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Abstract

Direct exploitation through fishing is driving dramatic declines of wildlife

populations in ocean environments, particularly for predatory and large-

bodied taxa. Despite wide recognition of this pattern and well-established con-

sequences of such trophic downgrading on ecosystem function, there have

been few empirical studies examining the effects of fishing on whole system

trophic architecture. Understanding these kinds of structural impacts is espe-

cially important in coral reef ecosystems—often heavily fished and facing

multiple stressors. Given the often high dietary flexibility and numerous func-

tional redundancies in diverse ecosystems such as coral reefs, it is important to

establish whether web architecture is strongly impacted by fishing pressure or

whether it might be resilient, at least to moderate-intensity pressure. To exam-

ine this question, we used a combination of bulk and compound-specific stable

isotope analyses measured across a range of predatory and low-trophic-level

consumers between two coral reef ecosystems that differed with respect to fish-

ing pressure but otherwise remained largely similar. We found that even in a

high-diversity system with relatively modest fishing pressure, there were

strong reductions in the trophic position (TP) of the three highest TP con-

sumers examined in the fished system but no effects on the TP of lower-level

consumers. We saw no evidence that this shortening of the affected food webs

was being driven by changes in basal resource consumption, for example,

through changes in the spatial location of foraging by consumers. Instead, this

likely reflected internal changes in food web architecture, suggesting that even

in diverse systems and with relatively modest pressure, human harvest causes

significant compressions in food chain length. This observed shortening of

these food webs may have many important emergent ecological consequences

for the functioning of ecosystems impacted by fishing or hunting. Such impor-

tant structural shifts may be widespread but unnoticed by traditional surveys.

This insight may also be useful for applied ecosystem managers grappling with

choices about the relative importance of protection for remote and pristine

areas and the value of strict no-take areas to protect not just the raw constitu-

ents of systems affected by fishing and hunting but also the health and func-

tionality of whole systems.
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INTRODUCTION

Wildlife is declining in both aquatic and terrestrial eco-
systems around the world (Dirzo et al., 2014; McCauley
et al., 2015), with recent estimates noting a 65% decline
in vertebrate populations (Murali et al., 2022) and 69%
declines in total wildlife in the last half century
(Westveer et al., 2022). In marine habitats, direct exploi-
tation through fishing is one of the most serious threats
to wildlife populations (Halpern et al., 2015).

A primary driver of wildlife declines in coral reef
ecosystems is fishing (Paddack et al., 2009; Williams
et al., 2010). For instance, exposure to fishing reduced the
biomass of herbivorous fish on coral reefs globally to
about half the biomass recorded on unfished reefs
(Edwards et al., 2014). The loss of both herbivorous and
predatory fish on coral reefs has been shown to lead to
state changes, including transition from coral to algal
dominated cover (Edwards et al., 2014; Hughes
et al., 2007; Mumby et al., 2006; Ruppert et al., 2013). The
loss of fish also exacerbates the effects of other stressors
including bleaching and disease (Harborne et al., 2017).

Considerable focus on the effects of defaunation on
coral reefs has centered around declines of herbivorous
species, given their important role in influencing algal–
coral state transitions (e.g., Bellwood et al., 2012; Edwards
et al., 2014). However, globally, large and predatory
species are often among the first and most impacted by
human perturbations such as fragmentation, hunting,
or land-use change (Capdevila et al., 2022; Duncan
et al., 2002; Gilbert et al., 1998). This selective loss of
predatory organisms, referred to as “trophic downgrading”
(Estes et al., 2011), can have dramatic effects on commu-
nity composition and ecosystem functioning (Ferretti
et al., 2010; Heithaus et al., 2008). This broad pattern
has been observed in coral reef ecosystems, with the
biomass and abundance of predatory fish typically
declining dramatically when humans are abundant and
close to reefs (Cinner et al., 2018; Friedlander &
DeMartini, 2002; Sandin et al., 2008; Stallings, 2009;
Valdivia et al., 2017). Predatory sharks have been espe-
cially impacted (Robbins et al., 2006; Sherman
et al., 2023). Sharks are now considered one of the most
threatened marine vertebrate groups, with 37% of shark
and rays now listed as threatened with extinction by the
International Union for Conservation of Nature (IUCN)
(Dulvy et al., 2021).

Trophic downgrading is certainly not the only way
fishing impacts ecosystems, for example, (Essington
et al., 2006), as fishing typically occurs across multiple
trophic levels, especially as fishing intensity increases
(e.g., Graham et al., 2017). Yet it appears to be a common
way that reef ecosystems are impacted by fishing, espe-
cially early in the fishing trajectory (e.g., Cinner
et al., 2018; Pikitch et al., 2004; Sandin et al., 2008). Data
documenting and describing such patterns of trophic
downgrading (Friedlander & DeMartini, 2002; Pauly
et al., 1998; Sandin et al., 2008; Zgliczynski & Sandin,
2017) have now facilitated new work on the emergent
consequences of these shifts. Notably, it is now clear that
trophic downgrading can impact change in multiple
aspects of the architecture of marine food webs, including
the flow of energy in these systems (Eddy et al., 2021;
Edwards et al., 2020; Maureaud et al., 2017).

Aspects of food web architecture that may be strongly
impacted by fishing, and specifically the selective fishing
of predators, but for which there are relatively little data
are the food chain position of individual consumers and
overall food chain length—the trophic distance between
basal and apex consumers in a community (Edwards
et al., 2020; Maureaud et al., 2017). While there are few
empirical data on this phenomenon, fishing could reduce
total food chain length in multiple ways. Most simply, it
could reduce the average number of trophic exchanges
simply by removing a trophic level in a system, either by
entirely removing a species or by merely removing largest
individuals of a species. Even partial reductions in preda-
tors could result in a lower average number of trophic
exchanges as energy may be more likely to complete a
cycle without being consumed by a high-level predator.
Fishing could also affect food chain length in other less
visible ways. For instance, changes in fishing pressure
could change the foraging ecology of the remaining con-
sumers across multiple trophic levels, including both diet
choice and movement, as has been observed in fish com-
munities experiencing other forms of disturbance (Guerra
et al., 2020, 2023; Madin, Gaines, & Warner, 2010).

Changes in foraging ecology, for example reducing
intraguild predation among higher-level predators, reduc-
ing the average size of prey (without changing species of
prey), or increasing omnivory, might all cause reductions
in total food chain length. For instance, in a terrestrial
system, changes in the diet of mesopredators and omni-
vores seem to primarily explain variation in measured

2 of 18 YOUNG ET AL.

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3002 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [03/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



food chain length, rather than changes in the abundance
or diet of top predators (Kuile et al., 2022). Some (but not
all) other studies on coral reefs have indeed noted
changes in the diets of reef consumers in response to dis-
turbance, although not specifically to fishing degradation
(Briones-Fourz�an et al., 2019; Dell et al., 2015; Hempson
et al., 2017).

