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Figure 1 . The Hawaiian Archipelago. NWHI = Northwestern Hawaiian Islands; MHI = main Hawaiian

Islands. Lightly shaded areas represent 100-fathom isobaths.
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ABSTRACT

The distribution and abundance of scleractinian corals at Kure Atoll in the

Northwestern Hawaiian Island^ was determined by georeferenced towed-diver surveys

that covered close to 27,000 m of benthic habitat and site-specific surveys at 21 sites

during 2000-2003. Three complementary methods (towed-diver surveys, video transects,

and photoquadrats) were used to quantify percent cover of corals by genus or species

in the fore-reef, back-reef, and lagoon habitats. Three genera, Porites
,
Pocillopora, and

Montipora
,
accounted for more than 99% of the coral cover throughout the atoll, although

their relative abundances vary considerably according to habitat and geographic sector

within habitats. Fore-reef communities are dominated by massive and encrusting Porites

and by Pocillopora
,
while the back reef is dominated by Montipora and the lagoon by

Porites compressa. All taxa show habitat-specific differences in colony density and size-

class distributions as assessed through colony counts within belt transects at fixed sites.

These demographic data provide the most detailed, spatially comprehensive description

of coral communities at Kure Atoll produced to date and can serve as a solid baseline for

determining the magnitude and direction of future changes. They are discussed within

the context of factors known to affect community development on Hawaiian coral reefs

including temperature, wave stress, coral bleaching and other diseases, marine debris, and

crown-of-thorns seastars.

INTRODUCTION

As coral reefs worldwide are increasingly challenged by global phenomena such

as climate change and ocean acidification (Hughes et al., 2003; Pandolh et al., 2003;

Kleypas et al., 2006), it becomes increasingly important to establish detailed quantitative

baselines by which subsequent changes can be discerned. Pauly (1995) introduced the

phrase “shifting baseline syndrome’' in connection with fisheries, but the concept applies

equally well to other marine ecosystem resources, including coral reefs (Birkeland,
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2004). In this view, each generation accepts as a baseline the conditions of its own
experience and uses it to evaluate changes; in degrading systems, this results over time

in a gradual accommodation to disappearing resources and inappropriate reference points

for assessing losses. Detailed quantitative data, particularly those based on rigorous,

repeatable analyses of durable photographic images that can be archived for inspection by

other researchers, provide an invaluable benchmark for later comparisons. Technological

advances over the past decade in digital imagery, data extraction software, global

positioning system (GPS), geographic information system (GIS), and remote sensing

have enabled the acquisition and analysis of descriptive data by which such benchmarks

can be generated. Management agencies are in particular need of comprehensive, reliable

documentation of the status of public resources for which they serve as stewards.

In 2006, Papahanaumokuakea Marine National Monument was established by

U.S. Presidential Proclamation, opening a new era of management authority in

the Northwestern Hawaiian Islands (NWHI) following nearly a century of various

management regimes by Hawaii state and U.S. federal agencies. Kure Atoll (28 25'N,

178 20'W) is the northernmost atoll in the Hawaiian Archipelago (Fig. 1) and the

world (Dana, 1971). Of the four atolls with perimeter reef in the Hawaiian Archipelago

(French Frigate Shoals, Pearl and Hermes, Midway, and Kure) (Fig. 1), JCure is the

second smallest, with an estimated shelf (< 20 m depth) area of 66.4 km (Parrish and

Boland, 2004). Like other coral reef systems in the NWHI, Kure has a checkered history

of human interaction but has largely been spared from the anthropogenic activities

implicated in the deterioration of many coral reefs worldwide (e.g., Done, 1992; Nystrom

et al., 2000). Nonetheless, the documentation of large quantities of destructive marine

debris (Donohue et al., 2001; Donohue and Boland, 2003; Dameron et al., 2007) and

two episodes of thermally induced coral bleaching over the past decade (Aeby et al.,

2003; Kenyon et al., 2006a; Kenyon and Brainard, 2006) are indicative of the potential

vulnerability of even remote locations to the consequences of modern human activities.

Along with coralline algae, corals are major framework builders of modern Holocene

reefs in Hawaii (Gross et al., 1969; Grigg, 1998) and their abundance and condition

are often used as indicators of the health status of reefs (Pandolh et al., 2005; Jokiel

and Rodgers, 2007). Hence it is critical to establish a detailed, spatially comprehensive

baseline of coral community structure at Kure Atoll that can be used by both present and

future generations of stakeholders as a quantitative reference point from the early years of

the 2 1 century.

Previous work on corals at Kure Atoll has been presented by Dana (1971), Grigg

(1983), Maragos et al. (2004), and Siciliano (2006). This paper describes the community

structure of the shallow-water (< 20 m) scleractinian corals at Kure Atoll, based on atoll-

wide surveys conducted in 2000-2003. It differs from the work of previous authors in

that it (a) uses three independent yet complementary methods of estimating live coral

cover, (b) is more spatially inclusive, (c) provides density and size class data as well as

percent cover data as metrics of community structure, and (d) is based on analysis of

archived photographic imagery that is available for inspection and reanalysis. As such,

it provides the most comprehensive portrait of extant coral communities at Kure Atoll

produced to date and can serve to offset the “conceptual ratchet” (Birkeland, 2004) of a

shifting baseline. These data are then discussed in the context of salient contemporary

stressors known to affect the composition and condition ofNWHI coral communities.
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MATERIALS AND METHODS

