida Keys to Brownsville, Texas. The boundary be¬ 
tween the EC and the GOM was designated to be at 
81.0°W. All data sources were trawl based; however, 

because of a lack of consistency in survey design and 

gear configurations among and, in some cases, within 

data sources, we did not compare relative abundance 

(i.e., catch-per-unit-of-effort) throughout the sampling 
area. Additionally, because of numerous changes in 
the experimental design and gear of most surveys, re¬ 

search design and gear specifications are not provided 
in the present study. Data sources from the east coast 

of the US included the 1) National Marine Fisheries 

Service (NMFS), Northeast Fisheries Science Center 
(NEFSC), Spring, Autumn and Winter Bottom Trawl 
surveys (1963-2016); 2) the Northeast Area Monitor¬ 

ing and Assessment Program (NEAMAP) (2007-2016) 

Survey; 3) the joint South Carolina Department of Nat- 
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Figure 1 

Locations of 104,957 trawls conducted during 7 fishery-independent surveys in the west¬ 

ern North Atlantic Ocean between 1950 and 2016. Black dots represent a single sampling 

station, and many dots overlap because of high sampling density, most notably in the 

northern and western parts of the sampling area. 

ural Resources and NMFS, Marine Resources Monitor¬ 
ing, Assessment, and Prediction (MARMAP) Survey 

(1973-1980); and 4) the Southeast Area Monitoring 
and Assessment Program-South Atlantic (SEAMAP- 

SA) Survey (1989-2015); and 5) NMFS, Mississippi 

Laboratories historical and exploratory trawl surveys 
(MSLABS) (1950-1997). Data collected from the GOM 

included the 1) MSLABS surveys, 2) the SEAMAP- 
GOM Survey (1982-2014), and the 3) NMFS, South¬ 

east Fisheries Science Center, Small Pelagics/Acoustics 
Trawl Survey (2002-2014) (Table 1). 

The position of each trawl and the locations where 

angels sharks were captured were plotted to determine 

the distribution of squatinids within the surveyed area. 
Median depth and depth distributions of all trawls con¬ 

ducted and locations where angel sharks were captured 
were compared for both regions by using Mann-Whit- 

ney-Wilcoxon (W) and Kolmogorov-Smirnov (K-S) 

tests, respectively. Results of the K-S test were used 

in conjunction with histograms to determine whether 
angel sharks were uniformly distributed throughout 

sampled depths. Additionally, bottom temperature and 
salinity (measured according to the practical salinity 

scale) information were available for a subset of the 

data and were compared, by using W and K-S tests, 
to determine whether these abiotic factors significantly 

affect the distribution of angel sharks in the two areas. 

To describe region-specific depth, temperature, and sa¬ 
linity preferences, the upper and lower quartiles are 

presented for each variable, as suggested by Magnu- 
son et al. (1979) for skewed data. Logistic regression 

was used to examine the relationship between bino¬ 
mial catch (i.e., no catch versus positive catch), depth, 

temperature, and salinity. Because of a significant col- 

linearity between depth and temperature within some 

seasons, logistic models were run that included and 
excluded depth. 

Data were obtained from the NOAA National Cen¬ 
ters for Environmental Information (Boyer et al.2; Sei- 

dov et al.3) to generate maps of bottom temperature 

and salinity off the southeastern EC and throughout 
the GOM in order to visualize potential barriers to 

movements between the two regions. Mean values for 

both variables were obtained for grids of 1/10° latitude 
by 1/10° longitude and plotted with ArcGIS4 software, 

vers. 10.3.1 (Esri, Redlands, CA). Temperature data 

were limited to winter months (i.e., January, February 
and March), whereas salinity data was pooled over all 

months. 

Results 

Data were obtained from 104,957 trawls conducted 

from Nova Scotia to the Florida Keys (/? =66,161) and 

throughout the northern GOM (n=38,796) (Fig. 1). Off 

2 Boyer, T. P., M. Biddle, M. Hamilton, A. V. Mishonov, C. 
Paver, D. Seidov, and M. Zweng. 2015. Gulf of Mexico 
regional climatology (NCEI accession 0123320). Vers. 1.1. 
NOAA Natl. Cent. Environ. Inf. Data set. [Available from 
website, accessed March 2018.] 

3 Seidov, D., O. K. Baranova, D. R. Johnson, T. P. Boyer, A. 
V. Mishonov, and A. R. Parsons. 2016. Northwest Atlantic 
regional climatology, Regional Climatology Team (NCEI ac¬ 
cession 0155889). Vers. 1.1. NOAA Natl. Cent. Environ. Inf. 
Data set. website, accessed March 2018.] 

4 Mention of trade names or commercial companies is for iden¬ 
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA 
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Figure 2 

Comparison of depth (<500 m), temperature, and salin¬ 

ity (>24) at all sampled locations (gray bars) and at lo¬ 

cations where angel sharks (Squatinidae) were collect¬ 

ed (white bars) off the East Coast of the United States 

between 1950 and 2016, expressed as percentages of to¬ 

tal number of trawls conducted (A=49,887) and trawls 

in which angel sharks were captured (tz= 1001). 
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Figure 3 

Comparison of depth (<500 m), temperature, and salin¬ 

ity (>24) at all sampled locations (gray bars) and loca¬ 

tions where angel sharks (Squatinidae) were collected 

(white bars) in the northern Gulf of Mexico between 

1950 and 2016, expressed as percentages of total num¬ 

ber of trawls conducted (7V=38,520) and trawls in which 

angel sharks were captured (n=1223). 

the EC, trawls were conducted from 24.67° to 44.87°N 

at depths from 3.7 to 3840.0 m (mean: 92.07 m [stan¬ 
dard error (SE) 0.46]) and 89 trawls were conducted at 

depths greater than 500 m (Fig. 2). In the GOM, trawls 

were conducted at depths from 1.8 to 3085.2 m (mean: 
62.07 m [SE 0.54]) and 49 trawls were conducted at 

depths greater than 1000 m (Fig. 3). In both regions, 
sampling occurred in all months; however, effort was 

lowest during January, February, and December (Fig. 
4). A total of 4999 angel sharks were collected during 

the trawl surveys; 2465 were caught off the EC and 

2534 were captured in the GOM. Angel sharks were 

collected off the EC from 32.93° to 39.29°N at depths 
between 5.4 and 494.0 m (Figs. 2 and 5). Off the EC 
there was a significant difference in the distribution of 

depths sampled and depths where angel sharks were 
collected (K-S statistic: 8.92, P<0.01). Angel sharks 

were captured at higher rates at depths less than ~60 
m and between 100 and 160 m than would be expected 

if their spatial distribution were uniform (Fig. 2). 

In the GOM, angel sharks were collected at depths 
between 25.6 and 473.6 m; however, only 2.2% of indi- 
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Number of trawls 

Figure 4 

Monthly sampling effort, measured as number of trawls, during the varied time series (1950-2016) of 

7 different fishery-independent surveys (iV=104,957) from which data were examined for this study. 

Gray bars represent effort off the East Coast of the United States, and white bars represent effort 

within the northern Gulf of Mexico. 

victuals were collected at a depth less than 70 m, de¬ 
spite that 80.0% of the total trawling effort occurred 

in shallower water. There was a significant difference 
in the distributions of depths sampled and depths 

where angel sharks were collected in the GOM (K-S 

statistic: 26.93, P<0.01), and no individuals were cap¬ 
tured at depths less than 25 m. However, 97.8% of in¬ 

dividuals were caught between 70 and 474 m where 
19.2% of the total sampling effort occurred (Fig. 3). 

The distribution of squatinids was relatively con¬ 

tinuous throughout outer continental shelf waters of 
the GOM; however, only 2 individuals were observed 

between the Mississippi River Delta and the west¬ 

ern boundary of the Mississippi Canyon (-150 linear 
km, Fig. 5), despite 3600 trawls that were conducted 

within this area. The 2 sharks were caught in 1950 

and 1951 at depths of 73.1 m and 82.3 m, respectively, 
east of Mississippi Canyon. 

Angel sharks off the EC (13.5-19.5°C) and in the 

GOM (15.7-19.4°C) were collected in relatively cool 
waters and showed similar temperature preferences 

(median preferred temperature for EC=17.5°C, median 

for the GOM=17.6°C) (Table 2; Figs. 2 and 3). Depth 
preference for angel sharks was deeper in the GOM 
(92.3-171.9 m; minimum depth observed=25.6 m) than 

off the EC (17.0-94.0 m; minimum depth observed=5.4 

m) (Table 2). Of the sharks captured that had corre¬ 
sponding salinity data available, only 7 out of 2266 

individuals were collected in brackish water (salin¬ 

ity <30.0). In both regions, angel sharks indicated a 

preference for high salinity (Table 2; Figs. 2 and 3); 
however, sharks were caught over a broader range of 
salinity off the EC. 

