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ABSTRACT: We describe the abundance, biomass, size composition, and trophic structure of fish
assemblages of shallow (10 m depth) fore reef habitats at 2 US Pacific atolls (Kingman, Palmyra) and
2 Kiribati-owned atolls (Tabuaeran, Kiritimati) in the northern Line Islands. Our characterization
spans several coincident gradients (in human habitation and exploitation, latitude, and nutrient
upwelling) from uninhabited, presently unfished, and oligotrophic Kingman to relatively densely
populated, fished, and equatorially upwelled Kiritimati. Major findings are most consistent with
direct effects of extraction on large-bodied predators and indirect effects on lower-level assemblage
structure. Fish assemblages at Palmyra and especially Kingman atolls were characterized by high
total standing biomass, large average body sizes, a preponderance of apex predators and other pis-
civorous fishes in an inverted biomass pyramid, few and small planktivorous fishes, and herbivores
dominated by non-territorial species. Median body sizes at color change from initial to terminal phase
(an index of sex change in parrotfishes) were also small for 4 species of parrotfish at Kingman and
Palmyra. Fish assemblages at Tabuaeran and especially Kiritimati atolls had starkly contrasting char-
acteristics: piscivorous and other fisheries-targeted fishes were depauperate, lower-trophic levels
dominated fish biomass, planktivorous fishes were larger-bodied and more numerous, territorial her-
bivores were better represented, and size at maturation in parrotfishes was proportionately larger.
Our results show the effects that even modest fishing effort can have on assemblage structure and
indicate the importance of reefs like Kingman as increasingly rare relicts of natural coral reefs, pro-
viding insights into the natural structure and function of these ecosystems.
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INTRODUCTION

Predation, whether mediated naturally or by human
exploitation, exerts a strong direct influence on the sur-
vivorship and densities of prey, which can have a con-
siderable influence on prey distribution, behavior, and
population dynamics. Predation-based effects have been
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well documented for fishes on shallow-water coral reefs
(e.g. Hixon & Jones 2005). However, opportunities for
observing predation effects continue to diminish; few
truly natural and wild ecosystems remain today, includ-
ing coral reefs and the fish assemblages that conspicu-
ously characterize them. Responses of reef fish prey to
predation include, but are not limited to, reductions in
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abundance and shifts in size composition to smaller
body sizes (Connell 1998), changes in the sheltering
behavior of prey (Sackley & Kaufman 1996), alterations
of interactions among prey species (Almany 2003),
increased survivorship of unpreferred prey (Webster &
Almany 2002), and shifts to smaller sizes at sexual
maturation and sex change (Platten et al. 2002,
Hawkins & Roberts 2004a, DeMartini et al. 2005).

Experimental demonstration of the effects of preda-
tor removal on prey populations and on entire fish
assemblages is logistically practical only for small spe-
cies at very small spatial scales (e.g. on patch reefs). An
island-wide comparison of fish assemblages subject to
different levels of exploitation by humans is a better
alternative to controlled experimentation because it is
more commensurate with the scale of the ecosystem
and its impacts. Few studies have taken advantage of
such natural experiments to address the effects of the
reduction of large predators, including sharks, on
whole fish food webs. Recently, Friedlander & De-
Martini (2002) documented the differences between
unpopulated, near-pristine and largely unexploited
northwestern Hawaiian Island (NWHI) atolls and the
densely inhabited main Hawaiian Islands (MHI) whose
nearshore reef resources are depleted. They found
that, in the absence of fishing in the NWHI, large
predators like sharks and jacks accounted for >54 % of
total fish biomass, whereas fishing in the MHI reduced
top predator biomass to a mere 3 %. Controlling for lat-
itude within the expansive (1500 km) archipelago by
restricting evaluation to the 3 northernmost NWHI
atolls, DeMartini et al. (2005) observed increases in
prey body-size distributions and sizes at sex change for
parrotfishes consistent with decreased density of apex
predators and increased human extraction of apex
predators.

To test the generality of findings from the Hawaiian
Islands, we sought another reef fish system that spanned
an exploitation gradient, including reefs with even less
human disturbance and greater predator biomass than
the NWHI, and whose fish assemblage structure is more
representative of low-latitude Indo-Pacific reefs. We
chose the northern Line Islands in the central Equatorial
Pacific, an archipelago comprising 4 atolls and 1 island.
The archipelago spans 4.5 degrees of latitude and lies in
a distinct biogeographic region from the NWHI. The 4
atolls in the northern Line Islands provide a useful (if not
perfectly controlled, see ‘Materials and methods') nat-
ural experiment of predation effects on coral reefs, anal-
ogous to the situation in the NWHI. Dramatic variations
in apex predator biomass have been noted across these
atolls (Stevenson et al. 2007, Sandin et al. 2008), along
with associated changes in the coral, other invertebrate,
and algal assemblages (Sandin et al. 2008), and in the
microbiota (Dinsdale et al. 2008).

Our general objective here was to evaluate differ-
ences in reef fish assemblages across the archipelago
and interpret these differences in the context of known
natural (climate, upwelling, oceanography) and
anthropogenic (fishing) differences among atolls. Our
specific goals were, first, to compare the attributes of
fish assemblages among the physiographically similar
atolls across these interrelated gradients. Assemblage
attributes were further compared over the human pop-
ulation-resource gradient along the leeward side of
Kiritimati, the atoll with the highest human population
density. Contrasts focus on the numbers, biomass, and
size structure of each major trophic group of reef
fishes, and overall assemblage structure. Second, we
evaluated size at color phase (sex) change in protogy-
nous parrotfishes, a major taxon of reef fish prey at
these atolls, for which an in situ size-at-maturity metric
can index the effects of cropping by predators (DeMar-
tini et al. 2005).