Theory and data from other systems suggest that
reductions in biodiversity will typically correlate with
reduced trophic complexity and reduced food chain
length (Kondoh & Ninomiya, 2009; Schriever & Dudley
Williams, 2013; Vander Zanden et al., 1999). However,
changes in trophic pathways and trophic structure may
not always result in changes in food chain length. Where
there are high levels of functional redundancy in a web,
such as might be expected in a diverse coral reef system
with many mesopredatory species, other species may be
able to compensate for changing trophic roles. This may
help buffer the trophic impact of fishing and explain why
some studies show limited effects of fishing on predator
or prey species (Casey et al., 2017; Loreau, 2004; Morillo-
Velarde et al., 2018). Cumulatively, these results suggest
that changes in the behavior or relative abundance of
remaining, less targeted, consumers may be able to mini-
mize trophic impacts, a result consistent with model pre-
dictions (Kondoh & Ninomiya, 2009). However, other
studies have shown that behavioral changes in prey spe-
cies in response to increased fishing can drive major tro-
phic changes, at least in herbivores, with large cascading
ecosystem effects (Guerra et al., 2020; Madin et al., 2016;
Madin, Gaines, Madin, & Warner, 2010; Salomon
et al., 2010). Overall, these studies suggest that behavioral
changes could magnify as well as dampen the effects of
fishing on trophic structure and overall food chain length.

In this study, we investigated whether and how mod-
erate human harvesting in coral reef ecosystems altered
the food chain length and trophic architecture of coral
reef communities, even in systems where human density
and fishing pressure is relatively low and apex predators
remain present. To do this, we used a combination of
ecological surveys and stable isotopic analyses across two
atolls in the Central Pacific, Palmyra Atoll and Tabua-
eran Atoll. Both systems retain a full suite of reef preda-
tors (i.e., no top predators have been driven locally
extinct), but they varied in degrees of fishing pressure,
from nearly pristine to lightly fished. We compared tro-
phic position (TP) and food chain length in these systems
using stable isotopes of nitrogen and carbon, an impor-
tant toolset for understanding the trophic ecology of coral
reefs (Hussey et al., 2014; Skinner et al., 2022; Wyatt
et al., 2012). Specifically, we looked at changes in stable iso-
topic composition across a suite of predator species includ-
ing (1) two common species of reef-associated sharks, high-

level mesopredators in these reef systems—gray reef sharks
(Carcharhinus amblyrhynchos) and Galapagos sharks
(Carcharhinus galapagensis); (2) three teleost meso-
predator species that encompassed a range of size classes,
mobility, and dietary preferences: a large jack (bluefin
trevally, Caranx melampygus), a medium-sized grouper
(peacock grouper, Cephalopholis argus), and a small
snapper (blacktail snapper, Lutjanus fulvus); and (3) two
low-trophic-level consumers: a herbivorous surgeonfish
(white cheeked surgeonfish, Acanthurus nigricans) and a
coral (Porites lutea), the latter of which was included as it
allowed us to integrate an isotopic baseline over long time
periods.

We used a combination of bulk δ15N and compound-
specific nitrogen isotope analysis of individual amino
acids (CSSIA-AAs) to identify TP changes within each
focal organism and to estimate total food chain length.
For bulk isotope analyses, we used δ13C to control for
potential differences in pelagic versus benthic sourcing of
nutrients.

To examine the effects of fishing on reef communi-
ties, we first tested to confirm that (1) as a result of differ-
ences in human population density, the two communities
would vary strongly in biomass and composition of fish
community, with lower densities of large and predatory
fish in the fished system, but would otherwise be similar
in benthic structure and composition. We then tested the
hypothesis that (2) the TP of predatory fish, but not basal
consumers, would be lower in the fished compared to the
unfished site and that this would be observed by both
lower bulk δ15N and smaller differences between trophic
and source amino acids using CSSIA measurements of
the higher-level predators in our fished versus unfished
reef samples. Finally, we tested the hypotheses that
(3) there would be minimal differences in δ13C values,
indicating that the changes in bulk and CSSIA δ15N
ratios were driven by differences in TP rather than
changes in sourcing of carbon to the trophic web and
(4) there would be a reduction in niche width within spe-
cies in response to disturbance, providing insights into
the mechanisms by which fishing may impact food chain
length.

METHODS

Sites and species

This work was conducted in the northern line islands in
the central Pacific between 2006 and 2009. All samples
were collected from Palmyra Atoll National Wildlife Ref-
uge (5�530 N, 162�050 W), a US outlying island, and Tabu-
aeran (3�510 N, 159�210 W), part of the nation of Kiribati
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(Figure 1A). These two tropical coral reef atolls are situ-
ated in marine regions with similar sea surface tempera-
tures (27.9�C vs. 27.5�C, respectively) and have similar
coral cover (20.4% and 19.5%, respectively; Sandin
et al., 2008). Palmyra is largely uninhabited (population
of six to 25), and, since it is a marine protected area, fish-
ing is almost entirely prohibited within 50 nautical miles.
Tabuaeran at the time of this survey had a population
density of approximately >60 humans per kilometer of
reef (2500 total) and allowed both commercial and arti-
sanal fishing. The majority of the impact had occurred
only since the 1980s when government resettlement dra-
matically increased the resident population (Sandin
et al., 2008). Previous studies showed that fish biomass
was approximately a third lower on Tabuaeran than Pal-
myra, likely due to significant fishing pressures from the
human population (Sandin et al., 2008; Zgliczynski &
Sandin, 2017). Large apex predators in particular (grou-
pers, sharks, snappers, and large jacks) made up 56% of
the measured total fish biomass in Palmyra but, while
present, comprised only 3% on Tabuaeran (Stevenson
et al., 2007), a pattern seen in multiple studies
(Zgliczynski & Sandin, 2017). The relative similarity of
Palmyra and Tabuaeran, save for these differences in

fishing, has made this a commonly utilized interisland
setting for the examination of the ecological impacts of
fishing (Madin, Gaines, & Warner, 2010; McCauley,
Hoffmann, et al., 2012).

Reef fish species diversity at both Palmyra and Tabua-
eran stands at approximately 230–250 species (Sandin
et al., 2008). The two species of sharks of focal interest in
this study are gray reef sharks (C. amblyrhynchos) and
Galapagos sharks (C. galapagensis), but other common
shark species in the region include blacktip reef sharks
(Carcharhinus melanopterus), whitetip reef sharks
(Triaenodon obesus), lemon sharks (Negaprion brevirostris),
scalloped hammerhead sharks (Sphyrna lewini), and tiger
sharks (Galeocerdo cuvier) (Papastamatiou et al., 2014). To
understand changes in food chain length in this study,
we focused on a suite of common species in these
systems, including two sharks (C. amblyrhynchos and
C. galapagensis), three common mesopredatory teleost
fishes—bluefin trevally (C. melampygus), peacock grou-
per (C. argus), and blacktail snapper (L. fulvus)—and
one grazing teleost fish, the white cheeked surgeonfish
(A. nigricans), and a mound-forming coral (P. lutea).

Both reef sharks are considered to be high-level
mesopredators (Frisch et al., 2016; Roff et al., 2016).