Benthic Surveys

Towed-diver surveys were conducted in 2000 (2-3 October) and 2002 (23-24

September) according to the methods of Kenyon et al. (2006b). An additional survey

was conducted in 2003 (4 August) to examine the south back reef, which had not been

assessed on earlier surveys. On 2000 and 2002 surveys, a digital video camera inside

an underwater housing with a wide-angle port was used to continuously record benthic

imagery. On the 2003 survey, a digital still camera (Canon EOS-10D, EF 20 mm lens)

in a customized housing with strobes was used to photograph the benthos automatically

at 15-sec intervals. Habitat digital videotapes recorded in 2000 and 2002 were sampled

at 30-sec intervals (interframe distance ~ 22 m) and quantitatively analyzed for coral

percent cover using the methods of Kenyon et al. (2006b). Digital photographs recorded

in 2003 were sampled at 30-sec intervals and quantitatively analyzed for coral percent

cover using point-count software (Coral Point Count with Excel Extension, Kohler and

Gill, 2006), using 50 randomly stratified points per frame. The coral categories that could

be distinguished were Pocillopora
,
massive and encrusting Porites (e.g., P. lobata

,
P.

evermanni), Porites compressa
,
Montipora

,
and other live coral (e.g., Pavona

,
Fungia

,

faviids). Laser-projected dots used to calibrate image size did not appear on videographic

imagery recorded during 2002 or 2003 surveys because of mechanical problems. Average

depth was calculated for the photo-documented portion of each towed-diver survey from

an SBE 39 temperature/pressure recorder (Sea-Bird Electronics, Inc.) mounted on the

habitat towboard, and survey distances were calculated using GPS and ArcView GIS 3.3.

Site-specific belt-transect surveys, along with digital video recording of benthic

cover along the transect lines, were independently conducted by three separate teams

of divers on 22-26 September 2002, according to the general methods described by

Maragos et al. (2004) for 2002 Rapid Ecological Assessments. Three additional sites

were surveyed with the same suite of methods on 4 August 2003. Locations of site-

specific surveys were determined on the basis of (1) Tiling gaps in the locations of

baseline assessments conducted during an expedition to the NWHI in 2000; (2) depths

that allowed three dives/day/diver; (3) constraints imposed by other ship-supported

operations; and (4) sea conditions. Detailed methods for recording videographic and size

class data are presented in Kenyon et al. (2006c).

Twelve (35 cm x 50 cm) photoquadrats were concurrently photographed with

spatial reference to the same two 25-m transect lines (i.e., six photoquadrats per transect)

at each site according to the methods of Preskitt et al. (2004).

Data Extraction and Analysis

Capture, sampling, and analysis of frames from video transects are described in

Kenyon et al. (2006c). The taxa that could be identified were Pocillopora meandrina, P
damicornis, P. ligulata

,
Porites lobata, P. compressa, Montipora capitata, and Montipora

sp. Detailed methods for determining coral percent cover from photoquadrat imagery are

also presented in Kenyon et al. (2006c).
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Transect site locations and tracks of to\yed-diver surveys georeferenced with

nondifferentially-corrected GPS units (Garmin model 12) were mapped using ArcView

GIS 3.2. For analytical purposes, towed-diver and site-specific surveys were grouped

spatially according to habitat (fore reef, back reef, and lagoon) and geographic sector (N,

NE, E, etc.).

Differences in total percent coral cover among habitats, and among sectors within

habitats, were examined using nonparametric Kruskal-Wallis tests, as the data were not

distributed normally, even with transformations. Differences in the percent cover of coral

genera among habitats, and among sectors within habitats, were examined using the chi-

square test of independence among two or more samples, pooling taxa as necessary to

provide minimum expected values. Statistical analyses were conducted using SigmaStat

software.

Maragos et al. (2004) provide two indices of the relative occurrence and

abundance of 3 1 coral species at Kure Atoll based on qualitative Rapid Ecological

Assessment surveys at 54 sites. Methods described in Kenyon et al. (2006c) were used

to compare these indices with the relative abundance of coral species as determined by

percent cover analysis of photoquadrats in this study.

RESULTS
Towed-diver Surveys

The distance between frames sampled at 30-sec intervals from benthic tow videos

or still images depends on the tow speed; the average interframe distance ranged from

16.4 m to 27.5 m (mean = 22.3 m, n = 18 tows). The average benthic area captured

in laser-scaled frames was 3556 cm2 (SE = 77 cm2
,
n = 1124 frames). Towed divers

surveyed 39.1 km of benthic habitat (Table 1, Fig. 2), from which 1764 frames were

analyzed. Given the 3:4 aspect ratio of the captured frames and extrapolating to the total

number of consecutive, nonoverlapping still frames that compose the benthic imagery,

this benthic analysis area (1764 frames x 0.3356m2/frame = 592 m2

) samples a total

survey area of 26,923 m2 (Table 1). Survey effort in 2000 emphasized the fore-reef

habitat, as towed divers were able to work in conditions of high swell or strong current

that were too extreme for roving divers to survey safely. Surveying the back reef and

hardbottom lagoon habitats was emphasized in 2002 so as to document a novel coral

bleaching event in progress that was most pronounced in these habitats.
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Figure 2. Location of towed-diver and site-specific surveys at Kure Atoll, NWHI, using IKONOS satellite

imagery as a basemap. Irregular white and gray shapes overlying the lagoon are clouds and their shadows.
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Average total coral cover across the atoll was low-to-moderate, ranging from 2.4% on the

southeast fore reef to 24.2% on the northwest back reef (Table 1, Fig. 2). The differences

among the three habitats in their average total percent coral cover were statistically

significant (Kruskal-Wallis test, H= 40.02, df = 2,p< 0.001). Moreover, a significant

difference existed among habitats in the relative abundance of coral genera present

(chi-square test, X2 = 366.45, df = 6,p < 0.001). Considering each habitat as a whole

throughout the atoll, the fore reef was dominated by massive and encrusting Porites (e.g.,

P. lobata, P evermanni) and by Pocillopora. Montipora dominated the back-reef habitat.

Tagoon assemblages were dominated by Porites compressa (Table 1, Fig. 3a).