MATERIALS AND METHODS

Sites. The northern Line Islands, located more than
1500 km to the SSW of the Hawaiian Archipelago, in
the central Equatorial Pacific (Fig. 1), include islands
that range from relatively densely populated, where
near-shore reef resources are heavily fished, to an
uninhabited atoll whose reefs are historically little
fished and unfished at present (Sandin et al. 2008). The
2 northernmost Line Islands (Kingman and Palmyra
atolls) are US Pacific Island possessions. Palmyra atoll
had a US military presence of several thousand ser-
vicemen for more than a decade during the 1930s and
1940s associated with WWII, and its lagoon and sur-
rounding reef have suffered from extensive dredging,
filling, and causeway construction. There is little docu-
mentation of nearshore fishery activity at Palmyra or
Kingman since WWII because the atolls were essen-
tially uninhabited. Anecdotal reports suggest essen-
tially no reef fishing, with perhaps occasional small-
scale shark extraction for fins. All resource extraction
has been formally prohibited since the 2 atolls became
US National Wildlife Refuges in 2000. Disturbance by
inhabitants is presently minimal at Palmyra (home only
to a research field station with 20-person maximum
capacity) and non-existent at Kingman (uninhabited).
The other 2 islands we surveyed (Tabuaeran [Fanning]
and Kiritimati [Christmas] atolls) belong to the Repub-
lic of Kiribati. In 2005, estimates of i-Kiribati population
sizes were 5100 at Kiritimati and 2500 at Tabuaeran.
Fisheries data from Kiritimati and Tabuaeran indicate
that subsistence fishing dominates reef activities at
each atoll, with only limited commercial extraction of
food fish and ornamentals (Sandin et al. 2008).
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Fig. 1. Four northern atolls in the US (Kingman, Palmyra) and Kiribati Line Islands (Tabuaeran, Kiritimati), showing locations
of fore reef stations at which reef fishes were surveyed during 5-30 August 2005
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The main physical differences among the 4 atolls are
area of emergent land mass and extent of reef perime-
ter (Sandin et al. 2008). Levels of human habitation and
resource extraction covary among the atolls with vari-
ations in geographic and oceanographic gradients.
The 4 atolls range from 1.9°N, 157.4°W (Kiritimati) to
6.4°N, 162.4°W (Kingman). Kiritimati (and, to a lesser
extent, Tabuaeran) are bathed by upwelled, cooler,
and more nutrient-rich waters of the eastward-flowing
South Equatorial Current and the westward-flowing
Equatorial Undercurrent. Palmyra and Kingman lie in
the region of the eastward-flowing North Equatorial
Countercurrent, and their surrounding waters are
warmer and more oligotrophic (Sandin et al. 2008,
Gove 2008).

Survey and station characteristics. Similar sampling
efforts were expended at all atolls: 25 stations each at
Kiritimati, Tabuaeran, and Kingman atolls, and 26 sta-
tions at Palmyra atoll (Fig. 1). Surveys were restricted
to roughly 20 to 30 km segments of semi-exposed fore
reef habitats at each atoll, with stations haphazardly
placed approximately 1 km apart (Fig. 1). At the inhab-
ited atolls, effort was focused around the centers of
human habitation. By constraining our surveys to simi-
lar extents of surveyable reef perimeter at each atoll
(generally leeward), we omitted the windward sectors
at Tabuaeran and Kiritimati, the largest 2 atolls. Obser-
vations were further restricted by design to the upper
fore reef slope, where depths ranged from 8 to 12 m
(mean 10 m). Importantly, our estimates cannot be
extrapolated to describe fish stocks spanning the entire
fore reef at all atolls, but instead provide a relatively
controlled snapshot of 1 stratum for comparison across
atolls. Surveys were completed at the 4 atolls within
consecutive, 5 to 6 d periods from 5 to 30 August 2005.

In situ methods. Surveys were conducted by 2 teams
of paired divers, with the 4 divers rotating between
teams to distribute individual biases (Sandin et al.
2008). Teams enumerated all fishes, by species and
5 cm total length (TL) size-class, encountered within
fixed-length (25 m) strip transects whose widths
differed depending on fish body size (8 m wide for
fishes >20 cm and 4 m for fishes <20 cm). After fish
were quantified on transects, the numbers (by 5 cm TL)
of terminal phase (TP) parrotfishes were tallied within
~3000 m? (100 m long x 30 m wide) areas searched by
1-way roving diver swims centered on the transect
lines.

Data types and statistical analyses. Transects pro-
vided the input to generate estimates of species- and
size-specific numerical densities (hereafter abun-
dance). Numbers were converted to wet weight bio-
mass using length-weight regression parameters from
several sources (Sandin et al. 2008). Species analyzed
for density and body size patterns were chosen based

on relative biomass and statistical tractability; in par-
ticular, species contributing little biomass or that were
sporadically distributed were not evaluated.

Comparisons of fish densities and evaluations of
size-density relations used additional, either nonpara-
metric or parametric statistics, depending on sampling
distributions of the data and their response to log-
transformation for homogeneity of variances (Sokal &
Rohlf 1981, Siegel & Castellan 1988). Analysis routines
were applied using SAS v. 9.1 (SAS Institute 2004).
Abundance-Biomass Comparisons (ABC; Warwick &
Clarke 1994) provided complementary metrics for
interpreting fish assemblage structure, specifically
comparing species-specific abundance and biomass
distributions. Nonmetric multi-dimensional scaling
(nMDS) and analysis of similarity (ANOSIM; Clarke &
Gorley 2006) were used to evaluate spatial variation
among stations and atolls in biomass structure of the
assemblages. Biomass size spectra (Rochet & Trenkel
2003, Graham et al. 2005) were described for all fishes
at each atoll using least squares regression to relate
logjo-transformed biomass density against body
length. Size spectra were compared among reefs using
least squares analysis of covariance (ANCOVA; proc
GLM, SAS Institute 2004).

The criterion for significance of all tests was p = 0.05,
adjusted where necessary for multiple comparisons by
the Bonferroni correction (p = 0.05/m), where m is the
number of comparisons within the series (Manly 1991).

RESULTS
Total biomass and abundance

Fish biomass and abundance patterns (Sandin et al.
2008) provide context for the analyses that follow. Total
reef fish biomass declined monotonically from King-
man, across Palmyra and Tabuaeran, to Kiritimati,
ranging 4-fold from a high of 5.3 mt ha™! at Kingman to
a low of 1.3 mt ha™! at Kiritimati. Large apex predators
and other piscivores dominated biomass (grand mean
62 % of total) among all atolls, but the standing bio-
mass of piscivores was 15-fold greater at Kingman, and
more than b5-fold greater at Palmyra, than at
Tabuaeran-Kiritimati. Piscivores alone constituted
85% of the total biomass at Kingman and 65% at
Palmyra, but contributed less than one-quarter at
Tabuaeran (21 %) and Kiritimati (19%). In contrast,
total fish abundance decreased from Kiritimati to
Palmyra-Kingman (Table 1).