There were 20,566 stations off the EC and 18,116 

stations in the GOM that had a full complement of 
depth, temperature, and salinity data. Within the GOM, 

there was a significant relationship between tempera¬ 

ture (x2=437.76, P<0.01), salinity (x2=387.05, P<0.01), 
and positive catch (deviance=2220.71, P<0.01); how¬ 

ever, depth was not significant when included in the 

logistic model (x2=0.03, P-0.87). When excluding depth 
from the model, the relationship between temperature 

(%2=1725.18, P<0.01), salinity <x2=391.06, P<0.01), and 

positive catch remained significant (deviance=2223.75, 
P<0.Q1). Similarly, off the EC, there was a significant 

relationship between temperature (x2=420.35, P<0.01), 

salinity (x2=89.82, P<0.01), and positive catch (devi- 
ance=658.72, P<0.01); however, depth (x2=1.12, P-0.29) 

was not a significant factor. The relationship between 

temperature (x2=420.35, P<0.01), salinity (x2=89.82, 

P<0.01), and positive catch remained significant when 
depth was not included as a factor (deviance=658.72, 

P<0.01). Visual inspection of mapped abiotic conditions 
in the sampled region indicated that relatively high 

temperatures associated with waters off the southern 

Florida peninsula during the winter could represent 

a barrier to movements of squatinids between the EC 
and GOM (Fig. 6). There was no indication of a barrier 

to movements between the EC and the northern GOM 
in relation to salinity (Fig. 7). 

Discussion 

All current sources describing the distribution of At¬ 

lantic angel sharks off the EC list the species as oc- 
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Table 2 

Abiotic characteristics of bottom water associated with all stations sampled and stations where squatinid sharks were 

captured in waters along the East Coast (EC) of the United States and throughout the northern Gulf of Mexico (GOM) 

over varied time series during 1950-2016. All P-values for the Mann-Whitney-Wilcoxon (W) and Kolmogorov-Smirnov 

(K-S) tests were less than 0.01. Mean values are given with standard errors (SEs). 

Mean Lower Upper 

Variable n Range (SE) quartile quartile Median W K-S 

Depth (m) 

EC all stations 49,976 3.7-3840.0 92.07 (0.46) 28.0 128.0 64.0 1.81E+07 8.92 

EC sharks present 1001 5.4-494.0 61.86(2.13) 17.0 94.0 28.0 

GOM all stations 38,789 1.8-3085.2 62.07 (0.54) 20.1 60.4 32.9 4.27E+07 26.93 

GOM sharks present 

Temperature (°C) 

1223 25.6-473.6 144.3 (1.96) 92.3 171.9 128.6 

EC all stations 56,273 -1.4-30.71 13.75 (0.03) 7.1 20.2 11.8 3.26E+07 10.94 

EC sharks present 907 5.5-26.7 16.72 (0.13) 13.5 19.5 17.5 

GOM all stations 19,665 6.1-39.1 22.94(0.03) 20.4 26.0 23.3 2.25E+06 18.89 

GOM sharks present 

Salinity 

899 8.5-26.7 17.47 (0.09) 15.7 19.4 17.6 

EC all stations 36,550 22.1-37.8 33.75 (0.01) 32.6 35.1 33.8 1.06E+07 3.19 

EC sharks present 530 22.1-36.5 34.02 (0.08) 32.5 35.5 34.5 

GOM all stations 18,026 2.3-38.0 36.13 (0.02) 34.7 36.3 35.9 1.09E+07 9.64 

GOM sharks present 879 28.8-37.4 36.13 (0.02) 36.0 36.4 36.3 

Figure 5 

Locations where angel sharks (Squatinidae, /? =2315) were captured during 7 fishery-independent 

surveys conducted in the western North Atlantic Ocean between 1950 and 2016. Numbers indi¬ 

cate key geographic locations mentioned in the text: l=Nova Scotia, Canada; 2=Maine; 3=New 

Hampshire; 4=Massachusetts (MA); 5=Cape Cod, MA; 6=Martha’s Vineyard, MA; 7=Rhode Island; 

8=Connecticut; 9=New York; 10=New Jersey; ll=Philadelphia, Pennsylvania; 12=North Carolina 

(NC); 13=Cape Hatteras, NC; 14=Cape Lookout, NC; 15=South Carolina; 16=Georgia; 17=Florida 

(FL); 18=Jupiter and Port St. Lucie, FL; 19=Florida Keys; 20=Mississippi River Delta; 21=Missis- 

sippi Canyon; 22=Louisiana; and 23=Brownsville, Texas. 
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Figure 6 

Bottom temperatures (°C) associated with winter months (January, February, and March) 

off the coast of the southeastern United States and throughout the northern Gulf of Mexi¬ 

co, based on data from the NOAA National Centers for Environmental Information (north¬ 

west Atlantic Ocean, website; Gulf of Mexico, website). 

100°W 95°W 90°W 85°W 80°W 75°W 70°W 65°W 60°W 

Figure 7 

Annual composite of bottom salinity off the east coast of the southeastern United States and 

throughout the northern Gulf of Mexico based on data from the NOAA National Centers for 

Environmental Information (northwest Atlantic Ocean, website; Gulf of Mexico, website). 

curring from New England to southern Florida (e.g., 

Compagno, 1984; McEachran and Fechhelm, 1998; 

Castro, 2011; Ebert et al., 2013). The results of our 
study indicate that angel sharks in US waters of the 

WNA have a discontinuous distribution with gaps ap¬ 

proximately from Georgia through Florida, off the EC, 
and across the Mississippi Canyon in the GOM. The 
first assessment of the distribution of Squatina in the 

WNA is attributable to Jordan (1885) who considered 
the angel shark (S. squatina, with S. dumeril consid¬ 

ered a junior synonym at the time) to occur only off 
the northeastern United States. Several years later, 

Jordan and Evermann (1896) reported this species oc¬ 

curring “from Cape Cod southward.” However, within 
the junior synonym list, the authors state the location 

of the source material for the original description of 
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S. dumeril by Le Sueur (1818) was “probably Florida.” 
Similarly, Bigelow and Schroeder (1948) stated that 

one of the original specimens examined by Le Sueur 

(1818) in his original description of the species was 
possibly collected off of eastern Florida. 

The speculations of Jordan and Evermann (1896) 

and Bigelow and Schroeder (1948) were almost cer¬ 

tainly based on one of Le Sueur’s syntypes that were 
collected by Titian Peale, an artist and naturalist, 

who participated in the 1817 Florida Expedition of the 

Academy of Natural Sciences of Philadelphia (ANSP). 
The description of S. dumeril by Le Sueur (1818) was 

based on three specimens. Although Le Sueur (1818) 

did not specifically state where these specimens were 
collected, the syntype accessioned in the Museum Na¬ 

tional D’Histoire Naturelle (MNHN-IC-A-9692), by Le 

Sueur himself, lists New York as the locality of collec¬ 
tion. Le Sueur (1818) wrote “My observations on this 

species are derived from three individuals, perfectly 
alike; and the drawing was made from one which Mr. 

Titian Peale kindly put into my hands for examina¬ 
tion, before preparing it for the museum.” Peale, who 

was from Philadelphia, Pennsylvania, took his first 

collecting trip abroad during the 1817 ANSP Florida 
Expedition, which lasted from 25 December 1817 un¬ 

til late April 1818 (Porter, 1983, 1985; Bennett, 2002); 
however, Le Sueur’s description of S. dumeril, which 

included the specimen provided by Peale, was read 

to the ANSP on 3 March 1818 (Le Sueur, 1818). Be¬ 
cause Peale did not return from his collecting trip in 

Florida until over a month after S. dumeril had been 

described by Le Sueur, and because Peale’s detailed 
logs do not mention the collection of any sharks; the 

specimen in question was therefore not collected as 
part of the ANSP Florida Expedition. Further, no an¬ 

gel sharks were collected during 12,451 trawls con¬ 

ducted south of 32.93°N off the EC, an area extending 

from the central coast of South Carolina to the Flori¬ 
da Keys. Additionally, no angel sharks were reported 

within observer data collected during 942 commercial 
trawls for penaeid and rock shrimp that were con¬ 

ducted from Cape Hatteras, North Carolina (35.20°N) 

to Port St. Lucie, Florida (~27.0°N) from 2007 to 2010 
(Scott-Denton et al., 2012). However, 2 records of an¬ 

gel sharks having been captured and tagged by recre¬ 
ational fishermen in shallow water off the east coast 

of Florida are present within the NMFS Cooperative 

Shark Tagging Program database (Kohler5). One shark 
was tagged off Ponte Vedra Beach, Florida, on 17 June 

1973 and the other near Fort Lauderdale, Florida, on 
3 October 1979. Both sharks were caught off the EC at 

latitudes lower than those at which any angel sharks 

have been reported before or since. Further, because 
there is no way to verify identifications of these speci¬ 

mens (i.e., photographs) and because angel sharks are 

morphologically similar (e.g., dorsoventrally depressed, 

5 Kohler, N. 2018. Personal commun. Northeast Fish. Sci. 
Cent., Natl. Mar. Fish. Serv., NOAA, 28 Tarzwell Dr., Nar- 
ragansett, RI 02882. 

two relatively large dorsal fins) to the lesser electric 

ray (Narcine bancroftii), which commonly occurs off 
the east coast of Florida (McEachran and de Carvalho, 

2002), we suspect these records are anomalies or the 
result of misidentification. 