F I GURE 1 (A) Palmyra Atoll and Tabuaeran Atoll are located in relatively close physical proximity (~350 km distance) within the mid-

equatorial Pacific in similar oceanic environments. (B) There were no significant differences in general classes of benthic cover observed

across sites surveyed. (C) There were also no significant differences in rugosity or benthic structure. (D) However, there were strong and

significant reductions in fish biomass from the unfished atoll (Palmyra) and the fished atoll (Tabuaeran), with significant effects observed for

total biomass, herbivore biomass, and predator biomass.
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The diet of C. amblyrhynchos and C. galapagensis has
been reported to be composed largely of teleost fishes
with some invertebrates. For C. amblyrhynchos teleost
fish were found in 82% of individuals surveyed and
included a wide variety of taxa including large numbers
of Muraenidae (Moray eels) and Holocentridae (squirrel-
fish) (Wetherbee et al., 1997). Common invertebrates
included cephalopods (in 30%) as well as a small number
of crustaceans (5%) (Papastamatiou et al., 2006;
Wetherbee et al., 1997). The diet of C. galapagensis is sim-
ilar but consists of slightly fewer teleost fishes (67.7%)
and more mollusks (26.5%) and crustaceans (18.7%);
13.5% of individuals also consumed elasmobranchs
(Papastamatiou et al., 2006; Wetherbee et al., 1996). Notably,
while C. amblyrhynchos and C. galapagensis are commonly
observed on reef slopes, evidence from C. amblyrhynchos in
this system suggests that much of their diet likely comes
from pelagic ecosystems (McCauley, Young, et al., 2012);
movement data from C. galapagensis from other systems
likewise suggest they frequently forage at depth and off-
shore (Meyer et al., 2010).

Both C. argus and C. melampygus are almost exclu-
sively predators of reef fish (Dierking et al., 2009;
Sudekum, 1991), with C. argus being highly site-attached
and sedentary, whereas C. melampygus is a roving mobile
species. The diet of L. fulvus is predominantly composed
of crabs, with the remainder composed of small fish
(DeFelice & Parrish, 2003; Nanami & Shimose, 2013). As
a common grazer we used A. nigricans. Detailed dietary
analysis on this species shows that it is an obligate herbi-
vore, feeding almost exclusively on red thallate algae and
green and red filamentous species (Choat et al., 2002).
Porites lutea was used as another low-trophic-level spe-
cies that, through the use of coral cores, allowed for an
integrated signal over very long time periods—allowing
us to search for potential differences in baseline isotopes
over time that might explain any patterns across atolls.

Characterization of reef communities

Fish communities were characterized at nine locations at
Palmyra and five locations at Tabuaeran. These sites were
distributed evenly, approximately 2 km apart from each
other at random coordinates in shallow water (3–12 m)
with replicate surveys conducted. Given the importance
of the structural complexity of reefs on fish density and
biomass (Graham & Nash, 2013), we also characterized
benthic rugosity and benthic cover for each island to con-
firm they were similar at both atolls. Benthic complexity
was measured by a rugosity index calculated by laying a
2-m chain against the reef surface and measuring the dis-
tance between two end points; the ratio of the length of

this chain as laid against the reef surface to the actual
length of the chain was the rugosity index. Given the lack
of SCUBA support at Tabuaeran, benthic cover and
rugosity were characterized at more inshore depth ranges
of our fish survey ranges for both islands and included
six locations at Palmyra and eight locations at Tabuaeran
(although rugosity was missed at one site at Tabuaeran).
Benthic cover was surveyed by estimating percentage
cover by cover type across a series of 10 gridded quadrats
at each site; each 1-m2 quadrat was distributed at 5-m
intervals along a 50-m transect. Prior to analysis all cover
data were pooled per site and binned in general catego-
ries: algae (both turf and macroalgae), living coral,
dead substrate (sand, rock, rubble, and dead coral),
and other (which predominantly included crustose cor-
alline algae and other invertebrates). Benthic data from
the 10 quadrats were then pooled by site for all subse-
quent analyses.

While benthic habitats were surveyed at only a single
time point, fish surveys were conducted four times each
at Tabuaeran (along the western and southern coastlines,
March–April 2007) and seven times each at Palmyra
(both northern and southern coastlines, June–August
2006). Fish communities at both sites were surveyed
using belt transect surveys conducted in daytime. At each
site a fish survey was composed of four belt transects,
their dimensions tailored to the size (total length [TL]) of
the fish being surveyed: fish of ≥50 cm TL were counted
along a 50 × 8-m transect; 30–49 cm TL fish along a
50 × 4-m transect; 15–29 cm TL fish along a 50 × 4-m
transect; and fish of <15 cm TL were surveyed along a
25 × 2-m transect. Biomass was then scaled to area sur-
veyed. Within each transect, a pair of observers was
responsible for identifying, counting, and estimating the
total length of each individual fish. The same pair of
divers was responsible for all surveys across both atolls.
Estimation of fish biomass was then derived from the
survey data, using length–weight conversion constants
sourced from FishBase (Froese & Pauly, 2010) or other
scholarly publications. Further details are provided in
(McCauley, Hoffmann, et al., 2012).

Fish were placed into one of four basic trophic classi-
fications for subsequent analyses: predator, invertivore,
herbivore, and planktivore. Trophic classifications were
made based on the dominant diet type as assessed via
review of diet information in Fishbase (Froese &
Pauly, 2010), as well as a review of the literature on spe-
cies diet for these species from this region of the Pacific.
We note, however, that such simplistic categorical tro-
phic classifications based on dominant diet type obscure
the reality that many species are interguild consumers
(e.g., mesopredators that are both piscivores and
invertivores) and may diet switch across their lifespan.
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Isotopic sample collection

We used isotopes to identify changes in TP and foraging
ecology. Bulk δ15N was used to identify TP changes
within each focal organism, as 15N typically fractionates
at every transmission point in a food chain, such that it
becomes enriched with each rise within a trophic web.
We used the δ15N of top predators (sharks and large tre-
vally) to estimate total food chain length.

In contrast to δ15N, δ13C does not enrich substantially
with trophic interactions, and we instead used this iso-
tope to search for systematic differences in the source of
the carbon consumed across species. Variation in δ13C in
this system can be used to identify benthic versus pelagic
sourcing of nutrients and, sometimes relatedly, inshore
versus offshore foraging (McCauley, Young, et al., 2012;
Young et al., 2010).

Although such controlled measurements of nitrogen
isotopes are useful for assays of dietary niche or food
chain position, variation in isoscape over space and time
and in isotopic fractionation extent across species can
make comparisons challenging. As a second complemen-
tary measure of food chain position, we thus used
compound-specific nitrogen isotope analysis of individual
amino acids (CSSIA-AAs) in one predatory shark species
(gray reef shark, C. amblyrhynchos). Because certain tro-
phic amino acids in consumers fractionate trophically
while others (“source” or nontrophic amino acids) show
little tendency for trophic fractionation, the differences
between these amino acids can be used to calculate TP
for an organism without the need for establishing a base-
line using additional taxa (McClelland & Montoya, 2002;
Popp et al., 2007). The difference between trophic and
source δ15N values in top predators can thus be used to
provide a standalone estimate of the food chain length
for a system (Chikaraishi et al., 2009).

All fish species used for isotopic analyses were col-
lected using hook and line or via pole spear and sized at
time of capture. Lutjanus fulvus were collected from
lagoonal reefs at depths between 2 and 6 m. Acanthurus
nigricans, C. argus, and C. melampygus were collected
from forereef habitats at depths between 7 and 18 m.
Carcharhinus amblyrhynchos and C. galapagensis were
collected in waters 0.1–3 km offshore of the forereef habi-
tats. All fish samples were collected between 2006 and
2009. A sample of white muscle tissue was removed from
the dorsal region of all fish, frozen, and subsequently
freeze-dried.