The average coral cover across 16,663 m2 surveyed along the fore reef was 9.7%

(Table 1). The differences among the eight fore-reef sectors in the average total percent

coral cover were statistically significant (Kruskal-Wallis test, H= 184.59, df = 7,p<
0.001), and there were significant differences among sectors in the relative abundance of

coral genera present (chi-square test, X2 = 231.60, df = l,p< 0.001). Total coral cover

was highest along the arc of the fore reef proceeding counterclockwise from the north to

the west sector, where Pocillopora dominated. Total coral cover was less in the southwest

sector, where Pocillopora codominated with massive/encrusting Porites. Relatively lower

coral cover was found along the arc of the fore reef proceeding counterclockwise from

the south to the northeast sector, where massive/encrusting Porites accounted for nearly

two-thirds or more of the coral cover. Porites compressa
,
Montipora

,
and other taxa

contributed little to coral cover on the fore reef (Table 1, Fig. 3a).

The average coral cover across 8,607 m2 surveyed along the back reef was 10.8%

(Table 1). The differences among the six back reef sectors in the average total percent

coral cover were statistically significant (Kruskal-Wallis test, H= 160.97, df = 5,p <

0.001), and there were significant differences among sectors in the relative abundance

of coral genera present (chi-square test, X2 = 376.83, df = 10, p < 0.001). Total coral

cover was highest (>21%) in the northwest and west back-reef sectors, where Montipora

dominated. Total coral cover was lower (< 8%) in all other sectors, with varying patterns

of dominance. Pocillopora dominated in the northeast and east sectors and codominated

with massive/encrusting Porites in the south sector. No single genus clearly dominated on

the north back reef. Porites compressa and other taxa contributed little to coral cover on

the back reef (Table 1, Fig. 3a).

The average coral cover across 1,653 m2 surveyed over hardbottom in the lagoon

habitat was 18.6% (Table 1, Fig. 3a), where Porites compressa dominated (84.3% of total

coral cover.)

Site-specific Surveys: Video Transects

A total of 576 m2
at 18 sites (32 nr/site) were quantitatively assessed from

transect videotapes. The differences among the three habitats in their average total

percent coral cover were statistically significant (Kruskal-Wallis test, H= 23.31, df = 2,p
< 0.001). Average total coral cover was lowest on the back reef (8.1%) with progressively

greater cover on the fore reef (8.7%) and lagoon (9.8%) (Table 2, Fig. 3b).
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Eight scleractinian taxa were seen in Kure video transects (.Pocillopora

meandrina
,
P. ligulata

,
P. damicornis

,
Porites lobata, P. compressa, Montipora capitata,

Montipora sp., Pavona duerdeni). The differences among the three habitats in their

relative abundance of coral taxa were statistically significant (chi-square test, A2 = 237.27,

df = 6,p < 0.001). The fore reef was dominated by pocilloporids (Table 2, Fig. 3b). Of
the three distinguishable species of Pocillopora present in video transects, P. meandrina

composed 92. 1% of the total pocilloporid cover throughout the atoll. The back reef was

dominated by Porites lobata
,
with lesser and roughly equal amounts of Pocillopora and

Montipora. Similar to results from towed-diver surveys, the lagoon was dominated by

Porites compressa (Table 2, Fig. 3b).

Site-specific Surveys: Photoquadrats

Video transects and photoquadrats were recorded concurrently at 1 8 sites with

an additional 3 sites surveyed for percent cover by photoquadrats alone. Of the 18 sites

where both methods were applied, the maximum difference in total coral cover calculated

with the two methods was 9.5%; the average of the absolute values of the difference

between video transect and photoquadrat total coral cover was 3.0%. The differences

among the three habitats in their average total percent coral cover were statistically

significant (Kruskal-Wallis test, H= 8.22, df = 2,p
= 0.016). Average total coral cover

was lowest on the fore reef (6.4%) with progressively greater cover on the back reef

(6.8%) and lagoon (12.4%) (Table 2, Fig. 3c).

Ten scleractinian taxa were seen in Kure photoquadrats (Table 3). The differences

among the three habitats in their relative abundance of coral taxa were statistically

significant (chi-square test, A2 = 266.52, df = 6,p < 0.001). The fore reef and back reef

were dominated by Porites lobata (Table 2, Fig. 3b). Representation by Pocillopora was

highest on the fore reef (42.8% of total), while representation by Montipora was highest

on the back reef (14.4% of total). Of the three distinguishable species of Pocillopora

present in photoquadrats, P. meandrina composed 80.8% of the total pocilloporid cover

throughout the atoll using this method. Similar to results from towed-diver surveys and

video transects, the lagoon was dominated by Porites compressa (Table 2, Fig. 3b).
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Site-specific Belt-transect Surveys: Colony Density and Size Classes

A total of 4022 colpnies were counted and classified by size class within belt

transects covering 1500 m at 23 sites. Porites was the most numerically abundant (i.e.,

highest density) taxon across the atoll system followed by Pocillopora
,
Faviidae, and

Montipora. (Fig. 4, All Habitats). Only 38 colonies of Pavona
,
Fungia and Psammocora

(< 1% of total) were not in these taxa. Relative densities of coral taxa followed a similar

pattern within the fore-reef habitat as across the atoll system (Fig. 4); i.e., Porites
,

followed by Pocillopora and faviids, was the most numerically abundant taxon. In the

back-reef and lagoon habitats, however, Pocillopora had the highest densities, followed

by Porites. Highest overall colony density occurred on the fore reef (4.2 colonjes m )

with lower and roughly equal colony densities in the bck-reef (1.5 colonies m ) and

lagoon (1.6 colonies nr2

) habitats.

