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Abstract On coral reefs in Palmyra—a central PaciWc
atoll with limited Wshing pressure—total Wsh biomass
was 428 and 299% greater than on reefs in nearby
Christmas and Fanning Islands. Large apex predators,
groupers, sharks, snappers, and jacks larger than 50 cm
in length, accounted for 56% of total Wsh biomass in
Palmyra on average, but only 7 and 3% on Christmas
and Fanning. These biomass proportions are remarkably similar to those previously reported for the remote
and uninhabited Northwest Hawaiian Islands (NWHI)
and densely populated Main Hawaiian Islands (MHI),
although Palmyra’s reefs are dominated in biomass by
sharks (44% of the total), whereas the NWHI by jacks
(39%). Herbivorous Wsh biomass was also greater on
Palmyra than on Christmas and Fanning (343 and
207%, respectively). These results and previous Wndings
indicate that remote, uninhabited islands support high
levels of consumers, and highlight the importance of
healthy coral reef ecosystems as reference points for
assessment of human impacts and establishment of restoration goals.
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Introduction
Fisheries tend to deplete populations of large, long-lived
species at the top of marine food webs (Pitcher 2001;
Myers and Worm 2003). Depletion of apex predators
can induce changes to the structure of marine communities as eVects cascade through lower trophic levels
(Stevens et al. 2000; Bascompte et al. 2005; Mumby et al.
2006). Historical analyses suggest that widespread depletion of apex predators through Wshing often preceded the
study and monitoring of coral reefs, making it diYcult to
establish a natural baseline for coral reef ecosystems
(PandolW et al. 2003).
By comparing reefs along gradients of Wshing intensity, Friedlander and DeMartini (2002) determined that
the remote and lightly Wshed Northwest Hawaiian
Islands (NWHI) support signiWcantly more Wsh biomass
than the heavily Wshed Main Hawaiian Islands (MHI),
with apex predators comprising on average 54% of the
total Wsh biomass in the NWHI, but only 3% in the MHI.
Here, total biomass and trophic structure of reef Wsh
assemblages were compared among three locations in the
Line Islands—Christmas (Kiritimati) Island, Fanning
(Tabuaeran) Island, which are part of the island nation
of Kiribati, and Palmyra Atoll (Fig. 1). These islands
experience diVerent Wshing pressures, yet similar oceanic
conditions: all are located in the Intertropical Convergence Zone (ITCZ), inXuenced by the equatorial countercurrent. They represent ideal conditions in which to
examine the eVects of Wshing on coral reef Wsh assemblages because they are similar biogeographically, but
have recently diverged along a trajectory from heavily
impacted (Christmas Island) to virtually unimpacted
(Palmyra).
Christmas and Fanning Islands have been inhabited
for as much as 2,000 years (Thomas 2003). Christmas
Island has a current population of ca. 8,000, while
Fanning Island’s population recently escalated to ca.
3,000 due to a governmental citizen-relocation program
(K. Anderson personal communication; Chung 2000).
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At both islands, local Wshermen use gill nets and hookand-line to catch reef Wshes, including sharks, and spear
Wshing and long lining occur throughout the surrounding waters (Thomas 2003). In 1995, shark-Wn exports
peaked with a total value exceeding US $494,000
(Thomas 2003).
In contrast, Palmyra was privately owned for
100 years, subsequently purchased by The Nature
Conservancy in 2000, and is now a National Wildlife
Refuge managed by the US Fish and Wildlife Service
(The Nature Conservancy 2006). Although the US
Navy signiWcantly altered Palmyra’s inner lagoon during World War II, the outer reefs where this study was
conducted remained relatively undisturbed (Dawson
1959). With minimal historical and current population
(two resident refuge managers and up to ten visiting
scientists or volunteers), Palmyra has never had the
extensive local Wsheries of the more populated Line
Islands.
In this study, the Wsh biomass of diVerent trophic
groups was estimated in each of the three atolls to examine the magnitude of food web alteration from Wshing.
Results were compared with those from other studies

conducted in the Hawaiian and Fijian archipelagos to
examine the generality of the eVects within the PaciWc
basin.

Materials and methods
QuantiWcation of Wsh biomass on shallow reefs
Visual surveys were conducted in shallow back reef sites
in May 2003 and 2005. Three sites were surveyed at
Christmas and Fanning Island in 2005, and four sites at
Palmyra in 2003 and 2005 (Fig. 1). All sites were located
outside the inner lagoons, on the leeward side of each
island except the fourth Palmyra site, located in a windward location protected from a series of islets (“Coral
Gardens”). Each site was surveyed with four to seven
randomly placed 50 £ 4 m belt transects, all located
between 2 and 8 m depth. Although alternative methods
(e.g., timed searches) may estimate abundances of large,
mobile Wshes more accurately than belt transects, belt
transects were used to ensure direct comparability with