To obtain a long-term basal isotopic signature from
the bottom of these food webs, we collected and analyzed
tissues of one common coral species, P. lutea. Measure-
ments were made of the coral-derived organic matter
stored in the skeletal lattice of live P. lutea coral cores

collected at Palmyra (on 2 June 2005 from a 1.5-m-high
colony at a depth of 10 m [5�51.850 N, 162�06.890 W] and
on 4 June 2007 from a 2-m-high colony at a depth of 5 m
[5�52.0150 N, 162�07.0920 W]) and Tabuaeran in September
1997 at a depth of 11 m on the forereef (3�5403200 N,
159�1808800 W). After recovery, cores were rinsed in fresh
water and air dried. Slabs were cut from cores using a
double-bladed diamond tile saw, cleaned in deionized
water, and dried. Annual density bands were visualized
using X-radiographs and the age of bands were confirmed
using δ18O chronologies and bomb radiocarbon stratigra-
phies (Druffel-Rodriguez et al., 2012; Grottoli et al., 2003;
Nurhati et al., 2009). Slabs were subsampled at selected
time intervals below the surface tissue layer, with two rep-
licate samples collected at every time point.

In total, we used 235 samples across seven species in
bulk isotopic analyses.

Sample preparation and analyses

In the lab, all fish tissue samples were freeze dried and
then ground to a homogenized powder. Coral subsamples
were prepared for analysis following Marion et al. (2005);
briefly, samples were cleaned by complete surface grind-
ing and dust removal, pulverized, exposed to 30% H2O2

for 48 h, rinsed in deionized water, dried, and acidified
repeatedly with HCl. The acid-insoluble residue was glass
fiber filtered (0.7 μmol L−1 pore size), rinsed two or three
times with 50 mL deionized water, dried at 40�C for 24 h,
and analyzed. All fish and coral samples were analyzed
for bulk isotopes of carbon (δ13C) and nitrogen (δ15N) at
the Stanford Stable Isotope Biogeochemistry Facility
using a Carlo Erba/ConFlo II elemental analyzer
Thermo-Delta Finnigan Delta-Plus isotope ratio mass
spectrometry (IRMS). Based on replicate and standards
analysis the reproducibility and precision is better than
0.15‰ for both δ13C and δ15N (and typically better
than 0.10‰).

For C. amblyrhynchos a subset of 11 individuals (six
from Palmyra, five from Tabuaeran) were also analyzed
for compound-specific stable isotopes. At UC Davis,
freeze-dried tissue samples were acid-hydrolyzed using
6 M HCl at 150�C and derivatized using methoxyca-
rbonylation esterification (Walsh et al., 2014; Yarnes &
Herszage, 2017). Gas chromatography–combustion IRMS
(GC-IRMS) was used to gather δ15N values of individual
derivatized AAs. The specific AAs that can be accurately
quantified varies based on tissue AA content as well as
preparation techniques (Ohkouchi et al., 2017). While we
gathered data on 10 AA, several of the AAs were not
measured in some samples, so we only used the following
AAs in our analyses: alanine (Ala), leucine (Leu), proline
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(Pro), valine (Val), aspartic acid (Asp; from asparagine),
glutamic acid (Glu), glycine (Gly), and phenylalanine (Phe).

Calculations of trophic position

Given the strong potential for local and regional spatial
variation in δ15N (e.g., via differential effects of seabird
guano accumulation across sites), we characterized the
δ15N baseline at the bottom of the food web at both Pal-
myra and Tabuaeran in multiple ways. To control for
this, we used multiple integrated measures, all collected
on the forereef where water mixing was higher. Specifi-
cally, we use samples collected from (1) a 15-year time
series of massive P. lutea corals, thereby allowing integra-
tion over time, (2) a roving, grazing reef fish, A. nigricans,
which should integrate over space, and, as detailed below,
(3) CSSIA-AA. Notably, given the high variation in dis-
crimination factors observed across fish species and even
within elasmobranchs for bulk SIA values (e.g., Mill
et al., 2007; Olin et al., 2013; Wyatt et al., 2019) and the
lack of species-specific research on discrimination factors
for the species in this study, we did not use bulk isotopes
to attempt to calculate and compare absolute trophic posi-
tion (TP) across species for this study but instead focused
on relative differences across sites within a species.

To calculate TP from compound-specific analyses
(C. amblyrhynchos only), we used a comparison of tro-
phic amino acids (TAAs) and source amino acids (SAAs).
Two of the AAs consistently measured for δ15N are typi-
cally considered to have little fractionation with trophic
transfer: glycine and phenylalinine (McClelland &
Montoya, 2002; Seminoff et al., 2012). These SAAs can
thus be used to help correct for variable baselines across
sites, serving as a within-individual internal reference
baseline. While phenylalanine (Phe) is frequently used as
a SAA, recent work in other top marine predators has
suggested that trophic enrichment of this AA is not negli-
gible and leads to erroneous estimates of TP (Matthews
et al., 2020). Given this and that previous work showed a
strong correlation between δ15N of Gly and Phe
(e.g., Seminoff et al., 2012), we chose to use Gly rather
than Phe as a SAA (as in Popp et al., 2007). Of the other
AAs typically considered to be TAAs, glutamic acid is most
commonly used as it typically shows the highest and most
reliable fractionation. However, other AAs that have been
shown to fractionate trophically (e.g., [Lemons et al., 2020;
McClelland & Montoya, 2002; Seminoff et al., 2012]) and
for which we recovered nearly complete data on from our
samples were Ala, Val, Leu, Pro, and Asp.

While many calculations of TP have focused purely
on a Glu-to-Phe comparison, recent reviews and meta-
analyses have highlighted the high variability in these

numbers and suggested using a multiple-AA comparison
(McMahon & McCarthy, 2016; Ohkouchi et al., 2017).
Because of this, we used as our primary method a com-
parison of all putative TAAs (Glu, Ala, Val, Leu, Pro,
Asp) versus both putative SAAs (Phe and Gly) (Ohkouchi
et al., 2017). However, given the lack of clear consensus
on the best way to calculate TP, we also provide TP esti-
mates using a comparison of all TAAs compared with
Gly (e.g., Popp et al., 2007) and a comparison of Glu ver-
sus Gly. Glu data were not recovered in one sample from
Palmyra, bringing the maximum total number of samples
included in any analysis to five per site; additionally, for
the all-TAA versus all-SAA analysis, we removed one
additional sample for which we did not have complete
data on another AA. In all of these calculations of TP, we
used a value of 3.4 as an average estimate of the differ-
ence between TAAs and SAAs in nonvascular primary
producers (Chikaraishi et al., 2009). While a value of 7.6
is most commonly used as a trophic discrimination factor
in such calculations (Chikaraishi et al., 2009), based on
elasmobranch work by Dale et al. (2011), we instead used
a value of 5. While this adjustment may make these
values more accurate, without an estimate of discrimina-
tion factors specifically for these species and these AAs,
we strongly caution that the absolute values of TP are
merely estimates, and the focus of our study is on relative
TP. There remain many sources of uncertainty that are
associated with trophic discrimination factors and rela-
tive fractionation of SAAs versus TAAs across AAs as
well as measurement errors. Notably, we do propagate
error based on measurement error as the contribution to
measurement error is likely overshadowed by other
sources of uncertainty and so would not bound the real
error in our estimates of TP. Based both on these limita-
tions and caveats, and the relatively small sample size
(especially compared to bulk isotopes), we thus caution
against overinterpretation of these compound-specific
results by themselves and strongly suggest they be con-
sidered only as a source of insight to supplement patterns
from bulk isotopic analyses. Figures shown in the main
text report the data with all TAAs versus all SAAs, and
results from the other two calculations of TP are shown
in Appendix S1: Figure S1.