Figure 4. Colony density (no. nr2
) of four coral taxa at Kure Atoll, NWHI, in the lagoon, back reef, fore

reef, and the three habitats combined. Number of colonies (n) were determined from belt transect surveys;

area (m2
) surveyed in each habitat is shown next to habitat label. Values to the right of bars are the number

of colonies of each taxon.

Coral communities at Kure Atoll are primarily composed of small colonies; nearly

three-quarters (72.5%) of all colonies being < 20 cm maximum diameter. Although most

taxa had distinctive size-class distributions in different habitats (Figs. 5, 6), only Porites

in the back-reef habitat had more than 50% of colonies measuring > 20 cm maximum
diameter (Fig. 6a).
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(d) Forereef, Pocillopora

(b) Backreef, Porites

50

40

30

20

10

0

0-5 5-10 10-20 20-40 40-80 80-160 >160

(e) Backreef, Pocillopora

(f) Lagoon, Pocillopora

50

40

30

20

10

0

n =287

Figure 5. Size class (cm) distributions, by habitat, of scleractinian corals at Kure Atoll, NWHI. a-c Porites
,

d-f Pocillopora. Y-axis is percent of colonies enumerated in each taxon.



12

(b) Backreef, Montipora (e) Backreef, Faviidae

( c ) Lagoon, Montipora (f) Lagoon, Faviidae

Figure 6. Size class (cm) distributions, by habitat, of scleractinian corals at Kure Atoll, NWHI. a-c

Montipora
,
d-f Faviidae. Y-axis is percent of colonies enumerated in each taxon.
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A large number of small (< 20 cm) Porites colonies (Fig. 5a) accounts for the high

density of this genus on the fore reef (Fig. 4). On the back reef, massive and encrusting

forms of Porites largely account for the high proportion of larger (> 20 cm) colonies (Fig.

5b), as P. compressa is rare on the back reef (Fig. 3). In the lagoon, the Porites size class

distribution (Fig. 5c) is largely represented by P compressa (Fig. 3).

Size class distributions of Pocillopora are similar on the fore reef and back reef

(Figs. 5a, b), as are their colony densities (1.2 and F0 colonies nr2
,
respectively, Fig. 4).

Pocilloporids are more sparsely distributed (i.e., less dense) (Fig. 4) and smaller (Fig. 5c)

in the lagoon habitat.

Montiporids are small (Fig. 6a) and rare (Figs. 3,4) on the fore reef. In both

the back reef and lagoon habitat, a moderate proportion of the colonies were > 20 cm
maximum diameter (37.9% and 34.2%, respectively)(Figs. 6b, c). While their density is

highest in the lagoon (Fig. 4), their contribution to coral cover is greatest in the back-reef

habitat (Fig. 3).

More than 75% of faviids in all habitats measure <20 cm maximum diameter

(Fig. 6d-f); their small size and low densities (Fig. 4) account for their small contribution

to total coral cover (Fig. 3).

DISCUSSION

Synopsis of Salient Results

The three survey methods used in the present study produced highly similar

patterns in the atoll-wide distribution and abundance of coral taxa. All three methods

showed statistically significant differences among the three habitats in mean coral cover

as well as the relative abundance of coral taxa. The chief discrepancy among the methods

in coral cover was found in the lagoon habitat where estimates derived from towed-

diver surveys (18.6%) were nearly twice as great as those derived from video transects

(9.8%) (Tables 1,2). With regards to relative abundance, the chief discrepancy among the

methods was found in the proportion of Montipora reported in the back-reef habitat from

towed-diver surveys (60.8%) compared to estimates derived from video transects (23.6%)

and photoquadrats (14.4%) (Tables 1,2). Because towed divers survey substantially

more area than free-swimming divers during site-specific surveys, values derived from

towed divers likely provide a better measure ofmean coral cover and relative abundance

across large expanses of habitat than do site-specific surveys. Highest coral cover values

derived from towed-diver surveys were found, in descending order, in the central lagoon,

the northwest and west back reef, and the arc of fore reef proceeding counterclockwise

from north to west. As assessed from atoll-wide towed-diver surveys, the fore reef was

codominated by massive and encrusting forms of Porites and by Pocillopora while the

back reef was dominated by Montipora
,
though dominance patterns varied by geographic

sector. All three methods showed that lagoon patch reefs were dominated by Porites

compressa.
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Comparison with Previous Surveys

Dana (1971), who conducted numerous nonquantitative snorkel surveys in all

three habitats at Kure, reported 17 coral species. Grigg (1983) reported 13 species from

southwest seaward reefs. Maragos et al. (2004) reported 3 1 species from 54 survey sites

but provided no demographic data pertaining to their distribution across the atoll. In the

present study, 10 species were distinguished in photoquadrats (Table 3); one additional

species (Pavona duerdeni) was seen in a single video-transect frame. Of these 1 1 species,

8 are included among the top 1 1 species ranked with the use of occurrence and abundance

indices developed by Maragos et al. (2004) (Table 3). Three of the four species ranked by

Grigg (1983) on southwest seaward reefs were observed in photoquadrats in the present

study.