ABC curves provide insights into how numbers and
biomass were distributed among species. When total
biomass and abundance (numbers) were each ranked
cumulatively by species, the resulting patterns differed
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Table 1. Summary results of statistical tests evaluating differences among atolls for biomass or abundance and for body size, for

trophic categories and statistically tractable component species of fishes encountered at Kingman, Palmyra, Tabuaeran, and

Kiritimati atolls surveyed during 5-30 August 2005. A posteriori contrasts are Bonferroni (Dunn) and Gabriel's STP tests for para-

metric and nonparametric ANOVAs, respectively, and pair-wise chi-squared tests for k-sample median tests. TP: terminal phase;
ns: not significant; KIN: Kingman; PAL: Palmyra; TAB: Tabuaeran; KIR: Kirimati

Category or species Test statistic P Contrast

Biomass (or abundance, as noted) comparisons among atolls

Total fishes Fy 97 = 27.6° <0.0001 KIN > PAL = TAB = KIR

Total fishes—abundance F; 97 = 69.2° <0.0001 KIR > TAB > KIN = PAL

Tertiary consumers?® Fy 97 = 77.9° <0.0001 KIN > PAL > TAB = KIR
Reef sharks xz =753 <0.0001 KIN > PAL > TAB = KIR
Twinspot snapper 2 =72.1¢ <0.0001 KIN = PAL > TAB > KIR
Peacock hind Fj 97 = 10.8° <0.0001 KIN = PAL = TAB > KIR
Darkfin hind Fy 97 = 19.4° <0.0001 KIR > TAB > PAL > KIN
Humpback snapper x? = 8.05¢ 0.045 ns PAL > KIN = TAB > KIR
Bluestriped snapper ¥ =47.4¢ <0.0001 TAB > KIR
Blackside hawkfish Fj 97 =33.3" <0.0001 KIR = TAB > PAL = KIN
Halfspotted hawkfish Fy g7 = 3.23° 0.025 TAB > KIN = PAL = KIR

Secondary consumers Fy 97 = 7.15° 0.0002 KIR = TAB > KIN = PAL
Benthivores F; 97 = 18.5° <0.0001 KIR = TAB > PAL = KIN
Benthivores —abundance Fj 97 = 68.1° <0.0001 KIR > TAB > PAL = KIN
Planktivores Fj 97 = 6.09° <0.001 KIR = TAB = KIN > PAL
Planktivores —abundance F; 97 = 48.6° <0.0001 KIR > TAB > KIN = PAL

Primary consumers F; 97 = 8.41° <0.0001 TAB > PAL = KIR = KIN
Detritivores Fj 97 = 5.80° 0.001 TAB = PAL > KIN = KIR
Non-territorial herbivores F; 97 = 4.15 0.008 TAB = PAL > KIR > KIN
Territorial surgeonfish F; 97 = 4.20° 0.008 TAB = KIN = PAL > KIR
Territorial surgeonfish —abundance Fy97=11.3° <0.0001 KIN = TAB = PAL > KIR
Territorial damselfish Fj 97 =10.2° <0.0001 KIR > PAL > TAB = KIN
Territorial damselfish—abundance Fj 97 = 8.90° <0.0001 KIR > PAL > TAB = KIN

Body size comparisons among atolls
Twinspot snapper x? =78.64 <0.0001 KIN = PAL = TAB > KIR
Peacock hind x?=0.22¢ 0.64 KIN = KIR = PAL = TAB
Darkfin hind x?=0.91¢ 0.34 KIN = PAL = TAB = KIR
Humpback snapper x> =764 0.0005 TAB > KIN = PAL = KIN
Bluestriped snapper —° 0.0065 TAB > KIR
Benthivores x*=67.9¢ <0.0001 KIR = PAL > KIN = TAB
Planktivores x? =3967.54 <0.0001 KIR > TAB > KIN > PAL
Planktivores — coincident spp. only x?=1100.3¢ <0.0001 TAB > KIR > KIN > PAL

Primary consumers 2 = 887.8¢ <0.0001 TAB > KIN = PAL > KIR
Detritivores Fj 97 = 3.29 0.024 ns PAL > TAB = KIN > KIR
Non-territorial herbivores F; 97 = 7.94! <0.0001 KIN = PAL > TAB = KIR
Territorial surgeonfish Fj 93 =26.9' <0.0001 KIR > TAB > KIN = PAL
Territorial damselfish Fj 55 = 8.23! <0.0001 KIR > TAB = PAL = KIN
Bullethead parrotfish, TP %2 = 300.54 <0.0001 KIR > TAB > PAL = KIN
Bridled parrotfish, TP 2 =114.2¢ <0.0001 KIR > TAB > KIN > PAL
Tricolor parrotfish, TP x? =28.0¢ <0.0001 KIR > PAL = KIN = TAB
Redlip parrotfish, TP x?=38.8¢ <0.0001 KIR = TAB > KIN = PAL
4 species of parrotfish, all sizes x?=115.64 <0.0001 KIR > TAB = PAL = KIN

“Apex predators and other piscivorous fishes

PParametric 1-way ANOVA on either raw or log-transformed data, as appropriate

“Kruskal-Wallis 1-way ANOVA on ranks

dk-sample median test (Siegel & Castellan 1988)

°Fisher's exact test

fParametric 1-way ANOVA on log-transformed mean body mass

greatly among atolls. At Kingman, relatively few spe-
cies overwhelmed the biomass pattern (Fig. 2A). At
Palmyra (Fig. 2B), more species contributed strongly to
overall biomass; at Tabuaeran (Fig. 2C) and especially
at Kiritimati (Fig. 2D), biomass was broadly distributed

among a much greater number of species. The relative
position of the numbers and biomass curves reversed
between Kingman-Palmyra and Tabuaeran-Kiritimati
because the biomass curves differed among atolls,
whereas the numbers curves basically did not. Despite
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Fig. 2. Abundance-biomass comparison curves relating predator and prey numbers and biomass, illustrating the contrasting
numbers versus biomass patterns at (A) Kingman, (B) Palmyra, (C) Tabuaeran, and (D) Kiritimati atolls. Numbers and biomass
are accumulated by species independently ranked by the respective metric

the small sample size of only 4 atolls, the W-statistic
representing the magnitude of separation between
abundance and biomass curves declined monotoni-
cally from Kingman to Kiritimati (Spearman'’s rank cor-
relation: rg = 1.0; p < 0.001).