The northern extent of the distribution of Atlan¬ 

tic angel sharks was recently reported by Ebert et al. 

(2013) to extend into New England waters (i.e., Con¬ 
necticut, Rhode Island, Massachusetts, New Hamp¬ 

shire, and Maine). However, the northernmost docu¬ 
mented occurrence of the Atlantic angel shark off the 

EC that we are aware of is off Massachusetts (e.g., 

Smith, 1922), which is the northern distribution extent 
of Atlantic angel sharks acknowledged by Castro (1983) 

and Compagno (2002). Additionally, no angel sharks 
were collected during 15,074 NEFSC trawls conducted 

north of Martha’s Vineyard, Massachusetts (~41.5°N). 

Furthermore, among all survey data examined for our 
study, no Atlantic angel sharks were collected north 
of southern New Jersey (39.30°N) and only 2.6% of 

all angel sharks collected during fishery-independent 

surveys off the EC were found south of Cape Lookout, 
North Carolina (34.58°N). Therefore, we conclude that 

the primary range of Atlantic angel sharks off the EC 

of the US extends from southern New Jersey to Cape 
Lookout, North Carolina. 

The distribution of angel sharks off the EC appears 
to be temperature driven because this variable had the 

highest level of significance in the logistic models. Off 
the EC, the Labrador Current brings relatively cool 

water southward from northern latitudes, terminat¬ 
ing near Cape Hatteras, North Carolina at ~35.2°N 

(Fratantoni and Pickart, 2007). North of Cape Hat¬ 

teras, angel sharks are present year-round; however, 
south of this area in the waters of southern North Car¬ 

olina and northern South Carolina, the species occurs 

offshore in relatively deep waters during winter. From 
December through March, the mean bottom tempera¬ 

ture of inshore waters from Cape Hatteras to Charles¬ 
ton, South Carolina, is less than 13°C (Grieve et al., 

2016), below the minimum preferred temperature for 
angel sharks (13.5°C). By February, mean bottom tem¬ 

peratures of these coastal waters are less than 12°C 
south of Cape Lookout, North Carolina (Atkinson et 

al., 1983). Although water temperatures in offshore wa¬ 

ters along much of the continental shelf in the region 
are within the preferred temperature range of angel 

sharks during the winter, the influx of warm waters 
from the Florida Current during this time results in 

bottom temperatures above the preferred temperature 
(19.5°C) of angel sharks south of central Florida (Fig. 

6; Atkinson et al., 1983; Grieve et al., 2016). Therefore, 
we hypothesize that a thermal barrier prevents angel 

sharks inhabiting waters off the EC from moving into 

the GOM. 
Temperature also limits the movement of angel 

sharks from the GOM into waters within the Straits 
of Florida and northward along the EC. The preferred 

water temperature of angel sharks in the GOM was 
found to be 15.7-19.4°C. However, mean annual tern- 
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peratures in relatively shallow waters of the Dry Tor- 

tugas and Florida Keys are in excess of 24°C (Lee and 
Williams, 1999),—temperatures above the preferred 

temperature range for angel sharks. Therefore, if an¬ 
gel sharks do occur in shallow waters of the eastern 

GOM, the relatively high water temperatures of the 

Dry Tortugas and Florida Keys year-round could act 

as a barrier for angel shark movement into the Straits 
of Florida. To our knowledge, the only record of angel 

sharks occurring in shallow waters of the eastern GOM 

is attributable to Fowler (1906) who stated that local 
fishermen reported Rhina squatina (a junior synonym 

for S. dumeril) was “occasionally taken in summer” in 
the Florida Keys. Because of the morphological simi¬ 

larity between angel sharks and guitar fishes (Rhino- 

bat id ae) and because the Atlantic guitarfish (Pseudo- 
batos lentiginosus) is “often encountered in shallow 

waters around the Florida Keys” (Bigelow and Schro- 

eder, 1953), we believe Fowler’s (1906) report of angel 
sharks occurring in the area to be in error. 

South of the Dry Tortugas, the South Florida Es¬ 
carpment is within the preferred depth range for angel 

sharks and could represent a relatively narrow corridor 
through which angel sharks could move from the GOM 

into the Florida Straits. Additionally, based on our data 

(Fig. 6) and on visual inspection of temperature data 
presented by Soto (1985), bottom temperature on the 

South Florida Escarpment at depths between approxi¬ 
mately 150 and 250 m is within the preferred tempera¬ 

ture range of angel sharks during a portion of the year. 

However, Longley and Hildebrand (1941) did not list 
angel sharks among the fishes collected in dredges con¬ 

ducted across the South Florida Escarpment, south of 

the Dry Tortugas, and on the Tortugas Terrace, despite 
having documented other shark species, such as the 
chain dogfish (Scyliorhinus retifer) and Caribbean lan- 

ternshark (Etmopterus hillianus). Additional sampling 

will be required to determine whether angel sharks 
are present within the Straits of Florida, particularly 

along the South Florida Escarpment and on the Pour- 

tales Terrace where bottom temperatures are within 
the preferred range of this species. 

Velocity and direction of the Florida Current as 

it moves through the Straits of Florida and chang¬ 
es trajectory to the north off the southeastern tip of 

Florida are other possible mechanisms acting, possi¬ 

bly in concert with temperature, to limit movements 
of angel sharks between the EC and GOM. Although 

information on the swimming performance of Atlan¬ 

tic angel sharks is scant, Standora and Nelson (1977) 
examined the diel activity patterns of Pacific angel 

sharks (S. californica) associated with Santa Catalina 

Island, California. The authors concluded the species 
is relatively sedentary during daylight hours and be¬ 

comes more active at night. Mean sustained swimming 
speeds during nocturnal periods were approximately 

11 cm/s and maximum reported sustained swimming 

speed was approximately 25 cm/s. Lee et al. (1992) de¬ 
ployed an acoustic Doppler current profiler to a depth 
of 200 m in the Straits of Florida south of Looe Reef 

and recorded bottom currents up to 40 cm/s. Hamilton 

et al. (2005) analyzed data from buoy arrays moored off 
Jupiter in southeastern Florida and reported current 

speeds of over 70 cm/s at a depth of 300 m. Relatively 

high bottom current speeds and seasonal bottom cur¬ 
rent reversals (e.g., Diiing and Johnson, 1972), coupled 

with the comparatively low maximum sustained swim¬ 

ming speed of angel sharks, could make the Straits of 
Florida energetically demanding to traverse and thus a 

potential barrier for exchange between basins. 

Unlike angel sharks off the EC, angel sharks were 
not collected inshore in the GOM during fishery-in- 

dependent surveys despite extensive sampling efforts 
in shallow waters. However, of the 60,827 commer¬ 

cial shrimp trawl catches sampled by fishery observ¬ 

ers from 1981 through 2015 in the GOM from January 
to April, angel sharks were observed in 9 trawls con¬ 

ducted at depths less than 70 m (Hart6). Furthermore, 

an experienced commercial shark fisherman provided 
photographs of an angel shark captured in nearshore 

waters of the northern GOM during the winter of 2018 

and reported frequent captures of angel sharks in gill 
nets off Mississippi and Alabama at depths as shallow 

as 18 m during winter months of January and Febru¬ 

ary (Stiller7). Therefore, more sampling will be needed 
in the northern GOM during winter months to fully de¬ 

scribe seasonal variability in the depth range of angel 
sharks within the region. 

Angel sharks were collected throughout the north¬ 
ern GOM. However, in an area off Louisiana, between 

the Mississippi River Delta and the western edge of 
Mississippi Canyon, only 2 individuals were collected 
over the 67-year sampling period, despite 3600 trawls 

conducted in that area during that period. This hypoth¬ 

esized discontinuity in distribution could be related to 
a number of factors, including the steepness of the 

narrow shelf at the terminus of the Mississippi Delta, 

upwelling of cold water through the Mississippi Can¬ 
yon, or abiotic conditions related to discharge from the 

Mississippi River. A similar discontinuity in the distri¬ 

bution and genetic population structure of blacknose 

sharks (Carcharhinus acronotus) associated with the 
same area was identified by Portnoy et al. (2014) using 

molecular techniques. The authors speculated that the 

freshwater plume associated with the Mississippi River 

potentially acts as a physiological barrier between the 
eastern and western GOM for stenohaline species. Like 

blacknose sharks, angel sharks in the GOM appear to 

be stenohaline because they were collected in a nar¬ 
row range of preferred salinity (i.e., 34.7-36.3). Future 

research will be needed to address the discontinuity in 
distribution in this region and whether it is related to 

salinity. 