Table 3. Relative abundance of scleractinian coral species at Kure Atoll ranked by

photoquadrats in present study, Maragos et al. (2004), and Grigg (1983).

Rank Present study Maragos et al. (2004) Grigg (1983)

1 Porites lobata Porites lobata Porites compressa

2 Pocillopora meandrina Pocillopora ligulata Porites lobata

3 Porites compressa Pocillopora damicornis Pocillopora meandrina

4 Montipora capitata Pocillopora meandrina Porites (Synarea) convexa
a

5 Pocillopora ligulata Leptastrea purpurea N.A.
b

6 Pocillopora damicornis Porites compressa N.A.
b

7 Montiporaflabellata Cyphastrea ocellina N.A.
b

8 Leptastrea purpurea Psammocora stellata N.A.
b

9 Psammocora stellata Montipora capitata N.A.
b

10 Cyphastrea ocellina Pocillopora cf. capitata N.A.
b

a
Synonymized with Porites hawaiiensis, Maragos (1977).

b
Not available; data only provided for four scleractinian species by Grigg (1983).

The first scientific description of Kure coral communities (Dana, 1971) affords

several interesting comparisons with the present study. Dana (1971) noted that Kure

is located in the northeast trade wind belt, allowing each reef habitat a windward and

leeward aspect. Dana (1971) observed that Pocillopora meandrina dominated on

seaward (fore reef) windward reefs, an observation congruent with results from towed-

diver surveys on northwest and north fore-reef exposures, but differing from the present

results on northeast fore-reef exposures, where massive and encrusting forms of Porites

dominated (Table 1). Similarly, Dana (1971) noted that Porites lobata dominated on

seaward leeward reefs, an observation in agreement with results from towed-diver

surveys on south and southeast fore-reef exposures, but differing from the heightened

relative abundance of Pocillopora meandrina on southwest and west fore-reef exposures.

Dana (1971) further reported that “the extreme leeward seaward reef has virtually no

living coral,” an observation in agreement with our finding of relatively low coral cover

(2.4-7.2%) along the southeast to southwest arc of fore reef. With regards to the back
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reef, Dana (1971) states that Montipora verrucosa (revised as M. capitata
,
Maragos,

1995) was particularly abundant in the northeast sector and that Porites compressa
,

another important species, formed large colonies up to 2 m diameter. In contrast, in

imagery from towed-diver surveys Montipora was especially abundant on the north and

northwest back reef but absent in the northeast (Table 1). Porites compressa was also

rare in all back-reef zones (Tables 1,2, Fig. 3). Perhaps the greatest difference between

observations by Dana (1971) and the present study is the absence of any mention of P.

compressa on lagoon patch reefs by Dana (1971), whereas this species dominated the

central lagoon patch reefs in the present study (Fig. 3).

Grigg (1983) reported a mean coral cover of 9% from two 50 m seaward transects

off the southwest sector of Kure Atoll. This value is consistent with average fore-reef

coral cover from all three methods in the present study (Tables 1, 2, Fig. 3) as well as a

sector-specific value from towed-diver surveys (7.2%, Table 1), video transects (6.0%),

and photoquadrats (6.0%). The dominance of Porites with massive and encrusting growth

forms on the fore reef (Tables 1,2, Fig. 3) is consistent with the top ranking of Porites

lobata from Maragos et al. (2004) but differs from the top ranking of Porites compressa

by Grigg (1983) at southwest fore-reef sites (Table 3). P. compressa was rarely observed

anywhere on the fore reef in the present study (Tables 1,2, Fig. 3).

Estimates of total coral cover by Siciliano (2006) in the three habitats at Kure

were based in part on the coral size class data presented here and in part on visual

estimates from an additional 43 sites surveyed in 2000 and 2001. In the mathematical

conversion of size class data to percent cover estimates, Siciliano (2006) assumed a

circular or elliptical shape for each enumerated colony and used the mean diameter of

each of the seven size classes in diameter-to-area computations. The resulting coral cover

estimates in all three habitats (fore reef 16.2%, back reef 27.0%, lagoon patch/reticulate

reefs 27. 1%) are higher than the highest values reported from any of the three methods

used in the present study. Siciliano ’s (2006) estimates are likely high compared to those

in the present study that are based on data extracted from photographic imagery because

many coral colonies experience partial mortality that results in uneven contours and dead

areas within colony boundaries, attributes that were not factored into diameter-to-area

conversions.

Community Structure and Wave Exposure

Wave exposure is a major determinant controlling the development of Hawaiian

coral reefs (Dollar, 1982; Storlazzi et al., 2005; Jokiel, 2006). Moberly and Chamberlain

(1972) described four types of ocean swell, varying in their magnitude and frequency,

which affect reef development in Hawaii: North Pacific winter swell, northeast trade

wind waves, Southern Ocean swell, and kona storm-generated waves. Of these, large

waves generated by the North Pacific swell, which approach from the north or northwest,

pose the most significant wave disturbance to Hawaiian reefs (Grigg, 1998; Friedlander

et al., 2005). On Kure fore reefs directly exposed to open ocean swell, highest coral

cover, dominated by Pocillopora
,
was found along the 8.8-km-long arc of reef extending

counterclockwise from north to west (Table 1, Fig. 2). Grigg (1998) showed that, at

wave-exposed stations on Oahu in the main Hawaiian Islands, Holocene accretion is

represented by only a thin veneer of living corals resting on an antecedent Pleistocene
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limestone foundation, and suggested that the present-day barrier reefs at Kure and

other atolls in the Northwestern Hawaiian Islands may also be thin, transient veneers

of Holocene growth limited to the thickness of single colonies growing on Pleistocene

foundations. Pocillopora is a pioneer genus known to quickly colonize available habitat