Size spectra both complement and reinforce the ABC
analyses. Regressions of size-specific biomass densi-
ties (of all species pooled) on body length class
revealed marked differences among atolls in the influ-
ence of large-bodied fishes: regressions of biomass
became linear, hence tractable, after data were trans-
formed to their logarithms, but slopes were heteroge-
neous if Kiritimati was included (1-way ANCOVA:
reject Hy: no atoll x size interaction; F; g6 = 11.64; p <
0.0001; Fig. 3). If re-evaluated for just Kingman,
Palmyra, and Tabuaeran, however, slopes become
homogeneous (p = 0.21) and intercepts differed (1-way
ANCOVA; reject Hy: no atoll effect; F, 77 = 4.62; p =
0.012), with Kingman and Palmyra indistinguishable
but both greater than Tabuaeran (Fig. 3), reflecting the
greater mid-point elevations of the biomass curves

(higher intercepts representing greater standardized
biomass densities) at the 2 unfished atolls. Differences
among all atolls except Kiritimati disappeared if either
reef sharks (p = 0.46) or twinspot snapper (p = 0.075)
were excluded from the analyses. Thus, the ABC and
size spectra analyses together indicate that few indi-
viduals of few taxa of large-bodied fishes dominated
biomass at Kingman-Palmyra. In contrast, abundance
was dictated by a greater number of taxa than was bio-
mass (but still by relatively few species overall) and
was represented by numerous individuals of small-
bodied fishes that were more dominant at Tabuaeran
and (especially) Kiritimati.

Stocks and body sizes of piscivores

Several species of sharks (grey reef shark Carcha-
rhinus amblyrhynchos, blacktip reef shark C. mela-
nopterus, and whitetip reef shark Triaenodon obesus)
and twinspot snapper Lutjanus bohar dominated pisci-
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atolls

vore biomass at Kingman and Palmyra. Sharks
contributed 74 and 57 % to all piscivores and 62 and
37 % to total reef fish biomass at these 2 respective
atolls but were trivially present at Tabuaeran and vir-
tually if not actually absent at Kiritimati (Table 1,
Fig. 4). L. bohar—a conspicuously ag-

among atolls, with many large (up to 70 cm TL and
6 kg; median length and weight: 38 cm TL and 1.2 kqg)
individuals present at Kingman and Palmyra; fewer
but similarly sized fish present at Tabuaeran; and very
few, considerably smaller fish at Kiritimati (median
13 cm TL and 90 g; Table 1, Fig. 5). Only 3 (2 %) of the
twinspot snapper individuals tallied at Kiritimati were
>40 cm, the estimated length at sexual maturity of this
species (Fig. 5). Interestingly, small juvenile twinspot
snapper <10 cm TL accounted for 38% (52/135) of
the total tally of this species at Kiritimati, but only a
single juvenile-sized individual was encountered out
of the 1887 total counted on the fore reef at the other
3 atolls pooled.

For all piscivores, the pattern of size distribution dif-
ferences among atolls generally resembled that for
twinspot snapper except that values were intermediate
at Tabuaeran (Fig. 6a-d). Relatively few species of
lesser piscivores (6 of the 7 tractable species, out of
approximately 50 total species) contributed to a pat-
tern of differences in relative abundance and body
size across atolls whose net effect was a greater abun-
dance and biomass of lesser carnivores at Tabuaeran-
Kiritimati nested within an overall decline in the
biomass and average body size of piscivores from
Kingman to Kiritimati. Among a suite of small- to
large-bodied epinepheline groupers (Serranidae), the
peacock hind Cephalopholis argus, a relatively large-
bodied species (to 60 cm TL) that is targeted by the
fishery at Kiritimati (S. Walsh unpubl.), was less pre-
valent there (16 + 4 [SE] kg ha™!) than at Kingman (48
8 kg ha™'), although it was not smaller-bodied. Con-

gressive teleost and recognized apex 10 T T T T . . . .
predator (Kulbicki et al. 2005)— com- 5 _A __ Sharks | 16k B Lutjanus bohar |
prised a sizable fraction (20%) of all
piscivore biomass at Kingman and st 1 1.4F .
Palmyra. Estimated absolute biomass — __

- TF 1 1.2} .
was skewed among atolls, however, © o
with L. bohar contributing upwards of < st 1 1ok = |
0.8 mt ha™' at the 2 unexploited atolls £ gL ] '
but strikingly less (<0.1 mt ha™?) at the 2 § 0.8} .
fished atolls (Fig. 4, Table 1). The g 4+ 1
among-atoll differences in total pisci- @m sk o i 0.6} il
vore biomass were driven by L. bohar as 04k ]
well as reef sharks; patterns remained 2F 1 o
highly significant and qualitatively the 1k i 02} 2
same as those for total piscivore biomass
if either sharks or L. bohar were ex- ot ] —o— —9— 0.0k %= .

cluded, but differences among atolls
disappeared (p = 0.64) if both of these
taxa were simultaneously excluded
from analysis.

The body length distribution of twin-
spot snapper also contrasted greatly

KIN PAL TAB KIR

Fig. 4. Biomass estimates for major apex predators at each of the 4 atolls
surveyed, showing median (solid horizontal line), quartiles (box), 10th and 90th
percentiles (whiskers), 5th and 95th percentiles (circles), and mean (dashed
line). (A) aggregate of 3 reef shark species (grey, whitetip, and blacktip)
and (B) twinspot snapper Lutjanus bohar. KIN: Kingman; PAL: Palmyra;

KIN PAL TAB KIR

TAB: Tabuaeran; KIR: Kiritimati
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uals (<10 cm TL) there. Bluestriped
300 |- 38 Kingman - snapper were absent on transects at
n = 1083 both Kingman and Palmyra, and juve-
200 |- nile humpback snapper were encoun-
tered only at Kiritimati.
Consistent patterns extended be-
0 yond targeted serranids and snappers
to lesser piscivores that were not tar-
0 T geted by fishers. One species (the
blackside hawkfish Paracirrhites fors-
300 |- Palmyra teri, to 20-25 cm TL) was 8 times
n =623 more abundant at Kiritimati-Tabua-
200 |- - eran (257 + 20 fish ha™!) than at Pal-
myra-Kingman (31 + 6 fish ha™!).
100 |- ] Another slightly larger (to 30 cm TL)
cirrhitid (the halfspotted hawkfish P.
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Fig. 5. Lutjanus bohar. Body size frequency distributions of twinspot snapper

surveyed at each of the 4 atolls. Numbers above bars: median body lengths. The

grand median body length of this snapper was 38 cm total length (TL). Note that

nearly the entire size distribution at leeward Kiritimati stations is smaller
than the estimated body size at sexual maturity