DATA ANALYSIS

The attributes of reef fish communities were compared
using generalized linear models with biomass per
1000 m2 per day as a response variable and atoll identity,
feeding guild (invertivore, planktivore, herbivore, or
piscivore) and their interaction as predictor variables.
Replication within sites across days was not included in

ECOLOGICAL APPLICATIONS 7 of 18

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3002 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [03/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the models; rather, we used a single pooled average bio-
mass value per day for these responses. We compared
reef rugosity between sites using Student’s t-tests across
atolls. Reef cover across sites was compared using permu-
tational multivariate ANOVA (PERMANOVA) analyses.

Comparison of δ15N and δ13C bulk isotope values
within species across atolls was conducted using two-
tailed t-tests for each species, with Benjamini–Hochberg
adjustment to correct for multiple tests across species. To
compare trophic niche areas between these atolls, we
used Bayesian standard ellipse area corrected for small
sample size (SEAc) using the SSIAR package in R
(Parnell & Jackson, 2013).

To compare species-specific changes in niche width for
each species, we used SEAc values; standard ellipse area
reported included 40% of the data for each species (although
95% ellipse area plots are also shown in the figures). The
corrected standard ellipses were generated using Markov
chain Monte Carlo simulations (Jackson et al., 2011) in the
SIBER package in R. Percentage niche overlap was calcu-
lated using the sample size-corrected ellipse value by species
(Parnell & Jackson, 2013). The probability that two SEAc
values were different was determined using Bayesian infer-
ence based on 10,000 draws.

RESULTS

Reef characterization

Consistent with previous observations (Sandin et al., 2008;
Stevenson et al., 2007), we found that the measurements

of general attributes of the benthic structure of the reef at
our sampling sites did not significantly differ between
atolls. PERMANOVA showed no significant differences
in cover type between atolls (F(3, 48) = 1.40, R2 = 0.07,
p = 0.22; Figure 1B). Likewise, the rugosity of the reef sub-
strates was statistically indistinguishable between the two
atolls (t = 1.12, df = 11, p = 0.3; Figure 1C).

Fish community change

We found significant differences in total fish biomass
between Tabuaeran and Palmyra atolls (F = −13.96,
p < 0.001; Figure 1D), with average biomass (mean ± SE)
declining from 175 ± 22 kg/1000 m2 at Palmyra Atoll to
141 ± 34 kg/1000 m2 at Tabuaeran Atoll. Notably, there
were also strong interactions between atolls and feeding
guild (F = 3.89, p = 0.01); predators declined 63% on
average on fished atolls (t = 3.395, p = 0.001), while
invertivores actually increased 33% in the fished site
(t = 2.84, p < 0.01); while both herbivores and
planktivores were lower in average biomass in fished ver-
sus unfished sites, there were no significant differences.

Trophic position and niche across sites

There were significant differences in δ15N values by spe-
cies (F(6, 222) = 116.72, p < 0.0001; Figure 2) as well as
species by atoll interactions (F(7, 222) = 14.35, p < 0.0001).
Comparing δ15N for each of the seven fish spe-
cies across atolls, we found no significant difference

F I GURE 2 Comparisons of δ15N and δ13C across both sites of lower trophic-level organisms (Porites sp. and A. nigricans, greens),

teleost fish mesopredators (C. argus, C. melampygus, L. fulvusin, blues), and sharks (C. amblyrhynchos and C. galapagensis, reds). Higher

δ15N values typically represent higher trophic position, while δ13C values show carbon sources.

8 of 18 YOUNG ET AL.

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3002 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [03/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in δ15N values observed between atolls for the her-
bivorous fish A. nigricans (t(19.51) = −0.93, p = 0.4) or
the two smaller and more sedentary mesopredatory
fish L. fulvus (t(26.85) = −1.80, p = 0.08) and C. argus
(t(6.34) = −0.78, p = 0.47; Figure 3). Results from coral

cores also showed no significant difference in δ15N across
atolls (t(28.34) = 1.34, p = 0.2). However, the three
highest trophic-level species all showed significant differ-
ence in bulk δ15N values between atolls (C. melampygus:
t(8.37) = −2.84, p = 0.02, C. galapagensis: t(5.21) = −4.13,
p < 0.01, and C. amblyrhynchos t(11.73) = −18.49,
p < 0.001; Figure 3). For all three of these predatory species
Tabuaeran Atoll showed a lower mean δ15N value com-
pared to Palmyra atoll. Only one species, A. nigricans,
showed significant differences in δ13C values across atolls
(t = 7.153, df = 18.5, p < 0.001), with significantly less-
negative values in Tabuaeran compared with Palmyra
Atoll.

Beyond these single-isotope comparisons, we also saw
differences in niche width comparisons. Using 95% confi-
dence intervals for trophic niche characterization of spe-
cies, we found the following amounts of trophic niche
overlap between the two sites (proportion of overlap com-
pared to nonoverlapping areas) in order from least to
most overlap: C. amblyrhynchos (<0.00), C. galapagensis
(0.14), C. argus (0.17), C. melampygus (0.19), L. fulvus
(0.37), A. nigricans (0.22), Porites (0.55). Patterns of effects
of atoll on trophic area (TA) and SEAc varied widely by
species (Table 1). However, both shark species showed a
larger TA at Palmyra.

CSSIA analysis of trophic position

Consistent with findings from bulk isotopic analysis, TP
as determined by CSSIA with C. amblyrhynchos revealed
that these species occupy a significantly higher TP at Pal-
myra than at Tabuaeran Atoll using a comparison of all
TAAs to all SAAs (t = −2.9, df = 5.9, p = 0.03;
Figure 3B). Despite the uncertainty concerning the best
metrics to use for these species, this result was consistent
regardless of whether we calculated TP using compari-
sons of Glu to Gly (t = −2.8, df = 5.3, p = 0.05), or using
comparison of all TAAs to Gly (t = 3.8,
df = 6.6, p < 0.01).

DISCUSSION

Although the two atolls, one unfished and one modestly
fished, were indistinguishable with respect to their ben-
thic cover and general coral reef structure, there were sig-
nificant differences in total fish biomass, presumably
arising from the higher human fishing pressure at Tabua-
eran Atoll. These declines were especially pronounced
for piscivorous fishes, likely explained by preferential
selection of the relatively large-bodied predatory fish spe-
cies. Invertivores actually increased in these fished

F I GURE 3 The 95% ellipse values of δ15N and δ13C in (A) top

predators, (B) meso predators, and (C) lower trophic position

consumers/producers at unfished (closed) and fished (open) atolls.