6 Hart. R. 2016. Unpubl. data. Southeast Fish. Sci. Cent., 
Natl. Mar. Fish. Serv., NOAA, 4700 Ave. U, Bldg. 306, 
Galveston, TX 77551. 

7 Stiller, D. 2018. Personal commun. Commercial fisher¬ 
man. 
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The spatial disjunction of squatinid sharks between 

the EC and the GOM suggests the possibility of genetic 

isolation between angel sharks in the 2 regions. There¬ 

fore, we hypothesize that squatinid sharks in the GOM 

and the EC are separate evolutionary units. Although 

current research cannot address the species status of 

squatinid sharks in US waters of the WNA, our find¬ 

ings do suggest an evaluation is warranted. Further, 

on the basis of the presence of what appears to be a 

distributional break at the Mississippi River Delta/Mis¬ 

sissippi Canyon, we hypothesize that squatinids in the 

eastern and western GOM represent, at a minimum, 2 

separate populations. As human activities intensify in 

offshore waters of the GOM (e.g., commercial fishing, 

petroleum industry), it will become increasingly imper¬ 

ative to understand the species composition and popu¬ 

lation structures of marine organisms in poorly studied 

areas so that conservation efforts can effectively miti¬ 

gate potentially deleterious effects. 
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Abstract—-The picarel (Spicara 

smaris) is an interesting species of 

the Mediterranean Sea fishery, yet 

little information is available on life 

history of this protogynous species. 

A total of 6458 picarel (4.3 to 20.7 

cm total length [TL]) were sampled 

from the Saronikos Gulf, an im¬ 

portant fishing area in the eastern 

Mediterranean, during 1998 and 

1999 to assess their age structure, 

sex-based growth, and sex-change 

pattern. Marginal-increment analy¬ 

sis combined with otolith edge anal¬ 

ysis (n=1694) showed that the time 

of annulus formation was around 

July (i.e., at the end of the spawning 

season). The length and age at sex 

change were estimated to be 15.3 

cm TL and 3.0 years, respectively. 

The proportion of early maturing 

males, or males maturing before the 

length at sex change (L50), was 2.4%, 

whereas the ratio of L50 to maxi¬ 

mum length was 0.74, approximat¬ 

ing the dimensionless theory. Males 

were shown to become longer than 

females, and the decreasing growth 

rate noticed between summer and 

autumn in fish older than 2 years, 

resulted in a strong oscillating 

growth pattern, clearly attributed to 

the synergistic effect of sex change 

and to large differences in summer 

and winter temperatures. Addition¬ 

ally, an alternative method for as¬ 

signing fish to age groups, based on 

clusters derived from length distri¬ 

butions, is proposed. 
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The picarel (Spicara smarts) is a 
very common species in the Mediter¬ 

ranean Sea and the Black Sea, but 

also occurs in the Sea of Marmara in 
Turkey and the southern part of the 

Sea of Azov, which connects Ukraine 
and Russia (Russell et ah, 2015). 

Species of the genus Spicara occur 

in shallow rocky and muddy bot¬ 

toms throughout the Mediterranean 
Sea and the Black Sea, in the Atlan¬ 

tic Ocean from Portugal to Morocco, 
and around the Canary Islands (Fro- 

ese and Pauly1). These species con¬ 

tribute to inshore fisheries in Greece 
(Mytilineou and Papaconstantinou, 
1991; Stergiou et ah, 2011), and rep- 

1 Froese, R., and D. Pauly. 2018. Spi¬ 
cara smaris (Linnaeus, 1758): Picarel. 
FishBase. World Wide Web electronic 
publication. [Available from website.] 

resent a major proportion of the total 
catch for coastal fisheries in Croatia 

(Duldic et al., 2000). These species 
are also part of bycatch in the Medi¬ 

terranean Sea but have low commer¬ 

cial value (Ragonese et al., 2004). 
The picarel has been observed 

at depths from 15 to 170 m (Froese 

and Pauly1) and down to 328 m in 
the eastern Ionian Sea (Mytilineou 

et ah, 2005). This species has been 
used as a bio-indicator of the coastal 

and neritic environment (Wacquant 

and Lamare2). 
In Greece, the picarel is rather 

popular as a food item and commer- 

2 Wacquant, C., and V. Lamare. 2014. 
Spicara smaris (Linnaeus, 1758). In 
Donnees d’Observations pour la Recon¬ 
naissance et Tldentification de la faune 
et la flore Subaquatiques (DORIS), 
30/03/2014. [Available from website.] 
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Figure 1 

Map of the Saronikos Gulf in Greece showing sites where picarel (Spicara 

smaris) were sampled by trawler (black circles) or by beach seine (stars) from 

September 1998 through August 1999. 

dally important. The ratio of picarel production to the 
total production for the period between 1990 and 2009 

varied from 3.91 to 8.32 (sea fisheries statistics, Na¬ 

tional Statistical Service of Greece, available from web¬ 
site). It is caught by beach seines, trawlers, nets, and 

purse seines, but the catch by beach seines accounts 

for almost half of the catch by the other gears. Picarel 
represents the major target species of beach seine ves¬ 

sels; other congeneric species do not significantly con¬ 
tribute to the beach seine catch (Karlou-Riga et al., 

1997; Papaconstantinou et al., 2007). 

The picarel is a protogynous species and presents 
sexual dimorphism (Zei, 1950; Salekhova, 1979; White- 

head et al., 1986). Protogyny in picarel has also been 
confirmed histologically. During sexual transition, 

ovarian tissue degenerates and testicular tissue pro¬ 

liferates (Mitcheson and Liu, 2008). The fish occur in 
schools, except during time of breeding (Tsangridis and 

Filippousis, 1992). According to Harmelin and Harrne- 

lin-Vivien (1976), each nest is guarded by a brightly 
colored male. After incubation, the males lose their col¬ 

oration and swim in schools to feeding areas. Regard¬ 
ing the age and growth of picarel in the Mediterranean 

Sea, the literature is quite extensive (Salekhova, 1979; 

Tsangridis and Filippousis, 1989, 1991, 1992; Ismen, 

1995; Vidalis and Tsimenidis, 1996; Rizkalla, 1997; 
Duldip et al., 2003). Despite the number of publica¬ 

tions, discrepancies do exist in both age determination 
and growth rates. It is noted, however, that Denaxa et 

al. (2014), who studied ages of picarel in Greek waters 

by means of otolith microstructure, gave important in¬ 
formation on the first annulus formation. 

Oscillating growth rates have been observed to influ¬ 

ence sex change, but have never been studied in detail 

(Tsangridis and Filippousis, 1992). However, they have 
been recognized as the cause of discrepant length-at- 

age estimates (Vidalis and Tsimenidis, 1996). Spawn¬ 

ing seasonality and body sizes at sex change have, also, 
been identified as important in developing manage¬ 
ment plans for sustainable extraction of sequentially 

hermaphroditic species (DeMartini et al., 2011). 

Here we attempt to validate ages or to use alter¬ 

native ways to assign the specimen to age groups, as 

well as to address species growth on the basis of pi¬ 
carel sex change. Sex selection was also studied, and 

the presence of early maturing males (EMMs) was ex¬ 
amined (Allsop and West, 2004a). Finally, the length 

and age at median (50%) female-to-male sex change 

were investigated to see whether they are as invariant 
as predicted by Charnov and Skuladottir (2000) and 

supported by Allsop and West (2003a). We consider the 

present work innovative, since both these alternative 

ways of age validation, as well as the growth study of 

a protogynous species examined within the sex change 
framework, are seldom found in the literature. 

Materials and methods 

Samples of picarel were collected monthly with a beach 

seine in the Saronikos Gulf (Fig. 1) during the period 
from September 1998 through August 1999 (Table 1). 

Because of bad weather conditions in November and 
December, a chartered bottom trawler was used in- 
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Table t 

Data on sampling picarel (Spicara smarts) in the Saronikos Gulf off Greece from Sep¬ 

tember 1998 through August 1999 with beach seine (SB) or otter bottom trawl (OTB). 

Sampling month Fishing gear 

Number of 

fish collected1 

Number of 

fish retained2 

Number of 

otoliths removed 

September 1998 SB 681 213 137 

October 1998 SB 969 278 152 

November 1998 OTB 613 348 144 

December 1998 OTB 278 176 129 

January 1999 SB 1163 429 181 

February 1999 SB 726 372 201 

March 1999 SB 272 120 107 

April 1999 SB 325 180 116 

May 1999 SB 259 118 93 

June 1999 SB 625 345 151 

July 1999 SB 293 186 163 

August 1999 SB 254 160 120 

Total: 6458 2925 1694 

1 The number of fish collected for measurement of total length. 

2 The number of fish retained in each 5-cm length class each month. 

stead. The mesh size of the codend of the beach seine 

and trawler net between stretched knots was 8 and 

20 mm, respectively. A total of 21 hauls were made in 
an effort to obtain as many representative samples as 

possible. 