versely, a small-bodied (to 25-30 cm TL, and less tar-
geted) species, the darkfin hind C. urodeta, was more
abundant at Kiritimati (63 + 8 kg ha™') than at Kingman
(8 + 1 kg ha™!) but was equal-sized (Table 1). The bio-
mass of a larger-bodied (to 50 cm TL) lutjanid, the
humpback snapper Lutjanus gibbus, was greater at
Palmyra (35 kg ha™!) than at Kiritimati (0.4 kg ha™),
and the species attained slightly larger size (38 versus
33 cm) at Tabuaeran. Biomass of a small-bodied (to
30 cm TL) species, the bluestriped snapper L. kasmira,
was >60-fold greater at Kiritimati than elsewhere
(Table 1) and was dominated by juvenile-sized individ-

largest at Tabuaeran, smallest at Kiriti-
mati, and similarly intermediate at
Kingman and Palmyra (Table 1, Fig. 8).
Stronger patterns emerged for primary
consumers when data were partitioned
into detritivores (32 % of primary con-
sumer biomass, consisting of Cteno-
chaetus spp. and a minority of Acan-
thurus spp. surgeonfishes) and herbivores (68 % of all
primary consumer biomass) with the latter distin-
guished as territorial and non-territorial species
(Fig. 7). Among-atoll patterns in the biomass and body
size of territorial herbivores (three species of acan-
thurids, 85 % by biomass being goldrim surgeonfish A.
nigricans; and 2 species of pomacentrids, 96 % by bio-
mass being golden gregory Stegastes aureus) differed
oppositely from patterns for non-territorial herbivores
(Table 1, Fig. 7). Both taxa of territorial herbivores
were larger-bodied at Kiritimati. Among-atoll patterns
in abundance and biomass differed between territorial
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creasing overall trend in fish biomass from Kingman to

Palmyra to Tabuaeran to Kiritimati. Vertical bars represent
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surgeonfishes and damselfishes, however, with sur-
geonfishes greatest at Tabuaeran-Kingman and least
at Kiritimati and damselfishes greatest at Kiritimati
and least at Kingman (Table 1). Territorial herbivores
comprised 30% of herbivore biomass; surgeonfishes
dominated (89 %) the biomass of territorial herbivores
and averaged 10-fold larger body size than dam-
selfishes.

Biomass of secondary consumers (pooled plankti-
vores and benthic invertebrate-feeders, the latter
group hereafter called ‘benthivores’) differed weakly
between the 2 pairs of atolls, and was greater at the
exploited (0.7 mt ha™') pair than at the unexploited
(0.5 mt ha™!) pair (Table 1). Separating functional
groups within secondary consumers also revealed
more distinct patterns across atolls. Consistent with the
aggregate group, the biomass of benthivores was
higher at Kiritimati and Tabuaeran relative to Palmyra
and Kingman. However, planktivore biomass was low-
est at Palmyra and indistinguishable among the other 3
atolls. The numbers of benthivores and planktivores
were distributed similarly, each being greatest at Kir-
itimati, followed by Tabuaeran, and least at Palmyra
and Kingman (Table 1).

More focused inspection of relative changes in the
planktivore guild reveals their dominant position in the
restructuring of fish assemblages across the archipel-
ago. Planktivores represented 79 and 26 % of total fish

numbers and biomass, respectively, at Kiritimati, com-
pared to 73 and 6 % at Kingman. The abundance and
biomass of planktivores were lowest at Kingman,
whereas the fraction of planktivore individuals <5 cm
(94 %) at Kingman was highest among the 4 atolls and
21% greater than at Kiritimati, where the fraction
<5 cm long was lowest (Fig. 6e—h). The median body
size of planktivores was larger at Kiritimati than at
Kingman and Palmyra (Table 1). The planktivore size
patterns are not confounded by biogeographic varia-
tions in species composition: patterns remained the
same when species whose distributions are biased or
restricted to either pair of atolls were deleted. Of the
latter, 85% were 4 species of tiny anthiines (Pseud-
anthias bartlettorum, P. cooperi, P. dispar, Luzonicht-
hys whitleyi) and 1 schooling pomacentrid (Lepido-
zygus tapeinosoma). Planktivore size distributions
persisted as disproportionately weighted toward the
<5 cm size class at Palmyra and Kingman when based
only on the remaining species (Table 1).

Trophic patterns and extraction

Geographic patterns of fish extraction within Kiriti-
mati atoll are consistent with the effects of fishing on
the biomass, abundance, and body sizes of fished spe-
cies. The intensity of extraction at Kiritimati atoll has
been greatest at reef locations closest to London, the
largest human settlement there (K. Anderson pers.
comm.). Spearman's rank correlations between dis-
tance to London and the estimated biomass and median
body lengths of piscivores and of planktivorous prey
fishes bear this out. Overall, the biomass and median
body sizes of piscivores were greater, whereas biomass
and body sizes of planktivores (major prey of piscivo-
rous fishes on central Pacific reefs; Kulbicki et al. 2005)
were smaller, at distances farther from London
(Kendall's coefficient of concordance: W = 0.827 and
0.829, respectively; both p < 0.025). The biomass and
body sizes of primary consumers and benthivores, un-
targeted by fishers compared to piscivores, were gener-
ally unrelated to distance from London (ry = —0.32 to
0.26; all p>0.11). Because London is situated proximal
to a major pass through the barrier reef (and hence dis-
tance from stations to London might be confounded by
distance to pass), we further compared fish biomass
and body sizes among stations at uninhabited Kingman
and used Spearman's ranks to correlate these metrics
versus distance from La Paloma Pass, the major pass at
this atoll. Unlike Kiritimati, the biomass (p = 0.70) and
body lengths (p = 0.29) of piscivores and lengths of
planktivores (p = 1.0) at Kingman were unrelated to dis-
tance from the pass even though the biomass of plankti-
vores was greater (r; = —0.47; p = 0.02) nearer the pass.
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Fig. 8. Body size frequency distributions for trophic guilds

(detritivores, Dv; non-territorial herbivores, NTH; territorial

surgeonfishes, TS; territorial damselfishes, TD) within pri-

mary consumers tallied at (A) Kingman, (B) Palmyra, (C)

Tabuaeran, and (D) Kiritimati atolls. Numbers above bars:

median body lengths (total length, TL) of pooled primary
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Station-specific estimates of species similarities clus-
ter strongly by atoll for biomass if the estimates for total
fishes are recast as nMDS plots. Within-atoll concor-
dance of station estimates was lower at Tabuaeran and
(especially) Kiritimati, the 2 fished atolls, versus the 2
unfished atolls (ANOSIM of pairwise comparisons
between atolls; R = 0.44 to 0.94, global R = 0.69, all p <
0.001). Concordance further varied geographically
within Kiritimati, depending on proximity to the

human population center at London. The magnitude of
the Bray-Curtis similarity index that provided input to
the nMDS station-separation statistic was positively
related to distance from London for both piscivore and
planktivore biomass, and significantly so for plankti-
vores (s = 0.45, p = 0.02), indicating that among-station
variation in the specific composition of biomass was
greater where fishing was more intense, closer to Lon-
don. The overall structure of fish assemblages was
more heterogeneous across space at fished versus
unfished reefs.