There were no differences in δ15N in either of the low-

trophic-position consumers/producers (C), or in two of three

mesopredators; there were significant changes in δ15N in both shark

species and in C. melampygus. Only A. nigricans showed significant

shifts in δ13C between atolls. Changes in trophic area and ellipse area

were not consistent across atolls (see also Table 1). Note that while

axes are identical within a panel pair, they vary between panels (A),

(B), and (C) in order to allow better visualization of all data.
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systems. While there was a 1-year offset in sampling at
the two atolls, the magnitude of decline of fish commu-
nity biomass was fairly similar, although somewhat more
modest than that reported in previous studies (e.g., ~37%
declines reported in Sandin et al., 2008), such that it
seems unlikely that interannual variation would explain
these patterns. The disproportionate declines in predatory
fish are also consistent with effects from typical fishing
practices and with results from other studies in this sys-
tem (e.g., Sandin et al. [2008] reports changes from 65%
to 24% of biomass composed of piscivores in Palmyra and
Tabuaeran, respectively) and other coral reefs.

Relative TP (based on bulk δ15N values) did not vary
across atolls for the lower-trophic-level and smaller fish
species. Coral results also showed no differences in base-
line δ15N values, even across long time periods that
encompassed both before and after intensive fishing
impacts at Tabuaeran. However, both shark species and
the largest of the mesopredators (C. melampygus) showed
significant decreases in trophic level at fished Tabuaeran
compared to unfished Palmyra Atoll. Results from CSSIA
analysis within C. amblyrhynchos provided strong evi-
dence that these effects were due to the changing TP of
these higher-trophic-level predators rather than variation
in the baseline of δ15N between Palmyra and Tabuaeran.
While our CSSIA data are limited by the small sample
size and several other sources of error, the relative
change in TP across sites from CSSIA estimates ranged
from 0.25 to 1.0 trophic levels; while the low-end esti-
mate of change is rather modest, we highlight that even

this difference in TP between sites for C. amblyrhynchos
is as large as the entire range of TP estimates within an
island, suggesting that, while numerically small, such a
change could still be ecologically meaningful.

Notably, the sharks in this study had δ15N values sim-
ilar to those of two of the three mesopredators examined
(C. argus, C. melampygus), suggestive of similar TPs. This
result is similar to that of other recent studies (Bond
et al., 2018; Frisch et al., 2016) that, based on both stom-
ach contents and stable isotopes, found that reef sharks
occupied functional roles similar to those of other high-
level mesopredators such as snappers, groupers, and
emperor fish. Importantly, we emphasize that there could
be species-specific discrimination factor differences
across species not considered. While this should not
strongly affect comparison of relative changes in TP, it
could limit our ability to compare absolute TP variation
across species.

Interestingly, we saw very little evidence for shifts in
carbon sourcing across fish species. Only the obligate her-
bivore A. nigricans showed significant differences in car-
bon sourcing across systems. This is consistent with other
studies that showed changes in herbivore diet across fish-
ing pressures (Leitão et al., 2023) and studies that showed
changes in herbivore behavior in response to declines in
predators (Madin, Gaines, Madin, & Warner, 2010; Rasher
et al., 2017). Such changes in the diets of herbivores may
have important ecological consequences in this system
beyond the scope of this study. However, for the purpose
of answering the questions posed in this study, it is notable

TAB L E 1 Measurements of trophic area (TA) and corrected standard ellipse area (SEAc) by species and atoll.

Species Species Status TA SEAc

Basal consumers Porites Fished 17.48 5.52

lutea Unfished 32.5 10.01

Acanthurus nigricans Fished 11.6 4.3

Unfished 6.69 1.97

Teleost mesopredators Lutjanus Fished 7.23 3.27

fulvus Unfished 8.76 3.05

Cephalophis argus Fished 1.9 1.57

Unfished 0.8 0.27

Caranx melampygus Fished 10.69 8.91

Unfished 8.16 3.86

Sharks Carcharhinus galapagensis Fished 0.15 0.2

Unfished 1.55 0.71

Carcharhinus amblyrhynchos Fished 0.73 0.5

Unfished 1 0.29

Note: These are grouped by low-trophic-level species (a coral and an herbivorous fish), teleost mesopredators, and shark predators. Bolded values simply
indicate the higher value within species across the atoll for ease of comparison.
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that there were no changes in the δ15N of herbivores,
suggesting no shift in baseline δ15N across sites. Also, the
observed lack of difference of a δ13C shift for all predatory
species, combined with the CSSIA results discussed earlier,
suggests that changes in δ15N across larger predatory spe-
cies is unlikely to be due to spatial changes in the foraging
ecology of these species.

Multiple possible mechanisms might explain how
fishing may have reduced the TP of top consumers
(a metric of food chain length). First, the observed and
pronounced abundance declines of the largest fishes at
our fished sites might have forced the remaining preda-
tors to feed with greater frequency on the remaining
smaller-bodied or lower-trophic-level prey species. This
may be due to reduced intraguild foraging (e.g., more
feeding on herbivores and less on other mesopredators).
While other studies found evidence of predator prey spe-
cies switching diets in response to fishing (e.g., Barley
et al., 2017; Dierking et al., 2009), this may be more diffi-
cult for smaller mesopredator species (e.g., L. fulvus) or
more resident species that may have less ability to switch
prey. This explanation is somewhat supported by the pat-
terns we observed; the three largest and most mobile spe-
cies show changes in TP, while smaller and more
resident mesopredators (and basal consumers) did not.
However, if ability or need to prey switch is the only
driver, it is surprising that C. argus did not change TPs.
Other studies have shown that C. argus is very good at
prey switching in degraded reefs, making it surprising
that they would not also show these patterns if prey
switching capability were the primary driver (Karkarey
et al., 2017). However, if C. argus tends to target smaller
prey than the other species, it may have less need to prey
switch since smaller-bodied prey are minimally impacted
in this system. Notably, the lack of significant shifts in
δ13C across these species suggests that any change in diet
is likely due to changes in prey choice and not changes in
foraging location.

The predators themselves might also be getting
smaller, such that even if individuals of a given body size
are not changing diets across atolls, the species as a group
is eating smaller prey because the species as a group have
shrunk in size. This may be especially true of teleost fish,
which are more gape-limited than sharks. However, at
least for sharks, we did not see any correlation between
body size and trophic level relationship consistent with
that pattern (Figure 4C). Given that tropical sharks
are experiencing substantial declines in body size, this
suggests that this change alone may not show major dif-
ferences in the trophic architecture of communities (Roff
et al., 2018). However, it should be noted that this conclu-
sion applies only to adult sharks, as sampled in this
study. Other studies have observed dramatic changes in

diet in sharks across their full ontogeny; however, many
of the most dramatic shifts occur in much smaller size
classes (Wetherbee et al., 1996).

An alternative (and not mutually exclusive) hypothe-
sis to the higher-level predators (e.g., sharks) having been
reduced in size is that the intermediate-level predators
(e.g., snappers) themselves may have been reduced in
size. Such size changes would result in these intermediate
predators now targeting different species, ratcheting
down food chain length, without any differences in the
species of prey the higher-level predators eat. Such pat-
terns have been seen in terrestrial environments, where
trophic changes observed isotopically in top predators
actually seem to be driven by changes in the diet of prey
species or in smaller individuals of the same species
(Kuile et al., 2022). This is consistent with a widespread
pattern of decreasing body size of fish in response to fish-
ing pressure, including in response to shark removal and
on coral reef communities (Hammerschlag et al., 2018;
Robinson et al., 2017; Zgliczynski & Sandin, 2017). We
notably did not see changes in TP in smaller or lower-
level predators, which could be consistent with this
explanation, as smaller prey and, in particular, inverte-
brate prey would be less likely to have size distributions
impacted by human fishing pressure, such that these
mesopredators would not be expected to show such
changes. However, for the species that do change TP
across fish contexts, we do not see any consistent shrink-
ing in SEAc across predators between fished and
unfished areas for predatory species, as has been seen in
other studies (Layman, Albrey Arrington, et al., 2007)
and as might be expected if the trophic range available to
them were consistently shrinking.