The unsorted picarel catch was placed in baskets on 
board. At the end of each haul, one basket was ran¬ 

domly selected and the total length (TL) of at least 200 

individuals was measured to the nearest 0.5 cm. Ten 
fish from each 0.5-cm length class at each haul were 

retained. These fish were measured again for TL (to 

the nearest 0.1 cm), weighed (W, to the nearest 1.0 g) 
and sex was determined. After gross examination of 

the gonads, the fish were classified to maturity stages 
according to Nikolsky (1963). The number of speci¬ 

mens, by sex and maturity stage, was calculated on a 

monthly basis. From all the fish retained each month, 
both sagittae were removed from ten fish of each length 

class. However, only one (commonly the right sagitta) 

was thereafter analyzed. These otoliths were cleaned 
and kept dry. 

The whole otoliths were examined while immersed 

in water under reflected light against a dark back¬ 
ground, thus revealing alternating hyaline and opaque 

zones. The core of the otolith was opaque. Readings 
of hyaline zones (annuli) were made on the concave 

side and on both the posterior (postrostrum) and the 

anterior (rostrum) area of the otolith (Fig. 2). Devel¬ 
opment of the 1st annulus was detected by following 

the progression of the smaller-fish length group and 

the structure of the respective otoliths in successive 
monthly samples (Campana, 2001). 

The total otolith diameter and diameter of the annuli 
were measured along the posterior-anterior axis under 

a microscope by using a micrometer scale (Fig. 2). The 

growth increments, annuli, used for age determination, 
should be “validated” (Beamish and McFarlane, 1983). 

Among the different methods for validating absolute 
age or periodicity of growth increment formation, those 

of marginal increment (MI) and otolith edge analysis 

are suitable for validation (Campana, 2001). These in¬ 
crements, if formed on a yearly basis, are represented 

by a sinusoidal curve when plotted against time. In 
particular, MI is well suited for determining the time 

of annulus formation (Campana, 2001). In the present 

work, both the percentages of otoliths with a hyaline 
or opaque zone on the edge and the Mis were studied 

monthly. The MI was defined as the width outside the 
last completed annulus, irrespective of the type of edge 

(opaque or hyaline) (Karlou-Riga, 2000). Therefore, the 

time when the value of MI next to each annulus was 
highest corresponded with the period of the next annu¬ 
lus formation. Monthly mean values of MI were com¬ 

pared by using one-way analysis of variance. 
The time of annulus formation, as well as the date 

of capture, the otolith edge (opaque or hyaline), and 

the spawning period were used to assign the fish to 

the appropriate age group (ICSEAF, 1986; Panfili et 
al., 2002). Each otolith was then characterized either 

by the nth incomplete annulus on the edge or the nth 
complete and opaque zone on the edge. Length dis¬ 

tributions of specimens classified according to otolith 

readings were constructed. Based on similarity indices, 
these distributions were clustered for the period from 

January to June (1st semester) and from July to De¬ 
cember (2nd semester) separately. Whether the clusters 

derived corresponded with specimens of the same age 
groups, was then examined, according to age interpre- 
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Figure 2 

Concave side of the right otolith of a picarel (Spicara smaris) sampled in the 

Saronikos Gulf, Greece, in May 1999. DT=total otolith diameter; D^diameter 

of first annulus. 

tation criteria. The Bray and Curtis (1957) similarity 

index was used and data were square-root transformed. 
Growth parameters were estimated by the classic 

von Bertalanffy growth function (VBGF): 

Lt = L«( 1 - e-«J-h>)), (1) 

where L, = TL at age t; 
= the mean asymptotic TL; 

K - the growth coefficient; and 

t0 = the theoretical age at TL zero. 

A total of three different runs of the classic VBGF 

were tested: one including all individuals (sex deter¬ 
mined and sex undetermined), one run for the combi¬ 

nation (total) of males and females and one run for 

each sex to investigate possible differences in growth 
patterns between male and female picarel. Model pa¬ 

rameters were estimated by using the nonlinear least 
squares method fitted to the mean observed lengths- 

at-age (age in monthly units). In addition, the season¬ 
al (oscillating) VBGF (Pauly and Gaschutz3) was also 

implemented in order to investigate a discontinuous 

growth pattern: 

Lt = {l - exp - [K(t -t0)- ((^f-)sin(27iU - ts))]}, (2) 

where C = the amplitude of the growth oscillation; and 

3 Pauly, D., and G. Gaschutz. 1979. A simple method for 
fitting oscillating length growth data, with a program for 
pocket calculators. ICES Council Meeting (C.M.) Docu¬ 
ments 1979/G:24, 26 p. 

ts - “summer point,” the beginning of the sinusoid 
growth oscillation with respect to t=0 and 

corresponds with the time of year when 

growth rate is highest and is related to the 
winter point (tw) by ts+0.5-tw. 

In all cases residual diagnostic plots and histograms 
showed that models fitted the data appropriately. It 

should be noted that for many species from the Medi¬ 

terranean Sea, the growth of young fish is very rapid 
(Caddy, 1989a, 1989b); therefore, the mean lengths-at- 

age have to be expressed over time intervals of less 

than 1 year, as was done in the present study. This ap¬ 
proach forces the growth curve close to the origin and 

provides a better data fit. Assuming 1 April as a con¬ 

ventional birthdate, we then expressed age in months. 
According to Allsop and West (2003a), length and 

age at sex change is the length or age at which 50% 

of the population are the second sex (male for protogy- 
nous fish, female for protandrous fish), and estimates 

of this value are based on the proportion of the num¬ 

ber of males in relation to the number of males and 
females either per length or per age. Dichotomous sex 

data (0:female; l:male) were modeled as a function of 
TL and age by using generalized linear models (GLM) 

with a binomial error distribution and a logit link. The 

analysis led to estimates of length and age at median 
(50%) female-to-male sex change (L50 and A50, respec¬ 

tively). Standard errors for the L50 and A50 estimates 

were calculated by using the delta method. 
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The presence of EMMs was examined in an effort to 
determine whether the species is diandrous and, if so, 

to estimate the relative proportion of fish maturing di¬ 
rectly or early into males. According to Allsop and West 

(2004a), the proportion of EMMs is calculated by us¬ 
ing the logistic parameters derived from the number of 

males in each length class at the 5th percentile of the 
population length distribution according to the follow¬ 

ing equation: 

(a+bx) 

Proportion male (sex ratio) = 
1 + e (a+bx) ’ 

(3) 

where = the intercept of the logistic regression; 

= the slope; and 
- the length at the 5th percentile. 

According to Allsop and West (2004a), the sex ratio 
at the 5th percentile is chosen because it is sufficiently 

close to the lower end of the population length distribu¬ 
tion, to ensure that the males present are EMMs and 

not the product of sex change and so as to minimize 

the error inherent in measuring and determining the 
sex of these smaller-size individuals. 

Classic and oscillated VBGF curves were fitted to 

the data by using a script in the fsa package, vers. 
0.8.20 (Ogle, 2018) of statistical software R, vers. 
3.4.2 (R Core Team, 2017). Model diagnostics, includ¬ 

ing residual versus predicted plots and histograms 

were used for evaluating the goodness of fit of test¬ 
ed models. The linear correlation among study vari¬ 
ables was examined by using the Pearson test. Ad¬ 

ditional statistical procedures were performed using 

Statgraphics Plus 5 software (Statgraphics 

Technologies, Inc., The Plains, VA). PRIM¬ 

ER 5 software (PRIMER-E, Auckland, New 

Zealand; Carr, 1997; Clarke and Gorley, 

2001) was also used for obtaining the sim¬ 

ilarity index and for cluster analysis. All 

the statistical inferences were based on 

the 0.05-significance level. 

Results 

From a total of 6458 specimens collected, 

measuring 4.3 to 20.7 cm TL, 2925 fish 

were retained for further measurements, 

from which 1694 otoliths were removed for 

age determination (Table 1). In the present 

study, the maximum length (Lmax) of males 

and females was 20.7 and 19.7 cm TL, re¬ 

spectively. Specimens of undetermined sex 

ranged between 4.3 and 10.6 cm TL. Infor¬ 

mation on Lmax values for picarel as drawn 

from the literature is given in the Supple¬ 

mentary Table. 

Monthly length frequencies were con¬ 

structed (Suppl. Fig. 1) to follow the pro¬ 

gression of smaller fish modal lengths (4.5- 

8.0 cm TL) during the year, in order to examine an¬ 

nuli formation on the otoliths. The smaller specimens, 

which apparently belonged to the cohort of that year, 

were caught in July. The same cohort was followed in 

August, September, and October. The respective oto¬ 

liths did not show any distinct hyaline zone (Suppl. 