Size at color change in parrotfishes

Median body sizes at color-phase (sex) change were
remarkably consistent with our expectations (based on
inferred spatial patterns of fishing on piscivores and
release of parrotfish as prey) for all species of parrot-
fishes that we could adequately evaluate. Of the 15
species of parrotfishes encountered during the sur-
veys, 4 (bullethead Chlorurus sordidus, bridled Scarus
frenatus, tricolor S. tricolor, and redlip S. rubrovio-
laceus) were sufficiently common and abundant at
each of the 4 atolls to enable comparisons of sizes of
color-changed individuals among atolls. For each of
these 4 species, body sizes of color-changed terminal
males were consistently larger proceeding from King-
man to Kiritimati. Sizes of terminal males were invari-
ably smallest at Kingman and largest at Kiritimati
(Fig. 9) and varied in concert with the overall size dis-
tribution of the respective species at each atoll
(Table 1). Since size at sex change in protogynous
scarids can be influenced by social factors related to
density, we evaluated whether the numbers of these
parrotfishes varied in a consistent manner with pat-
terns of size-at-phase change. Abundances of tricolor
and redlip parrotfishes were indistinguishable among
atolls (p =0.13 and 0.71, respectively). Numbers of bul-
lethead parrotfish were greatest at Palmyra and least
at Kingman (p < 0.001) despite exhibiting equally small
sizes-at-phase change at both atolls. The densities of
bridled parrotfish were greatest at Tabuaeran and next
to least at Kiritimati (p = 0.004) despite equally large
sizes-at-phase change at these 2 atolls. Thus the vary-
ing sizes at sex change of these parrotfishes cannot
simply be attributed to among-atoll variations in their
densities. Rather, the pattern of size at sex change ob-
served is consistent with that observed previously in
the NWHI. Protogynous parrotfishes that are the prey
of apex predators change from initial phase (IP) to TP
at larger body sizes where apex predators have been
fished down and natural cropping is less intense, re-
sulting in right-shifted (larger) body size distributions
of parrotfish prey populations (DeMartini et al. 2005).
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DISCUSSION

Fish assemblages spanning the northern Line
Islands archipelago exhibited dramatic differences in
structure. Virtually pristine Kingman atoll had an enor-
mous fish biomass, and the assemblage was over-
whelmingly dominated by large piscivores (mostly
sharks up to >2 min length and snappers). At the other
end of the gradient, Kiritimati atoll had greater fish
numbers than Kingman, but biomass was 5 times
lower, and the assemblage was dominated by small-
bodied species belonging to lower trophic levels, espe-
cially planktivores.

Direct effects of extraction

Our observations of gradients in total standing bio-
mass, piscivore dominance, body size composition, and
fish assemblage structure are most consistent with
expectations based on the exploitation gradient.
Numerous studies attest to reductions in top trophic
level and overall standing biomass and related shifts to
average smaller sizes and lower trophic levels that
result from fishing down predatory reef fishes (Fried-
lander & DeMartini 2002, Ackerman et al. 2004,
Hawkins & Roberts 2004b, Schroeder et al. 2006). At
the most heavily fished atoll (Kiritimati), the fish
assemblage-exploitation gradient observed among
atolls is further supported by spatial patterns of corre-
lation between a realistic proxy for extraction intensity
(distance from human population center) and assem-
blage modification within the atoll. Piscivore and
planktivore biomass and body sizes varied inversely
with distance from the atoll's major population center.
Data for Kingman show that the spatial effect at Kiriti-
mati is not simply due to a confounding correlation
between human habitation and proximity to the reef
pass. Despite declines in planktivore biomass with dis-
tance from the reef pass at Kingman (likely due to
greater plankton availability in passes), no correlated
changes in piscivore density or body size paralleled
those observed at Kiritimati. Presumed fishing effects
also were not an artifact of the spatial design of our
surveys, as there was no spatial pattern to the distribu-
tion of fish biomass among the stations surveyed at
Kingman atoll (2-way ANOVA on total biomass, north-
ern versus southern exposure effect: F;,3 = 1.22, p =
0.28; least squares regression of biomass on distance
from most exposed station: r? = 0.008, F,,3=0.19,p =
0.66). This would not have been the case if windward
and leeward sides at an undisturbed atoll like King-
man differed appreciably in secondary production,
which the absence of surveys on the windward side of
Kiritimati might otherwise leave open to question.

Generality of piscivore patterns

The decline of apex predators that we observed
across the gradient seems clearly related to fishing, as
attested by the correlation between fishing pressure
and piscivore abundance both within and among
atolls. In addition, historical records prior to the onset
of industrial fishing reported abundant shark popula-
tions throughout the region, as summarized by Sandin
et al. (2008). Accounts from 18th and 19th century
explorers and whalers visiting Kiritimati specifically
attest to a great abundance of sharks and other large
piscivores dominating the lagoon and fore reef habi-
tats in the past. In more recent times, large snappers
and grey reef sharks have been conspicuously abun-
dant at Kingman and Palmyra on dive surveys con-
ducted by the NOAA Fisheries Service during 2001,
2002, and 2004. During these same NOAA cruises,
grey reef sharks also were conspicuously abundant at
Howland, Baker, and Jarvis Islands, which are all
uninhabited, low-latitude (0.35° S to 0.8° N), non-atoll
Phoenix and Line Island possessions of the United
States, located in the same xeric climatic zone and
region of equatorial upwelling as Kiritimati (Brainard
et al. 2005). In general, other environmental factors
that differ among these atolls, such as latitude, rainfall,
upwelling, and planktonic productivity (chlorophyll),
are unrelated to the among-atoll differences in the
standing biomass and assemblages of fishes that we
observed. High total fish biomass and disproportion-
ately great representation of piscivores is pervasive
across all of these lower latitude (<2°) reefs except
Tabuaeran and Kiritimati, despite striking similarities
in elevated planktonic productivities among all that
occur within the region of equatorial upwelling
(Sandin et al. 2008). Our observations provide the
detail needed at an expanded spatial scale to conclu-
sively demonstrate patterns of piscivore dominance
and the trophic structuring of fish assemblages sug-
gested by the preliminary study of Stevenson et al.
(2007) in the northern Line Islands.