Another possible explanation is the otherwise highly
intact condition of the focal unfished reef (Palmyra) uti-
lized in our study. Caribbean reefs have been experienc-
ing multiple stressors for much longer periods of time
and present a sharp contrast to highly remote Palmyra
Atoll. Notably, they have experienced regional fishing
impacts, and particularly high reductions in large and
predatory fish (including sharks), for many decades
(Dillon et al., 2021; Pandolfi et al., 2003; Rioja-Nieto &
Álvarez-Filip, 2019; Schmitter-Soto et al., 2018). Even rel-
atively intact Caribbean reefs, such as those examined by
Morillo-Velarde et al. (2018), may have already lost many
players, so there may have been less flexibility for preda-
tors (or mesopredators) to shift diet in response to further
disturbance. Caribbean reefs are also relatively low in
diversity (Roff & Mumby, 2012), potentially leaving less
potential for prey switching in these systems.

The significant change in TP for reef sharks is particu-
larly notable given that previous work suggested that
these reef sharks might source as little as 20% of their
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nutrients from reef-derived productivity (McCauley,
Young, et al., 2012). This makes it particularly surprising
to see differences in TP without changes in carbon sourc-
ing. We suggest at least three non-mutually exclusive

potential mechanisms that could give rise to the changes
in TP we observed: (1) While we have not directly mea-
sured fishing pressure in this system, this pressure may
well extend into the “near” pelagic zone, and this fishing

F I GURE 4 (A) Focusing on bulk δ15N values, there were significant shifts to lower values in fished (F) Tabuaeran Atoll compared to

unfished (U) Palmyra Atoll only in the two sharks (A) and one mesopredator (C. melampygus). Lower-trophic-level organisms (coral,

surgeonfish) and smaller predators (snapper and grouper) showed no significant differences. (B) Compound-specific stable isotope results for

C. amblyrhynchos showed values similar to those suggested by bulk amino analyses (using all trophic and source amino acids), suggesting

that the observed differences in δ15N values represented a shift in trophic position to higher trophic levels in unfished sites compared to

fished sites. (C) Notably, there was no relationship between body size (total length) and δ15N in the adult sharks used in this study.

12 of 18 YOUNG ET AL.
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may also be “fishing down” the size structure (or trophic
structure) of these pelagic systems. Such impacts have
been hypothesized in other pelagic systems. The pelagic
area near Tabuaeran Atoll is known to be used by resi-
dent fishers as well as intermittently by commercial fish-
ers pursuing pelagic prey; so we might expect fish like
C. amblyrhynchos that appear to source nutrients from
pelagic environments (while still staying in close proxim-
ity to the reef) to be affected by any size class reductions
from these fisheries operating in both areas where they
feed. (2) Although a large contribution of source carbon to
C. amblyrhynchos is pelagic, it may be that that this
“pelagic” carbon is captured and transferred through reef-
based fish, such that they are not actually eating as much
pelagic food as previous analyses suggested. If
C. amblyrhynchos (or, more realistically, their intermediate
prey) were eating mostly planktivorous fish on the reef,
they would still look pelagic while being more impacted
by reef-centric fishing pressures. Recent work emphasizing
the importance of pelagically sourced nutrients even in
obligately reef-dwelling fishes suggest that this interpreta-
tion requires consideration (Brandl et al., 2019; Skinner
et al., 2021). Finally, (3) if there are sufficiently strong
changes to the food chain length of the community on the
reef (as suggested by studies describing impacts of fishing
on reef fish biomass in this study archipelago), those
changes, even if they only effect 20% of their diet, could
very well manifest as a significant change in TP.

Understanding the effects of selective fishing of large
predatory species including sharks is critical. Nearly two-
thirds of coral reef-associated sharks and rays are threat-
ened with extinction (Bradley & Gaines, 2014; Dulvy
et al., 2021; Letessier et al., 2019; Williams et al., 2010).
Tropical sharks have declined 74%–92% (Roff et al., 2018),
and reef sharks are now totally absent on 20% of the
world’s coral reefs (MacNeil et al., 2020). Charcharhinus
amblyrhynchos, once highly abundant and composing
large proportions of the total biomass at upper trophic
levels of coral reef ecosystems, has moved from least con-
cern to endangered in 20 years (Simpfendorfer
et al., 2020). These sharks are a major component of pred-
ator biomass in tropical pelagic and reef environments
and have been postulated to play an important role in reef
ecosystem health, functioning, and behavioral processes
on reefs (Jorgensen et al., 2022; Roff et al., 2016); however,
our understanding of their full influence on such ecosys-
tems has been debated and remains a subject of inquiry
and an area needing additional research (Jorgensen
et al., 2022; Roff et al., 2016). While in this study we did
not see the reef sharks operating at a substantially higher
TP than the larger teleost mesopredators, they did occupy
trophic niches that were distinct among them and vis-à-vis
any of the teleost fish when both δ13C and δ15N were

included. This suggests low dietary overlap and, thus, per-
haps, different functional roles. As in other recent reviews
of sharks, this may hint at a low functional redundancy
between sharks and other species, suggesting unique roles
and important impacts their loss may have on ecosystems
(Hussey et al., 2015; McCauley et al., 2010; McCauley,
Young, et al., 2012).

Conclusions

While there is extensive literature on the effects of fishing
on the biomass, body size distributions, diversity, and
behavior of affected coral reef and other marine commu-
nities, very little work has been done to examine how
such fishing affects functionally critical, but more diffi-
cult to measure, structural properties of ecosystems, such
as food chain length. Here we highlight how even rela-
tively modest harvest appears to strongly alter the funda-
mental properties of food web architecture and trophic
ecology, including by cryptically shortening food chain
length and changing the trophic ecology of the highest-
level consumers—without local or regional extirpation of
these consumers. Such alterations and associated losses
of interaction and function may be among the most insid-
ious and important impacts resulting from human
change (Jordano, 2016).

There is also significant applied management utility
of these results in the context of coral reefs, as well as
other systems. For example, the enhanced spatial protec-
tion conferred on our unfished reefs in the protected
Pacific Remote Islands Marine National Monument Area
appears to have preserved facets of food chain architec-
ture in Palmyra’s ecosystems—adding more depth to our
understanding of the diverse benefits conferred by such
protected areas. Such results are especially timely in light
of emerging conversations on expanding protected areas
to manage the integrity of whole ecosystems on land and
in the ocean (e.g., Convention on Biological Diversity
30 × 30 agreement; UNEP, 2022). These observations of
the impacts of fishing on food chain length are equally
germane to considerations of how to use fisheries man-
agement tools, in the majority of the ocean outside of
protected areas, to minimize food web disruptions—and
contribute to and enlarge the concept of ecosystem-based
management (Pikitch et al., 2004).