Fig. 2A), which, however, started to be shown, with 

the progression of the same cohort, and in January 

samples. This hyaline margin increased progressively 

in successive months, and in some of the July otoliths, 

the hyaline zone, which was interpreted as the 1st an¬ 

nulus, appeared complete (Suppl. Fig. 2B). The succes¬ 

sive hyaline zones were interpreted as annuli mainly 

on the basis of the gradual decrease of their width and 

their formation at progressively greater distances from 

the core (Suppl. Fig. 2C). It seems that the 4th, the 5th, 

and the 6th annuli appear very close to each other, and 

the contrast between the opaque and hyaline area is in 

general not strong. Despite this difficulty, the study of 

the otolith edge showed seasonality; the percentage of 

hyaline areas on the edge attained the highest value 

in June and the lowest in October (Suppl. Fig. 3). The 

oldest fish were found to have 6 annuli. 

The MI widths next to the 1st (Mil), the 2nd (MI2), 

the 3rd (MI3), and the 4th (MI4) annuli showed a 

seasonal progression (one-way analysis of variance, 

P<0.05, Mil: df=486, MI2: df=241, MIS: df=157, MI4: 

df=79). The lowest values of Mis were found in October 

and the highest values during May-June, indicating 

that the annuli are completed between June and Oc¬ 

tober (Fig. 3). 
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Table 2 

Growth parameters of picarel (Spicara smaris) calculated by the different runs (classic, sex specific, and seasonal) of a von 

Bertalanffy growth function (VBGF) model for different subsets of individuals (all, males, and females): L. =the mean asymp¬ 

totic total length; ff=the growth coefficient; C=the amplitude of the growth oscillation; and ts or summer point=the beginning 

of the sinusoid growth oscillation with respect to t=0. Standard errors are given in parentheses. MSE=mean squared error; 

n=number of specimens in each subset. Lengths are total lengths. 

VBGF Data subset (cm) K t0 (year) C ts MSE n 

Classic All fish 19.91 (0.480) 0.512 (0.059) -0.412 (0.145) 0.015 1694 

Males and females 19.93 (0.697) 0.433 (0.072) -0.843 (0.265) 0.011 

Sex specific Females 16.52 (0.339) 0.973 (0.158) -0.040 (0.163) 0.009 951 

Males 20.29 (0.656) 0.455 (0.079) -0.745 (0.288) 563 

Seasonal Females 16.95 (0.461) 0.757 (0.142) -0.312 (0.251) 1.261 (0.569) -0.457 (0.052) 0.018 951 

Males 20.94 (0.844) 0.379 (0.072) -0.701 (0.179) 1.261 (0.569) -0.572 (0.074) 563 

Age interpretation criteria 

Because the picarel spawning period lasts from Feb¬ 
ruary to June (Suppl. Fig. 4), the fish spawned dur¬ 

ing this period constituted one cohort. Given that the 
annuli are completed in the 2nd semester, specimens 

caught in the 1st semester with n annuli and an opaque 

zone on their otolith edge were assigned to the ra+1 age 
group, whereas specimens with the nth annulus on the 

otolith edge caught either in the 1st semester or the 2nd 

semester, were assigned to the nth age group. 
The following otolith readings were the most fre¬ 

quent: OP, HI, Hl+OP, H2, H2+OP, H3, H3+OP, H4 

and H4+OP, where OP and H correspond to opaque and 

hyaline edges respectively, and the number specifies 
the successive annulus. The clusters of the length dis¬ 

tributions, classified according to their otolith readings, 

are shown in Figure 4. It was observed that the clus¬ 
ters corresponded with specimens of those age groups 

obtained according to age interpretation criteria. 

Growth 

The mean lengths at age showed a significant differ¬ 
ence between sexes (t-test, n-39, P<0.05). Table 2 sum¬ 

marizes the VBGF parameters for the three versions of 
the model (classic, sex specific, and seasonal) and the 

various subsets investigated (all specimens and only 

specimens with identified sex). The growth curve that 
best fitted the data was the sex-specific VBGF (mean 

squared error [M8E]=0.Q09, see Table 2). Based on 

this curve, asymptotic length for females and males 
was 16.52 and 20.29 cm TL respectively (Fig. 5A). The 

two runs of the classic VBGF for all fish (Fig. 5B) and 
for only fish with identified sex gave similar estimates 

of (all fish: 19.91 cm TL; for those with identified 
sex: 19.93 cm TL), similar K values (all fish: 0.512; for 

those with identified sex: 0.433) and quite different t0 

values (all fish: -0.412; for those with identified sex: 
-0.843). Residual diagnostic plots and histograms are 

A 

I X I 

B 

Figure 4 

A cluster diagram of length-frequency distributions for 

specimens of picarel (Spicara smaris) collected during 

1998-1999 in the Saronikos Gulf, Greece, classified 

according to results of otolith readings during the (A) 
first and (B) second semester. Clusters were formed ac¬ 

cording to the following criteria: no annulus (OP), first 

annulus on the edge (HI), first annulus that was com¬ 

pleted and was opaque on the edge (Hl+OP) and so on 

for H2, H2+OP, H3, H3+OP, H4, and H4+OP. 
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shown in Suppl. Fig. 5. The seasonal (oscil¬ 
lating) VBGF curve (Fig. 6) was also shown 

to fit data well (MSE=0.018), where the 
asymptotic length (Loo=20.94 cm TL), was 

found very close to the Lmax (20.7 cm TL). 

It is worth noting the high value of the C 
parameter (1.261), which clearly suggests 

a strong oscillating growth pattern with a 

prolonged no growth phase or a sustained 

period of no growth (Pauly and Gaschutz3). 
In order to identify the season when 

change in growth occurs, or to examine the 
probable effect of sex change on the growth 

rate (Tsangridis and Filippousis, 1992; Vi- 

dalis and Tsimenidis, 1996), the observed 
mean lengths at age for each sex of picarel 

sampled were estimated during the life of 
the fish (Suppl. Fig. 6). 

Examining the growth rate, it appears 
that males exhibit a higher growth rate than 

females, and a strong oscillating growth 

pattern is noticed during the 2nd, the 3rd, 
and the 4th year of life. More specifically, a 

decrease of the average length for each sex 
is marked from summer to autumn. Dur¬ 

ing the life of the species, the difference 
in length between males and females was 

found to be positively correlated with age 

(Pearson test: /?=34, P<0.05). 

Length and age at sex change and proportion 
of early maturing males 

The proportion of males was found to be 
positively correlated with length (Pearson 

test: n-34, P<0.05) and with age (Pearson 

test: n-57, P<0.05), whereas the inverse oc¬ 
curred with the proportion of females. The 

coefficients of the binomial sex change model 

were a=-10.105 (P<0.01), 6=0.654 (P<0.01) 
and the L50 was estimated as: L50=15.34 cm 

TL (CI=15.17-15.51) (Fig. 7A). The length 

at sex change divided by the Lmax of the in¬ 
dividuals, was 0.74. Respectively, the coefficients ob¬ 

tained from the number of males in each length class 
were a- -4.711 (P<0.01), 6=0.135 (P<0.01), and the A50 

was 36.4 months (CI=35.21-37.63 months) or 3.0 years 
(Fig. 7B). 

Using the logistic parameters obtained from the 
number of males in each length class at the 5th percen¬ 

tile of the population length distribution, we estimated 
the proportion of EMMs at 2.4%. 

Discussion 

Despite the weak contrast between the opaque and hy¬ 

aline zones particularly after the 3rd annulus, the an¬ 
nuli of picarel were easily readable and show a normal 
growth pattern. The use of monthly samples during the 

first year of picarel life was essential to track comple¬ 

tion of the 1st annulus. 
The periodicity of annulus formation, shown by 

monthly examination of Mis, showed that these incre¬ 

ments were true annuli. It should be noted that differ¬ 
ent marks can be occasionally laid down on whole oto¬ 

liths, which are not age related but are due to events 
such as settlement, spawning, or maturity (Campana, 

2001). However, those marks do not show the normal 
periodicity and structure of annuli as happens with 

true annuli. In the present work, the date of annuli 
completion, based on the Mis study, was estimated to 

occur after June, when the percentage of otoliths with 

a hyaline area on the edge was the highest (see Suppl. 

Fig 3). 
The time of estimated annuli formation coincides 

with the end of spawning and is in general agreement 
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with the findings of Vidalis and Tsimenidis (1998), 

who also validated annulus completion by MI analy¬ 

sis. Denaxa et al. (2014), who determined picarel ages 
in Greek waters by means of otolith microstructure, 

reported that the first annulus is completed between 
January and April and formed between 180 (6 months) 

and 372 days (12.4 months) of life, which correspond to 

8.63 and 14.3 cm TL respectively. The data of Denaxa 
et al. (2014) seem to be slightly lower than those of 

the present study, where the first annulus appears in 
otoliths from fish between 9.7 and 15.0 cm TL. Clus¬ 

ter analysis based on the similarity indices, and after 

we compared the length frequency distributions of fish 
classified according to their otolith readings, showed 

both the validity of the age interpretation criteria and 

an alternative way to assign the fish to age groups. It 
can be concluded that fish with similar lengths belong 

to the same age group, a relationship that many times 

in the past has been verified (Francis and Campana, 
2004). 