(Grigg and Maragos, 1974) such as that produced by wave-induced scour and ^brasion,

and has the highest growth rate of reef-building genera at Kure (1.69 cm year
;
Siciliano,

2006). Hawaiian pocilloporid species rarely exceed 40 cm in diameter (Polachek, 1978;

Bailey-Brock et al., 1994; Chess et al., 1997; Kenyon et al., 2006c). The similarity of the

Pocillopora size-class distribution on the fore reef to that in the more protected back-

reef habitat (Figs. 5a,b) underscores the suitability of its dense skeletal structure (Houck,

1978) and branched colony morphology, which acts as a baffle to high-energy water

motion, to surviving in high-energy exposures (Dollar, 1982).

Northeast trade wind-generated swell, long period southerly swell from the

southern ocean during the austral winter, and kona storm-generated swell from the

southeast through the southwest quadrants are characterized by low to moderate waves

(Grigg, 1998; Coral Reef Ecosystem Division, unpubl. data). The fore reef at Kure along

exposures impacted by these wave regimes is dominated by massive and encrusting

forms of Porites (Table 1). While capable of constructing colonies measuring meters

in diameter (Dollar, 1982; Chess et al., 1997; Kenyon et al., 2006c), they rarely exceed

20 cm in diameter on these fore-reef sectors (Fig. 5a), most likely reflecting consistent

exposure to heightened wave energy and long-period swell. Their high density (Fig. 4)

and small size (Fig. 5a) in this habitat may either derive from high levels of recruitment

or high levels of partial mortality resulting in genets being fissioned into numerous ramets

(Karlson, 1991).

Though protected from the full force of open-ocean wave energy by an emergent

rock ledge (Gross et al., 1969) and shallow surface reef (Dana, 1971), the back reef

nonetheless experiences considerable surge as waves break and spill across the surface

reef. Consistent with Grigg’s (1998) finding of greater Holocene reef accretion at wave-

sheltered than wave-exposed sites on Oahu, Siciliano (2006) calculated higher net

calcification rates at Kure in the back-reef and lagoon habitats than the fore-reef habitat.

The increased proportion of larger (> 20 cm diameter) Porites colonies on the back reef

relative to the fore reef (Fig. 5a, b) is consistent with reduced disturbance from wave

stress. Nearly 18% of Porites colonies attained unusually large (> 80 cm) sizes on the

back reef (Fig. 5b); because P. compressa was rare on the back reef, these colonies

correspond to species with massive and encrusting growth forms (e.g., P. lobata).

Siciliano (2006) also noted that some individual heads of P. lobata and P. evermanni

attained an extraordinary size in the back-reef and lagoon habitats.

Porites compressa is a very friable coral that is easily broken by even small wave

forces (Grigg, 1998). It flourishes in the most wave-protected habitat, the lagoon (Fig. 3),

where it forms large thickets by clonal propagation (Hunter, 1993) and displays a high

growth rate (1.01 cm year 1

;
Siciliano, 2006).
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Community Development at High Latitudes

To redefine the environmental limits over which reefs exist today and to identify

“marginal" reefs, i.e., those near or beyond “normal” environmental limits of reef

distribution, Kleypas et al. (1999) assessed five environmental variables (temperature,

salinity, light, carbonate saturation state, nutrients) considered to be first-order

determinants of global reef distribution. With minimum weekly sea surface temperatures

that fall to 17°C (Coral Reef Ecosystem Division, unpubl. data), Kure conforms to a

criterion by which reefs may be said to exist in a “marginal” environment. Despite Kure’s

status as the world’s northernmost atoll (Dana, 1971), coral cover values in the three

geomorphic habitats are comparable to those of more southerly atolls in the Northwestern

Hawaiian Islands that have been quantified by methods and over time periods similar to

those reported in the present study (Kenyon et al., 2006c, 2007). The range of coral cover

values on the fore reef derived from the three methods at Kure (6.6-9.7%) is comparable

to those at Pearl and Hermes (6.4-8.8%) and French Frigate Shoals (7.3-8.8%) (Fig. 1).

The range of values on the back reef at Kure (6.8-10.8%) shows somewhat lower coral

cover than the ranges at Pearl and Hermes (10. 1-15. 1%) and French Frigate Shoals

(9.7- 18.9%), as do the ranges of coral cover values in the lagoon habitat (9.8-18.6%,

14.4- 19.5%, 7.7-27.5% for Kure, Pearl and Hermes, and French Frigate Shoals,

respectively.) Hence, in terms of coral cover, Kure appears to have somewhat more

attenuated coral development than more southerly atolls in the Hawaiian Archipelago

with similar histories of limited human disturbance, but not markedly so. Coral colony

average densities are also higher in all three habitats at Kure than at Pearl and Hermes

(Kenyon et al., 2007).