the surveys conducted by Friedlander and DeMartini
(2002) in the Hawaiian Archipelago. A total of 15 transects at Christmas Island, 14 at Fanning Island, and 29 at
Palmyra Atoll were surveyed. Two observers surveyed
each transect by snorkeling along the transect line: one
recorded the numbers and estimated sizes of Wshes in the
families Carangidae (jacks), Lutjanidae (snapper), Carcharhinidae (sharks), and Serranidae (grouper); the
other recorded the numbers and sizes of other demersal
Wsh larger than 5 cm in total length. To ensure independence of individual replicates surveyed, transects were
never contiguous with each other.
Demersal Wsh were identiWed to the family level.
Taxa were assigned to trophic groups based on diet
and trophic level information reported in FishBase
(Froese and Pauly 2003). Fish biomass was estimated
using the length (L)—weight (M) equation: M = aLb.
Constants (a, b) for the species most commonly
observed were obtained from FishBase (Froese and
Pauly 2003) and averaged by family. Future studies
should include identiWcation of Wsh to the species level,
as estimation of biomass at the family level disregards
within family variation in the a and b constants. However, in the present analyses, averaging of a and b constants within families did not appear to inXuence
results signiWcantly. To examine the extent to which
biomass estimates were aVected by averaging constants, estimation of Wsh biomass was repeated using
either the smallest or the largest a and b constants
within in each family. Using diVerent constants, for
each family, yielded similar biomass estimates. In particular, the estimated percent biomass accounted for
by apex predators (see Results and discussion) varied
between 55 and 67% of the total, in all cases greater
than 50% of total Wsh biomass.
Biomass variation was compared among islands using
Analysis of Variance (ANOVA), with island as the main
factor (Wxed, three levels: Christmas Island, Fanning
Island, and Palmyra), and site nested within island (random, three levels: site 1, 2, and 3 within each island). This
ANOVA model was used to examine variation in total
biomass and in biomass of each trophic group. Due to
the unbalanced design (four sites were surveyed at Palmyra), analyses were repeated four times, each time eliminating one Palmyra site. Results were qualitatively
similar and only the most conservative P-values are
reported here. Also, because the number of transects surveyed at each site varied, four transects were randomly
drawn at each site. Because preliminary studies to determine the level of replication needed for adequate power
in the ANOVAs were not conducted, N = 4 was utilized
following Friedlander and DeMartini (2002). Highly signiWcant diVerences in Wsh biomass among islands (see
Results and discussion) indicate that the design had adequate power in this system as well. ANOVAs were conducted only on the 2005 data, for comparisons among
and within the Line Islands, and only the 2005 data is
reported in Figs. 2 and 3. Data from surveys conducted
at Palmyra in 2003 were included in the analyses of

Fig. 2 Biomass and trophic structure of Wsh assemblages at Christmas Island, Fanning Island, and Palmyra Atoll. Average (§1 SE)
biomass [in g (200 m2)¡1] of piscivorous Wsh >50 cm in total length
(large apex predators), piscivorous Wsh <50 cm, lower-level carnivores (benthic invertebrate feeders, corallivores, and planktivores
combined), and herbivores is reported

trophic composition and composition of the predatory
guild at Palmyra.
Qualitative video surveys of deep reefs
To determine if predators simply move to deeper waters
at Wshed locations, shallow transects were complemented
with deeper transects conducted along the forereef of the
leeward shores of Palmyra and Fanning island using a
remotely operated vehicle (ROV) equipped with a digital
video camera (VideoRay Pro, Phoenixville, PA, USA). In
2003, two transects were conducted at Palmyra from 20
to 100 m depth (5°52.720⬘N, 162°10.150⬘W). In 2005, two
transects were conducted between 10 and 50 m at both
Fanning (3°50.518⬘N, 159°21.679⬘W) and Palmyra
(5°52.078⬘N, 162°07.030⬘W).
Comparison among PaciWc regions
To examine the generality of these results, estimates of
Wsh biomass were compared with published values
from Hawaii (Friedlander and DeMartini 2002) and
Fiji (Jennings and Polunin 1997). Both studies compared the Wsh biomass and trophic structure of coral
reef-Wsh assemblages on ocean-facing reefs across Wshing gradients. While the survey methods used in this
study are directly comparable to those used in the
Hawaii study, Jennings and Polunin (1997) used the
point count method, used a smaller size threshold
(30 cm) for categorizing piscivores, and limited herbivorous Wsh to parrotWsh (Scaridae). In particular, the
point count method likely underestimates the abundance of large, mobile predators. In both this study
and the Hawaii study, herbivorous Wsh also included
surgeonWsh (Acanthuridae), damselWsh (Pomacentridae),
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and chubs (Kyphosidae). Therefore, comparisons of the
Fiji study with data from Hawaii and the Line Islands
are made only regarding the general biomass trends
among reefs and relative abundances of trophic
groups, not the absolute magnitudes of biomass estimates.