The application of the VBGF as a nonlinear ap¬ 

proach to fitting iength-at-age data is commonly used to 
describe fish growth, given that it is still the most use¬ 

ful tool for growth analysis despite the criticism of its 

use. As stated by Kimura (1980), rejection of the VBGF 
curve must ultimately be based on superior alternative 

curves or methods of analysis. In our work, we noticed 
good fitting (see Fig. 5), and the growth parameters 

were found to be very reasonable (L„ close enough to 

the Lmas values observed, t0 close enough to zero). The 

good fit of data in the present work is probably due to 

both a careful reading of annuli and the large num¬ 
ber of specimens caught monthly. The mean observed 

lengths at ages 1, 2, 3, and 4 for sexes combined as 

reported by Tsangridis and Filippousis (1992) are in 

general agreement with those of the present study. The 
smaller lengths at age estimated by the VBGF as re¬ 

ported by Ismen (1995), Vidalis and Tsimenidis (1996), 

and Duldic et al. (2003), when compared to those of our 
study, are probably due to the interpretation of pre-an¬ 

nual (false) zone as the 1st annulus. Slight differences 

in lengths at age were also found between those in the 
present work and those in the work by Rizkalla (1997). 

It is noted, however, that lengths in Rizkalla (1997) 
were estimated with the back calculation method. It is 

worth noting that in both works (Vidalis and Tsimeni¬ 

dis, 1996; Rizkalla, 1997), differences in the growth 

rate between sexes (males become longer than females) 

were not observed. 
An oscillating pattern in the growth of picarel was 

mentioned by Tsangridis and Filippousis (1992). In par¬ 
ticular, they attribute the slowing down of growth rate 

to either maturity or sex change. In more detail, they 

observed only two oscillations related to two growth 
periods: one linked to a very fast female growth period 

(up to 15.0 cm TL) and the second linked to a male 
slow period (up to 19.0 cm TL). In the present study, 

the decrease in the observed average length for each 
sex is noticed from summer to autumn during the 2nd, 

3rd, and 4th year of life and is most likely related to the 
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TL (cm) 
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Figure 7 

Fitted probability (P) of picarel (Spicara smaris) being male with (A) total 

length and (B) age and accompanying proportions of males per 0.5-cm and 

1-month classes, respectively. The length at median (50%) female-to-male 

sex change was 15.34 cm in total length (TL). The age at median female- 

to-male sex change was 36.4 months. The solid line indicates the fitted 

curve, the dotted lines indicate the 95% confidence intervals, and the gray 

circles indicate the observed data. 

sex change. The presence of juveniles (see also Sup- 
pi. Fig. 1), as well as the high temperature (19-25°C) 

which usually appears during this period (Suppl. Fig. 
7), may play a role in the observed decrease in growth 

rate. It is noted however that Tsangridis and Filippou- 

sis (1994), who have tried a series of models for study¬ 
ing picarel growth, reported that the model that fitted 

best, showed that picarel growth changes when sex 

changes and the plotted curve also shows some kind 
of oscillation. 

According to the literature (Salekhova, 1979; Tsan¬ 
gridis and Filippousis, 1992), sex change occurs after 
spawning, which is common in protogynous species 

(Provost et ah, 2017). In the present study, the major¬ 

ity of spent females were observed from June through 
September (see Suppl. Fig. 4). A change in sex dur¬ 

ing nonbreeding periods is not surprising because this 

strategy is predicted to maximize seasonal reproductive 
output in individual fish as mentioned by Provost et al. 

(2017). In an attempt to explain this decrease of aver¬ 
age length, we believe that during sex transition, the 

longest females at each age (1, 2, and 3 years) change 
into males. Considering that the mean lengths at age 

of males are greater than those of females, this inver¬ 
sion results in lower mean lengths at age for each sex. 

The selection of larger females for inversion into males 



Karlou-Riga et al.: Sex change and oscillating growth pattern of Spicara smaris in the Saronikos Gulf (Greece) 357 

supports the size-advantage model (Warner, 1988). 
This model is particularly effective in accounting for 

postmaturational protogynous sex change among tele- 

osts in which a few large males can monopolize mating 

within the population (Francis and Barlow, 1993; Eris- 

man et al., 2009). 
The L50 ( 15.3 cm TL) of this study, which corre¬ 

sponds to an age of 3 years (A50=3.0 years), is in gen¬ 

eral agreement with previous reports (Salekhova, 1979; 
Tsangridis and Filippousis, 1992; Duldic et al., 2003). It 

is noted, however, that initial maturation was observed 

at about one-half year old, or about 10 cm TL (Suppl. 
Figs. 4 and 6). According to the dimensionless theory 

(Charnov and Skuladottir, 2000), the ratio of L50/Lmax 

is invariant. Allsop and West (2003a), who found sup¬ 

port for this theory across 52 fish species, estimated 
the relative ratio at 0.80, a ratio that is related neither 

to the mating system nor to the presence of EMMs. 

When the same authors extended the list of species and 
estimated the same ratio for 77 species of fish, echino- 

derms, crustaceans, and molluscs, they found a value 

equal to 0.72 and concluded that the time when sex 

change occurs, is invariant for all animals (Allsop and 
West, 2003b). The same authors, on the other hand, 

agree that the invariant value of L50/Lmax corresponds 

to those species when the following criteria are met: 1) 
the species should be a unidirectional sex changer and 

2) if it is diandrous, the proportion of EMMs should 

be low, <2% according to Allsop and West (2004b). In 

the case of picarel, the species is a unidirectional sex 
changer (the proportion of males is positively correlat¬ 

ed with body length), whereas the proportion of EMMs, 
estimated at 2.4%, which is close enough to 2%, can 

be considered low. More specifically, Allsop and West 

(2004b) agree that the value of 2% EMMs is the up¬ 

per limit for those species characterized as pure sex 
changers. The value of L50/Lmax estimated in this work 

(0.74), although is lower than the original estimated 

ratio (L50/Lmax=0.80), is close enough to the value of 

0.72 of the extended list of Allsop and West (2003b) 
and within the L50/Lmax range (from 0.62 to 0.84) es¬ 

timated by Allsop and West (2003a) for 4 (other than 

picarel) species of the Sparidae family. Thus, the di¬ 
mensionless theory could be potentially supported and 

it can be concluded that the animals change sex at a 

certain proportion of their Lmax. A number of studies, 
on the other hand, have implicated fishing pressure as 

a cause of decline in the size at sex change (Platten et 

al., 2002; Hamilton et al., 2007) and therefore it should 

be noted that sequential hermaphrodites are more sen¬ 

sitive to size-selective harvesting than separate-sex 
species (Hamilton et al., 2007). 

According to the sex allocation theory (Charnov et 
al., 1978), the population is compensating for decreases 

in reproductive capacity. Picarel exhibit male parental 

care, where the males guard the eggs in their nest un¬ 
til time of hatching (Harmelin and Harmelin-Vivien, 

1976). It seems that the picarel represents a rare exam¬ 

ple of a species that exhibits co-occurring protogynous 
sex change and parental care. Although this feature of 

synchronicity could reduce the potential reproductive 

rate of males and hence the selection for sex change 

(i.e, the selection of females undergoing a sex change) 

(Allsop and West, 2004a), it seems that for picarel, as 

for some labrids (Warner and Lejeune, 1985), the cost 

of minimal parental care is outweighed by the benefit 

of larger male size in attracting and spawning with 

multiple females. On the other hand, the production of 

EMMs, which depends on the structure of the mating 

system, increases with high population density. High 

densities destabilize the potential for mate monopoli¬ 

zation and therefore selection for sex change (Allsop 

and West, 2004a). Preliminary results of stock assess¬ 

ment in the area (Karlou-Riga and Anastopoulou, 2005) 

showed that the picarel stock is under or lightly ex¬ 

ploited (ratio of current spawning stock biomass to vir¬ 

gin stock biomass is about 80%). Therefore, high local 

population density is probably another potential factor, 

which could reduce the proportion of individuals un¬ 

dergoing a sex change and increase the proportion of 

EMMs. The findings of the present work most probably 

support the statement of Allsop and West (2004a), who 

suggested that the abundance of EMMs can be used as 

a measure of the amount of sex change taking place. 
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son were less than the numbers from previous 

years. 

The plural for fish species is fishes (a contrived plu¬ 

ral used by taxonomists to mean several or more 

fish species) or one can use fish species (which is pre¬ 

ferred in this journal for clarity across disciplines). 

Example: The fishes of Puget Sound [biodiversity 

is implied] or 

Example: The fish species of Puget Sound [pre¬ 

ferred plural for clarity across disciplines]. 

• Crab and crabs, squid and squids, etc. 

The plural of the word crab (i.e., many individuals 

without regard to species) is crab. 

Example: The crab were sorted by weight. 

Example: Many red king crab were dying [Many 

individuals of one species of crab.] 