In measuring gross carbonate production by hermatypic corals on different islands

along the Hawaiian Archipelago, Grigg (1982) calculated a minimum value at Kure,

where he proposed that deposition by reef-building corals can no longer keep pace with

subsidence rates and erosion, a latitudinal threshold termed the Darwin Point. Siciliano

(2006) constructed a calcium carbonate budget for Kure Atoll which, in contrast to the

assumptions and methods of Grigg (1982), was based on the growth rates of all the major

coral genera in each of the three habitats, factored in the contribution of coralline algae

to reef accretion, and subtracted rates of biological and mechanical erosion from gross

accretion. Siciliano ’s (2006) atoll-wide estimate of gross carbonate framework production

at Kure is an order of magnitude greater than the gross framework production estimated

by Grigg (1982) (6.1 vs. 0.3 kg
{

m year 1

,
respectively). An atoll-wide, average upward

accretion rate of 2. 14 mm year was alsp an order of magnitude higher than that proposed

by Grigg (1982) for Kure (0.2 mm year ). While Grigg (1982) argued that the amount of

carbonate limestone contributed by corals at Kure was only 20% of that necessary to keep

pace with recent (< 6000 years) changes in sea level, Siciliano ’s (2006) accretion rates

imply that Kure has effectively kept pace with sea level rise during this period.

Health Status of Kure Coral Communities

Jokiel and Rodgers (2007) used five, equally weighted metrics of coral-reef

biological “health” or “value” (reef-fish biomass, reef-fish endemism, coral cover,

endangered monk seal [Monachus schauinslandi] population, and numbers of female

green sea turtles [Chelonia mydas] nesting annually) to rank the condition of 18 islands/
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atolls throughout the Hawaiian Archipelago. Of the ten reef systems in the Northwestern

Hawaiian Islands, Kure ranked seventh, followed only by the three basalt islands Gardner

Pinnacles, Nihoa, and Necker (Fig. 1). Like most reef systems in the NWHI, however,

Kure outranked all eight islands in the populated main Hawaiian Islands. Additional

factors such as coral bleaching, prevalence of coral disease, marine debris, and crown-of-

thorns seastars are germane to assessing the overall health status of coral communities at

Kure Atoll.

Despite winter seawater temperatures at Kure that are marginal for coral reef

development (Kleypas et al., 1999), maximum summer sea surface temperatures (SST)

are generally found at the three northernmost atolls (Fig. 1) (Brainard et al., 2004), and

analyses of historical SST data sets show a warming trend in the Hawaiian Archipelago

that is most pronounced at the northern end of the chain (Jokiel and Brown, 2004;

Barton and Casey, 2005). Prolonged periods of elevated summertime SST resulted in

mass coral bleaching in the NWHI in 2002 and 2004 (Aeby et al., 2003; Kenyon et al.,

2006a; Kenyon and Brainard, 2006; Hoeke et al., 2006). Incidence of coral bleaching

in 2002 was greatest at the three northernmost atolls, including Kure, where the highest

incidences were documented on the back reef (64% of coral cover), followed by the

lagoon and fore reef (37% and 14% of coral cover, respectively). These spatial patterns

corresponded closely to the relative abundance of coral taxa in the three habitats, as

Montipora
,
followed by Pocillopora

,
showed the greatest differential susceptibility

to bleaching whereas massive and encrusting forms of Porites were highly resistant

to bleaching (Kenyon et al., 2006a). Bleaching was milder at Kure in 2004, with a

somewhat higher incidence on lagoon patch reefs than the back reef (16% and 14% of

colonies, respectively) and little bleaching on the fore reef (2% of colonies) (Kenyon

and Brainard, 2006). Montipora
,
followed by Pocillopora

,
again showed the highest

differential susceptibility to bleaching. The shallow (< 2 m) crest of a large, central patch

reef system at Kure (Fig. 2), dominated by Montipora and Pocillopora
,
was heavily

bleached in 2002. Comparison of total coral cover from towed-diver surveys conducted

in 2004 along track lines comparable to those reported in the present study show little

change on the fore reef or back reef, but a reduction by nearly half (18.6% to 9.5%) in

the central patch reef system (J. Kenyon, unpubl. data). As of 2007, bleaching of this

magnitude has not been further observed in the NWHI, though annual surveys have been

conducted during the late summer when SSTs reach their peak.

Numerous studies in the past decade conclude that coral diseases are contributing

to the observed world-wide degradation of coral reefs (e.g., Pandolh et al., 2005;

Richardson and Voss, 2005; Santavy et al., 2005), and their incidence is increased

by elevated temperatures with associated bleaching (Harvell et al., 1999; Kuta and

Richardson, 2002; Rosenberg and Ben-Haim, 2002). Three disease states affecting

Porites have been documented at Kure Atoll (Aeby, 2006) with two diseases recently

reported affecting Montipora (G. Aeby, unpubl. data). As elsewhere in the NWHI, coral

disease is widespread on the reefs of Kure but occurs at levels indicative of a healthy

ecosystem. Disease surveys in 2004 showed that mean disease prevalence (proportion of

all colonies affected) at Kure was 5.6 ± 3.1% (SE), which is comparable to the average

prevalence of disease found among all islands within the NWHI (5.1 ± 1.1%, n = 64) (G.

Aeby, unpubl. data). However, Kure was found to have higher levels of Porites disease

as compared to the other islands within the NWHI (23.5 ± 11.7 % vs. 7.9 ± 3.1%). This

was surprising as the abundance of Porites in the coral communities at Kure is among
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the lowest in the NWHI. However, Porites trematodiasis was the most prevalent disease

found on Porites at Kure. This disease is caused by the larval stage of a digenetic

trematode that requires three different hosts (mollusc, coral, fish) for completion of its

life cycle (Aeby, 1998). As such, presence of this disease on reefs may be reflective

of a healthy ecosystem with abundant multiple hosts available for maintenance of the

parasite’s life cycle.