Indirect effects of extraction

Piscivorous reef fishes can affect the abundance and
body size distribution of their prey (see Connell 1998,
Graham et al. 2003), although the extent to which this
occurs and its influence on prey population dynamics
are poorly understood (Hixon & Jones 2005). In this
study, we document some suggestive, indirect commu-
nity-level responses to changes in piscivore domi-
nance. Planktivorous prey fishes showed a dramatic
decline in abundance, biomass, and body size from the
most-exploited Kiritimati to the least-exploited King-
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man. This pattern is similar within Kiritimati, with bio-
mass and body size decreasing with distance from the
center of human population and fishing effort. Differ-
ences among atolls in the absolute and relative abun-
dances and size composition of territorial surgeon-
fishes and damselfishes also might help explain some
striking differences among atolls in algae and corals
(Sandin et al. 2008); the size structure of territorial her-
bivores importantly influences their interactions and
benthic community dynamics (Robertson 1998, Cecca-
relli et al. 2006). The smaller size at sex change in par-
rotfishes at Palmyra-Kingman is consistent with an
indirect response to reduced piscivory by top predators
(DeMartini et al. 2005), although it might represent a
response to some environmental gradient (Gust et al.
2002, Gust 2004), or both. We cannot discriminate be-
tween these possibilities because body size at sex
change tracked overall size distribution of the respec-
tive parrotfish species at each atoll. The among-atoll
patterns in planktivore body sizes and parrotfish size
at sex change should not be confused with the left-
skewed (smaller) size distribution of the benthivore
consumer guild, which (together with the more obvi-
ous reduction in piscivore stocks) likely represent
direct responses to human extraction at Kiritimati-
Tabuaeran.

An evaluation of patterns for corals and algae as well
as fishes does not indicate a trophic cascade (Sandin
et al. 2008). Our results nonetheless suggest that the ef-
fects of reduced densities of top predators propagate
across trophic levels and cause changes in the trophic
structure of the assemblage, including an increase in the
spatial variability of such structure (greater among-
station variation in biomass at Tabuaeran and Kiritimati
as indicated by nMDS and ANOSIM analyses).

Our observations of strong indirect effects of pisci-
vores on secondary consumers differ from those of
Stevenson et al. (2007), who did not detect such effects
based on a limited and variable number of transects
conducted in different years at Palmyra, Tabuaeran,
and Kiritimati only. Low statistical power likely ex-
plains why among-atoll differences in secondary con-
sumer biomass were not detected.

The greater standing stocks at Kiritimati of the small-
bodied darkfin hind, and perhaps several other less-
targeted (bluestriped snapper) and untargeted (black-
side and halfspotted hawkfishes) fishes, all of which
are residential and smaller-bodied piscivores, might
represent competitive release as another type of in-
direct response to human extraction. Competitive
release has been documented in other marine systems,
both in response to natural phenomena (Schmitt & Hol-
brook 1990) and as a result of fishing (Fogarty &
Murawski 1998). Despite increases in smaller-bodied
piscivores from Kingman to Kiritimati, the pattern of

total piscivore biomass is driven by the biomass of
large-bodied apex predators, which decreases dramat-
ically between Kingman and Kiritimati. Such differ-
ences in piscivore assemblages would invariably affect
realized levels and types of predatory threats for prey
at these atolls. Results like this should be seriously con-
sidered when designing future studies of predation
effects on degraded reefs dominated by small-bodied
piscivores, especially tempering selection-based argu-
ments regarding reef fish behavior and demography.

The indirect responses to release from apex preda-
tion might extend to lower trophic levels as well (via
apex predation on herbivores like parrotfishes). A sug-
gestively higher standing biomass of primary con-
sumers at Tabuaeran, including detritivores as well as
herbivores, might be related either to increased sedi-
mentation or a greater biomass of algae at Tabuaeran
(Sandin et al. 2008) as bottom-up effects. Our observa-
tion that Tabuaeran had the highest biomass of herbi-
vores might be interpreted as a bottom-up conse-
quence of algae released from competition with corals,
with lower cover of the latter resulting from an envi-
ronmental impact like bleaching (Williams & Polunin
2001). Evaluating piscivore effects on herbivores
is problematic. Certainly, distinguishing cause from
effect is less straightforward for primary consumers
eaten by apex predators.

In contrast to the pattern described here, Stevenson
et al. (2007) reported an increase of herbivore biomass
from Kiritimati to Palmyra. They noted that this pattern
is consistent with direct exploitation by humans of all
trophic levels only on the inhabited atolls, similar to
results from the Bahamas (Mumby et al. 2006).
Because fish were surveyed in different habitats across
atolls (back reef on Palmyra and shallow fore reef on
Kiritimati and Tabuaeran; Stevenson et al. 2007), the
observed pattern could also reflect herbivore habitat
specificity. The effects of extraction of herbivores on
Kiritimati and Tabuaeran also may be very habitat spe-
cific, e.g. greatest on the most accessible shallow reefs.

Inverted biomass pyramids

Data collected at the 2 little-disturbed atolls (King-
man, Palmyra) provide insights into natural fish assem-
blage structure on central Pacific atolls. Fish trophic
structure at Kingman, where the biomass densities of
tertiary consumers (apex predators and other pisci-
vores) were more than 5-fold greater than those of all
lower-trophic levels pooled, clearly represents an
example of an inverted biomass pyramid. Strongly
inverted biomass pyramids like that observed at King-
man (and, to a lesser extent at Palmyra, where piscivo-
rous fish biomass was still twice as large as that of



DeMartini et al.: Structure of reef fish assemblages 213

lower trophic level fishes) are not only theoretically
possible (Ballantyne 2004, Brown et al. 2004) but have
been empirically documented in other reef ecosystems
(e.g. Friedlander & DeMartini 2002). It is important to
note, however, the key distinction here between bio-
mass and production (energy flux): thermodynamic
constraints require energy flux to be greater at lower
relative to higher trophic levels; hence production
pyramids can never be inverted as biomass pyramids
can (Emlen 1973, Brown et al. 2004).