The plural of crab species is crabs (a word used by 

taxonomists) or crab species (the latter is preferred 

in this journal for clarity). 

Example: These crabs were selected for treat¬ 

ment. [Different crab species are implied.] 

Example: These crab species were selected for 

treatment. [Preferred word choice for clarity of 

meaning.] 

Example: Snow crabs are found throughout the 

North Pacific Ocean and Bering Sea. [There are 2 

species of snow crab and therefore the word crabs 

can be used here.] 

Example: Two species of snow crab are found 

throughout the North Pacific Ocean and Bering 

Sea. [Preferred usage for clarity.] 

Example: Three crabs were selected for treat¬ 

ment. [3 species of crab are implied.] 

Example: Three crab species were selected for 

treatment. [Preferred word choice for clarity.] 

• Fisherman and fisher 

We use “fisherman” and “fishermen” in this journal 

not “fisher” and “fishers.” One can always use crew 

member, vessel operator, and angler (the latter for 

recreational fishing). 

• The definite article with common names of species 

When the singular common name of a species repre¬ 

sents the entire class or group to which it belongs, 

use the definite article. 

Example: Only one species of the genus Salmo is 

found in the Atlantic Ocean—the Atlantic salmon 

(Salmo salar). 

Example: The sonic emissions of the bottlenose 

dolphin are complex. 

For plural common names, this rule does not apply. 

Example: Chinook salmon are found throughout 

the Pacific Ocean. 

Example: Bottlenose dolphins are found in tem¬ 

perate and tropical waters. 

• Sex 
For the meaning of male and female, use the word 

sex, not gender. Do not write “fish were sexed.” 

Write, “sex was determined.” 

• Participles 
As adjectives, participles must modify a specific 

noun or pronoun. 

Example: Using mark-recapture methods, these 

scientists determined the size of the population. 

[Correct. The participle using modifies the word 

scientists.] 
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Example: These scientists, based on the collected 

data, concluded that the mortality rate of these 

fish had increased. [Incorrect. The scientists 

were not based on the collected data.] 

Example: These scientists concluded, on the basis 

of collected data, that the mortality rate of these 

fish had increased. [Correct. The offending 

participle has been eliminated and an adverbial 

phrase modifies the verb concluded.] 

Equations and mathematical symbols should be set 

from a standard mathematical program (MathType or 

Equation Editor). Equations formatted in LaTex are 

not acceptable. For mathematical symbols in the gen¬ 

eral text (a, x2) rc, ±, etc.), use the symbols provided by 
the MS Word program and italicize all variables, ex¬ 

cept those variables represented by Greek letters. Do 

not use photo mode when creating these symbols in the 

general text and do NOT CUT and PASTE equations, 

letters, or symbols from a different software program. 

Number equations (if there are more than 1) for fu¬ 

ture reference by scientists; place the number within 

parentheses at the end of the first line of the equation. 

Literature cited section comprises published works and 

those accepted for publication (in press) in peer-reviewed 

journals. Follow the name and year system for cita¬ 

tion format in the “Literature cited” section (that is to 

say, citations should be listed alphabetically by the au¬ 

thors’ last names, and then by year if there is more 

than one citation by the same author. A list of abbre¬ 

viations for citing journal names can be found at this 

website 

Authors are responsible for the accuracy and com¬ 

pleteness of all citations. Literature citation format: 

Author (last name, followed by first-name initials). Year. 

Title of article. Abbreviated title of the journal in which 

it was published. Always include number of pages. For 

a sequence of citations in the general text, list chrono¬ 

logically: (Smith, 1932: Green. 1947; Smith and Jones, 

1985). 

Acknowledgments should be no more than 6 lines of 

text. Only those who have contributed in an outstand¬ 

ing way should be acknowledged by name. For recog¬ 

nition of other persons or groups, use a general term, 

such as “crew,” “observers,” “research coordinators,” 

and do not include names with these terms. 

Digital object identifier (doi) code ensures that a pub¬ 

lication has a permanent location online. Doi code 

should be included at the end of citations of published 

literature. Authors are responsible for submitting ac¬ 

curate doi codes. Faulty codes will be deleted at the 
page-proof stage. 

Footnotes are used for all documents that have not 

been formally peer reviewed and for observations and 

personal communications, but these types of references 

should be cited sparingly in manuscripts submitted to 
the journal. 

All reference documents, administrative reports, 

internal reports, progress reports, project reports, 

contract reports, personal observations, personal 

communications, unpublished data, manuscripts in re¬ 
view, and council meeting notes are footnoted in 9 pt 

font and placed at the bottom of the page on which they 

are first cited. Footnote format is the same as that for 

formal literature citations. A link to the online source 

(e.g., [http://www/. , accessed July 2007.]), or the 
mailing address of the agency or department holding 

the document, should be provided so that readers may 

obtain a copy of the document. 

Tables are often overused in scientific papers; it is sel¬ 
dom necessary to present all the data associated with a 

study. Tables should not be excessive in size and must 

be cited in numerical order in the text. Headings should 
be short but ample enough to allow the table to be in¬ 

telligible on its own. 
All abbreviations and unusual symbols must be ex¬ 

plained in the table legend. Other incidental comments 

may be footnoted with italic numeral footnote markers. 
Use asterisks only to indicate significance in statistical 

data. Do not type table legends on a separate page; 

place them above the table data. Do not submit tables 
in photo mode. 

• Note probability with a capital, italic P. 

• Provide a zero before all decimal points for values 

less than one (e.g., 0.07). 

• Round all values to 2 decimal points. 

• Use a comma in numbers of five digits or more (e.g., 

13,000 but 3000). 

Figures must be cited in numerical order in the text. 

Graphics should aid in the comprehension of the text, 

but they should be limited to presenting patterns rather 
than raw data. Figures should not exceed one figure for 

every four pages of text and must be labeled with the 

number of the figure. Place labels A, B, C, etc. within 

the upper left area of graphs and photos. Avoid placing 

labels vertically. 
Figure legends should explain all symbols and abbre¬ 

viations seen in the figure and should be double-spaced 

on a separate page at the end of the manuscript. 

Line art and halftone figures should be saved at a 
resolution of >600 dpi (dots per inch) and >300 dpi, 

respectively. Color is allowed in figures to show mor¬ 

phological differences among species (i.e., for species 
identification), to show stain reactions, to show grada¬ 

tions, (such as those of temperature and salinity within 

maps, and to distinguish between numerous lines and 
symbols in graphs. Figures approved for color should 

be saved in CMYK format. 
All figures must be submitted as either pdf, tiff, or 

eps files. 
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• Capitalize the first letter of the first word in all la¬ 

bels within figures. 

• Do not use overly large font sizes in maps and for 

axis labels in graphs. 

• Do not use bold fonts or bold lines in figures. 

• Do not place outline rules around graphs. 

• Place a North arrow and label degrees latitude and 

longitude (e.g., 170°E) in all maps. 

• Use symbols, shadings, or patterns (not clip art) in 

maps and graphs. 

Supplementary materials that are considered essential, 

but are too large or impractical for inclusion in a paper 
(e.g., metadata, figures, tables, videos, websites), may 

be provided at the end of an article. These materials 
are subject to the editorial standards of the journal. 

A URL to the supplementary material and a brief ex¬ 
planation for including such material should be sent 

at the time of initial submission of the paper to the 

journal. 

• Metadata, figures, and tables should be submitted 
in standard digital format (Word docx) and should 

be cited in the general text as (Suppl. Table, Suppl. 

Fig., etc.). 

• Websites should be cited with a url in the general 

text. 

• Videos must not be larger than 30 MB to allow a 

swift technical response for viewing the video. Au¬ 
thors should consider whether a short video uniquely 

captures what text alone cannot capture for the un¬ 

derstanding of a process or behavior under exami¬ 

nation in the article. Supply an online link to the 

location of the video. 

Copyright law does not apply to Fishery Bulletin, which 

falls within the public domain. However, if an author 

reproduces any part of an article from Fishery Bulle¬ 

tin, reference to source is considered correct form (e.g., 

Source: Fish. Bull. 97:105). 

Failure to follow these guidelines 

and failure to correspond with editors 

in a timely manner will delay 

publication of a manuscript. 

Submission of manuscript 

Submit manuscript online at the ScholarOne website. 

Commerce Department authors should submit papers 

under a completed NOAA Form 25-700. For further 

details on electronic submission, please contact the As¬ 

sociate Editor, Kathryn Dennis, at 

kathryn.dennis@noaa.gov 

When requested, the text and tables should be submit¬ 

ted in Word format. Figures should be sent as sepa¬ 

rate pdf, tiff, or eps files. Send a copy of figures in the 

original software if conversion to any of these formats 

yields a degraded version of the figure. 

Questions? If you have questions regarding these 

guidelines, please contact the Managing Editor, Sharyn 

Matriotti, at 

sharyn.matriotti@noaa.gov 

Questions regarding manuscripts under review should 

be addressed to Kathryn Dennis, Associate Editor. 
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