Marine debris, particularly derelict fishing gear, is a persistent stressor to

corals and other marine fauna throughout the NWHI (Donohue et al., 2001; Boland

and Donohue, 2003). Abandoned nets physically damage corals through abrasion and

breakage, repeating their cycle of damage when entangled colonies are detached from

the benthos by the influence of wind-driven wave action. Shallow (< 10 m) reefs along

trade-wind exposures are particularly impacted by marine debris (Donohue et al., 2001)

as it is driven by prevailing winds from areas of high accumulation just north of the North

Pacific Transition Zone Chlorophyll Front (TZCF) within the North Pacific Subtropical

Convergence Zone (STCZ) (Pichel et al., 2007). The TZCF migrates throughout the year,

such that marine debris is concentrated during winter when surface convergence in the

STCZ is strongest and the TZCF reaches its southernmost position just north of Kure

(Pichel et al., 2007). Resurvey in 2001 of small areas (< 1.3 km2

) frequently used by

endangered Hawaiian monk seals (Monachus schauinslandi) at Kure, Pearl and Hermes,

and Tisianski/Neva Shoal (Fig. 1) that were cleaned of marine debris in 2000 indicated

the highest accumulation rate (number of items km'2 year ) occurred at Kure (Boland

and Donohue, 2003). Marine debris removal efforts undertaken by NOAA’s Coral Reef

Ecosystem Division over more extensive areas including a greater diversity of habitats

in the NWHI from 2000 to 2007 have removed 526 metric tons of fishing debris which

includes 50.3 metric tons from Kure (R. Brainard, unpubl. data). Weight analysis of

debris removed in 2005 from shallow areas (< 4.5 m) that were cleaned of marine debris

in 2004 at Pearl and Hermes and Kure indicates the mean accumulation density (kg km'2
)

in areas of reticulated lagoon reef is ~ 2.5 times greater than accumulation in areas with

a deeper, more homogeneous reef structure that are closer to a barrier reef (Dameron

et al., 2006). Because thq area occupied by reef is relatively limited in the lagoon at

Kure, however (4.17 km ;
Siciliano, 2006), debris tends to accumulate primarily on the

back reef, particularly along the arc extending counterclockwise from southeast to west

(Dameron et al., 2006). Further development of an economic way to remove derelict nets

at sea based on knowledge of convergence dynamics (Pichel et al., 2007), coupled with

on-going atoll-based removal efforts, may assist in reducing net-inflicted damage to coral

communities.

The crown-of-thorns seastar Acanthaster planci is a selective corallivore that

has caused widespread damage on numerous reefs throughout the Indo-Pacific during

population outbreaks (e.g., Chesher, 1969; Endean, 1973; Lourey et al., 2000). In Hawaii,

a series of outbreaks were documented off the south coast of Molokai in the main

Hawaiian Islands in the 1970s (Branham et al., 1971) and a localized outbreak occurred

off the north coast of Oahu in 2005 (J. Kenyon and G. Aeby, unpubl. data). Pocillopora

and Montipora have been documented as preferred prey in the main Hawaiian Islands

even when other coral taxa were more abundant (Branham et al., 1971; Chess et al., 1997;

J. Kenyon and G. Aeby, unpubl. data), though Keenan et al. (2004) reported that A. planci

commonly fed on Porites on lagoon reefs at Pearl and Hermes Atoll (Fig. 1), where this
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genus dominates coral cover (Kenyon et al., 2007). Extensive surveys by towed divers

conducted annually throughout the NWHI from 2000 to 2006 revealed low background

densities ranging from 0 to 2.8 x 10'4 seastars nr2 (M. Timmers, unpubl. data). Seastar

densities at Kure during this period ranged from 2 x 10'5
to 1.4 x 10'4 starfish nr2

. As far

as is known, Hawaiian reefs appear to have been spared the widespread damage from A.

planci infestations documented in other Indo-Pacihc areas (e.g., Chesher, 1969; Endean

1973; Lourey et al., 2000). However, as reefs respond to ocean conditions associated

with global climate change, the problems facing these reefs may also change. Though

the high abundance of preferred prey Pocillopora and Montipora on the Kure back reef

suggests potential vulnerability to A. planci should their populations become inflated,

the relatively high wave surge across the back reef might serve to reduce aggregation in

this habitat, as the species appears to prefer wave-sheltered environments (Moran, 1986;

Chess et al., 1997).

Marine protected areas have emerged as an increasingly important way for

managing reefs within the world’s changing oceans, creating refugia for species that

would otherwise be overexploited and potentially providing stock to damaged reefs

through the movement of adults and larvae (Hoegh-Guldberg, 2006). At nearly 140,000

square miles, the Papahanaumokuakea Marine National Monument that includes

Kure Atoll represents the second largest protected marine area in the world. Another

management tool that is emerging in response to climate change is the identification of

specific reef areas that are resistant and/or resilient to coral bleaching (West and Salm,

2003) as a result of localized cooling, shading, tolerant species, or other abetting factors

(Marshall and Schuttenberg, 2006). Such areas may act as sources of replenishing

propagules should corals on reefs linked by larval dispersal become damaged by episodes

of bleaching or other sources of mortality. Fundamental to developing damage response

plans is a sound knowledge of coral community structure on both fine and broad spatial

scales, data such as summarized here for Kure Atoll. These insights can help focus

monitoring regimes and provide researchers with a solid, rather than a sliding, baseline.
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