For poikilothermic consumers like fishes with often
high (to 20-30 %) trophic efficiencies, biomass inver-
sions of this magnitude seem possible based on reason-
able values for the population growth, death, and
turnover rate parameters of major predator and prey
species (S. Sandin unpubl.). For example, the von
Bertalanffy growth rate (k) of twinspot snapper is esti-
mated to be <0.2 yr'! (Marriott 2002), and its natural
mortality rate, M (where M = 2k for lutjanids; Ralston
1987) is likely <0.4 yr'. The growth and natural mor-
tality rates of most species of reef sharks are 0.1 yr! or
less (Smith et al. 1998). Most reef sharks are long-lived,
slow-growing, and late-maturing with low reproduc-
tive rates (Smith et al. 1998). Both of these major taxa
of predators should be extremely sensitive to fisheries
extraction based on their life histories (Robbins et al.
2006). Conversely, the growth and related mortality
rates of small-bodied planktivorous prey fishes, exem-
plified by the banana fusilier Pterocaesio pisang (not
present in the northern Line Islands but typical of
planktivorous caesionids), are about 1 yr'! and 2 yr?,
respectively (Russ et al. 1992). The turnover (produc-
tion-to-biomass, P/B) rates of species of even smaller-
bodied reef fishes are likely more extreme, with esti-
mates of Z, the total mortality rate (=P/B at population
equilibrium) exceeding 5 to 6, equivalent to finite mor-
tality rates =99 % yr! (e.g. Kritzer 2002, Wilson 2004).
Short-lived, lower trophic level fish thus serve as ener-
getic shunts, converting food like plankton and algae
into fish biomass, which is quickly transferred to and
stored in long-lived, higher-trophic-level fish through
predation. Life history parameters are generally lack-
ing for most small-bodied reef fishes, and efforts
should be made to obtain this information given their
importance in understanding tropical fisheries produc-
tion and reef ecosystem function.

Additional factors that can help to explain the
inverted biomass pyramid may include food subsidies
(Stevenson et al. 2007) from lagoon and pelagic envi-
ronments. We observed a marked spatial partitioning
by apex predators, with large sharks being present
only on the fore reef and the lagoons acting as shark
nurseries. It thus appears unlikely that the larger
sharks we observed on the fore reef feed abundantly
in the lagoons. Moreover, the 3 species of sharks we

encountered are all reef-associated and anatomically
adapted to feeding on the reef, and not on pelagic,
faster-swimming fishes. A study on the feeding ecol-
ogy of the apex predators at Kingman and Palmyra
would shed light into the potential contribution of food
subsidies to the maintenance of inverted biomass-
pyramids.

It is important to emphasize that when fisheries
target the largest individuals of fishes like twinspot
snapper and the reef sharks, these large-bodied spe-
cies become particularly susceptible to over-exploita-
tion. Data from Tabuaeran and Kiritimati support this
concern, as evidenced by the stark declines in the
largest species of snapper and the reef sharks. We
believe it likely that the present paucity of observa-
tions of naturally inverted biomass pyramids for reef
fish assemblages is an artifact of the generally
impacted condition of most reefs worldwide, where
reductions of apex predators have drastically altered
assemblage dynamics, as observed at Tabuaeran and
Kiritimati, even if all trophic levels have not yet been
overfished.

Baselines, management, and conservation issues

Our estimates of at least several mt ha™! of piscivore
biomass at Kingman and Palmyra should be viewed as
representative of undisturbed central Pacific atolls.
Several lines of evidence reinforce this belief. Histori-
cal evidence indicates that pristine food webs are very
distinct from the present ones (Steele & Schumacher
2000, Jackson et al. 2001). The same is almost certainly
true of coral reef fish assemblages, although we know
very little about historical changes in fish food webs as
a result of the removal of large predatory fishes. This is
particularly worrying because our baselines of coral
reef community composition and abundance of fishes
originated only a few decades ago and were based on
short-term changes in community composition that
ignore larger time scales. In the absence of quantita-
tive time series, the study of gradients of exploitation
and of undisturbed reefs such as Kingman is essential
to fully understand the composition of coral reef com-
munities prior to overfishing and to estimate the conse-
quences of fishing at all spatial and temporal scales.
Kingman thus represents a demonstrable baseline for
Pacific reef fish assemblages and a key reference point
for evaluating the efficacy of conservation efforts.
Studies of reef fish assemblage structure typically suf-
fer from the shifting baseline syndrome (Pauly 1995).
Most such studies have considered gradients of preda-
tor abundance covering a biomass range that is only a
small fraction of the gradient studied here (Dulvy et al.
2004, but see Newman et al. 2006), had small predators
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(Connell 1997), or never mentioned sharks (Sale 1991).
Similar to our work, a recent study noted a striking
contrast in the density of reef sharks between fished
and unfished areas using data from in situ surveys at
Australia’s Great Barrier Reef and the Cocos (Keeling)
Islands (Robbins et al. 2006). In sum, these findings
suggest that some paradigms in reef fish ecology and
conservation should be revisited.

Ideally, the mortality being added by human extrac-
tion at Tabuaeran and Kiritimati atolls needs to be
reduced if populations of apex predators and larger
piscivores are to recover and subsequently sustain
themselves. However, because of the generally high
mobility of large-bodied predatory fishes, they would
seem the least likely to benefit from the establishment
of spatial no-take areas that encompass an acceptably
small (e.g. 20—30 %) percentage of the total area of an
atoll like Kiritimati. Reducing total fishing effort
through conventional fisheries management measures
(like take and size limits) is unrealistic at islands like
Kiritimati with expanding human populations and a
cultural history of reef fish harvesting. Reasonable
options for fisheries management at Kiritimati thus
might include initiating spatial protection of lower
trophic level fishes in multiple, small-scale no-take
reserves combined with a larger, perhaps atoll-wide,
prohibition against the taking of sharks and the largest
snappers and groupers for a decade or longer. An
encouraging first step is Kiribati's recent legislation
prohibiting fishing by international fleets anywhere
within the country's Exclusive Economic Zone. Kiri-
bati's recent designation of the Phoenix Islands as the
Phoenix Islands Protected Area should bring increased
international attention to the region and provide
opportunities for research, enforcement, and capacity
building. Finally, the continued protection and support
of the 2 US National Wildlife Refuges of Kingman and
Palmyra should be prioritized. Intact reef communities
such as these are tragically rare and serve as invalu-
able ecological baselines that describe what was once
present in, and what is possible for, central Pacific
coral reefs.
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