Results and discussion
In the Line Islands, total Wsh biomass decreased along a
gradient of increasing Wshing pressure (using population
densities on the islands as proxies for local Wshing intensity). The shallow reefs at Palmyra Atoll (2–10 people, no
Wshing allowed on reefs because of marine protected area
status) sustained 428 and 299% more Wsh biomass per
200 m2 than Christmas (»8,000 people) and Fanning
(»3,000 people) Islands, respectively (ANOVA F2,6
= 18.6, P = 0.003) (Fig. 2). Large apex predators, e.g.,
piscivorous Wshes larger than 50 cm in length, accounted
for most of the variation in Wsh biomass among the
islands, contributing an average of 56, 7, and 3% of the
total biomass of Palmyra, Fanning, and Christmas
Islands (ANOVA F2,6 = 212.9, P = 0.0009) (Fig. 2).
Large apex predators were encountered in all but 3 of the
29 transects surveyed at Palmyra, but in only 2 of the 29
transects at Christmas and Fanning Islands.
Remotely operated vehicle transects revealed a high
abundance of apex predators on Palmyra’s deep reefs,
and conversely, a scarcity at Fanning Island. At Palmyra,
large groups of grey reef sharks (Carcharhinus amblyhynchos) were recorded between 13 and 30 m water depth. In
one video-frame alone, at 15 m depth, 24 grey reef sharks
were recorded. In contrast, no sharks were observed in
Fanning Island’s transects. Any possible attraction bias
of large predators to the ROV or ship was likely equal
between the two sites.
Despite high levels of predators, biomass of low trophic levels (i.e., herbivores) was also high in Palmyra, 343
and 207% greater, per 200 m2, than at Christmas and

Fanning Islands, respectively (F2,6 = 24.4, P = 0.001)
(Fig. 2). In contrast, the biomass of piscivorous Wsh
smaller than 50 cm (primarily snappers and groupers)
and of lower-level carnivores (benthic invertebrate feeders, planktivores, and corallivores) did not vary signiWcantly among islands (Fig. 2).
Comparison of these results with those from studies
in Hawaii (Friedlander and DeMartini 2002) and Fiji
(Jennings and Polunin 1997) reveals similar patterns in
the eVects of Wshing pressure on trophic structure of Wsh
assemblages among the three archipelagos. In all three
regions, total Wsh biomass and the proportion of biomass
in top trophic levels decreased from the lightly to
intensely Wshed reefs (Fig. 3). In the absence of intense
Wshing, Palmyra and some of the NWHI have the greatest apex predator biomass among the 28 PaciWc reefs surveyed in these studies, >50% of total Wsh biomass,
whereas percent apex predator biomass was 26% in
lightly Wshed reefs of Fiji (Fig. 3). Although Palmyra and
the NWHI support similar levels of apex predator biomass, the composition of this trophic group diVers
between these locations. Reef sharks (blacktip, Carcharhinus melanopterus; whitetip, Triaenodon obesus; and
grey reef sharks, C amblyhynchos) dominate Palmyra’s
reefs, on average accounting for 82.5% of large apex
predator biomass and 44% of total Wsh biomass. Snapper, primarily Lutjanus bohar, comprise 15% of large
apex predator biomass, with jacks and grouper accounting for only 2.5% of apex predator biomass. In contrast,
the giant trevally (Caranx ignobilis) accounted for 71%
of apex predator biomass and 39% of the total Wsh biomass in the NWHI (Friedlander and DeMartini 2002).
Both Palmyra and the NWHI have high herbivore
biomass (34% of the total in Palmyra and 33% in the
NWHI, on average) (Fig. 3), supporting the Wnding that
coral reef ecosystems with high top predator levels can
also support high levels of herbivores (Mumby et al.
2006). Two possible mechanisms could account for the
high herbivore biomass on apex predator-dominated
reefs. Field and food-web modeling (ECOPATH) studies
report that sharks and other large piscivores may have

low predation rates on herbivorous Wshes (Parrish et al.
1986; Opitz 1996), but may aVect herbivores indirectly,
by preying upon intermediate consumers and releasing
herbivores from predatory control (e.g., Bascompte et al.
2005). However, this explanation seems unlikely for the
Line Islands, where the biomass of intermediate consumers did not diVer signiWcantly among islands. Alternatively, high biomass of herbivores at Palmyra and the
NWHI may be a direct result of reduced Wshing at all
trophic levels (Micheli et al. 2004; Mumby et al. 2006).
ParrotWshes and other low-trophic level species that are
caught by residents of Fanning and Christmas Islands
(personal observations) may beneWt directly from protection at Palmyra.
These results conWrm and expand on existing data,
supporting the generality of the dramatic apex predator
depletion Wrst documented in the Hawaiian archipelago
(Friedlander and DeMartini 2002). Despite large variation in the habitats surveyed, local species diversity and
community composition, and intensity of Wshing, trophic alteration associated with Wshing was similar
among diVerent PaciWc regions. The typical trophic
pyramid appears to be inverted on unWshed coral reefs,
with most Wsh biomass at top levels. Rapid turnover of
basal species, long life spans of apex predators and
accumulation of biomass into multiple cohorts, and
external subsidies—that is an ability of large, mobile
predators to access production from sources other than
the coral reef habitat—may contribute to this unique
trophic structure. Coral reefs lacking a history of
intense exploitation set new baselines for evaluating
human impacts and provide insights into the ecological
function of these ecosystems. Understanding the inXuence of apex predators on the structure and dynamics
of healthy coral reefs and devising strategies for protecting and re-building depleted predator populations
are critically important research and conservation priorities.
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