Lastly, it is worth considering whether some of the
methods communicated here (e.g., comparative surveys
of natural abundance/compound-specific isotope signa-
tures of top predators) could even offer a simple and rela-
tively low-cost means of using predator chemistry as an
indicator of ecosystem structural health and to assess
recovery after intervention.
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In sum, these results suggest the possibility that
food chains and interaction length may have cont-
racted as a result of harvest in ways that have gone
largely unnoticed in many systems. Future research
will help to illuminate the ubiquity of these potential
structural shifts in marine systems and beyond and will
shed light more definitively on the mechanisms under-
pinning these contractions.
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Rioja-Nieto, R., and L. Álvarez-Filip. 2019. “Coral Reef Systems of
the Mexican Caribbean: Status, Recent Trends and Conserva-
tion.” Marine Pollution Bulletin 140: 616–625.

Robbins, W. D., M. Hisano, S. R. Connolly, and J. Howard Choat.
2006. “Ongoing Collapse of Coral-Reef Shark Populations.”
Current Biology 16(23): 2314–19.

Robinson, J. P. W., I. D. Williams, A. M. Edwards, J. McPherson,
L. Yeager, L. Vigliola, R. E. Brainard, and J. K. Baum. 2017.
“Fishing Degrades Size Structure of Coral Reef Fish Commu-
nities.” Global Change Biology 23(3): 1009–22.

Roff, G., C. J. Brown, M. A. Priest, and P. J. Mumby. 2018. “Decline
of Coastal Apex Shark Populations over the Past Half Cen-
tury.” Communications Biology 1: 223. https://doi.org/10.1038/
s42003-018-0233-1.

Roff, G., C. Doropoulos, A. Rogers, Y.-M. Bozec, N. C. Krueck,
E. Aurellado, M. Priest, C. Birrell, and P. J. Mumby. 2016.

“The Ecological Role of Sharks on Coral Reefs.” Trends in
Ecology & Evolution 31(5): 395–407. https://doi.org/10.1016/j.
tree.2016.02.014.

Roff, G., and P. J. Mumby. 2012. “Global Disparity in the Resilience
of Coral Reefs.” Trends in Ecology & Evolution 27(7): 404–413.
https://doi.org/10.1016/j.tree.2012.04.007.

Ruppert, J. L. W., M. J. Travers, L. L. Smith, M.-J. Fortin, and M. G.
Meekan. 2013. “Caught in the Middle: Combined Impacts of
Shark Removal and Coral Loss on the Fish Communities
of Coral Reefs.” PLoS One 8(9): e74648. https://doi.org/10.
1371/journal.pone.0074648.

Salomon, A. K., S. K. Gaichas, N. T. Shears, J. E. Smith, E. M. P.
Madin, and S. D. Gaines. 2010. “Key Features and Context-
Dependence of Fishery-Induced Trophic Cascades.” Conserva-
tion Biology 24(2): 382–394.

Sandin, S. A., J. E. Smith, E. E. DeMartini, E. A. Dinsdale, S. D.
Donner, A. M. Friedlander, T. Konotchick, et al. 2008. “Base-
lines and Degradation of Coral Reefs in the Northern Line
Islands.” PLoS One 3(2): e1548. https://doi.org/10.1371/
journal.pone.0001548.

Schmitter-Soto, J. J., A. Aguilar-Perera, A. Cruz-Martínez, R. L.
Herrera-Pav�on, A. A. Morales-Aranda, and D. Cobi�an-Rojas.
2018. “Interdecadal Trends in Composition, Density, Size, and
Mean Trophic Level of Fish Species and Guilds before
and after Coastal Development in the Mexican Caribbean.”
Biodiversity and Conservation 27: 459–474.

Schriever, T. A., and D. Dudley Williams. 2013. “Influence of Pond
Hydroperiod, Size, and Community Richness on Food-Chain
Length.” Freshwater Science 32(3): 964–975.

Seminoff, J. A., S. R. Benson, K. E. Arthur, T. Eguchi, P. H. Dutton,
R. F. Tapilatu, and B. N. Popp. 2012. “Stable Isotope Tracking
of Endangered Sea Turtles: Validation with Satellite Telemetry
and δ15N Analysis of Amino Acids.” PLoS One 7(5): e37403.

Sherman, C. S., C. A. Simpfendorfer, N. Pacoureau, J. H.
Matsushiba, H. F. Yan, R. H. L. Walls, C. L. Rigby, W. J.
VanderWright, R. W. Jabado, and R. A. Pollom. 2023. “Half a
Century of Rising Extinction Risk of Coral Reef Sharks and
Rays.” Nature Communications 14(1): 15.

Simpfendorfer, C., R. R. Yuneni, D. Tanay, L. Seyha, A. B. Haque,
F. B. A. Ali, D. Bineesh, K. K. Gautama, D. A. Maung, A.
Sianipar, A. J. A. T. Utzurrum, and V. Q. Vo. 2020.
“Carcharhinus Melanopterus” (Quoy & Gaimard, 1824). The
IUCN Red List of Threatened Species. https://doi.org/10.2305/
IUCN.UK.2020-3.RLTS.T39375A58303674.en

Skinner, C., A. C. Mill, M. D. Fox, S. P. Newman, Y. Zhu, A. Kuhl, and
N. V. C. Polunin. 2021. “Offshore Pelagic Subsidies Dominate
Carbon Inputs to Coral Reef Predators.” Science Advances 7(8):
eabf3792.

Skinner, C., M. R. D. Cobain, Y. Zhu, A. S. J. Wyatt, and N. V. C.
Polunin. 2022. “Progress and direction in the use of stable iso-
topes to understand complex coral reef ecosystems: A Review.”
Oceanography and Marine Biology 373–432.

Stallings, C. D. 2009. “Fishery-Independent Data Reveal Negative
Effect of Human Population Density on Caribbean Predatory
Fish Communities.” PLoS One 4(5): e5333.

Stevenson, C., L. S. Katz, F. Micheli, B. Block, K. W. Heiman,
C. Perle, K. Weng, R. Dunbar, and J. Witting. 2007. “High
Apex Predator Biomass on Remote Pacific Islands.” Coral Reefs
26(1): 47–51. https://doi.org/10.1007/s00338-006-0158-x.

ECOLOGICAL APPLICATIONS 17 of 18

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3002 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [03/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.1085706
https://doi.org/10.1126/science.1085706
https://doi.org/10.1017/S175526721400116X
https://doi.org/10.3354/meps320239
https://doi.org/10.1016/S1936-7961(07)01012-3
https://doi.org/10.1038/s41598-017-15679-w
https://doi.org/10.1038/s42003-018-0233-1
https://doi.org/10.1038/s42003-018-0233-1
https://doi.org/10.1016/j.tree.2016.02.014
https://doi.org/10.1016/j.tree.2016.02.014
https://doi.org/10.1016/j.tree.2012.04.007
https://doi.org/10.1371/journal.pone.0074648
https://doi.org/10.1371/journal.pone.0074648
https://doi.org/10.1371/journal.pone.0001548
https://doi.org/10.1371/journal.pone.0001548
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T39375A58303674.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T39375A58303674.en
https://doi.org/10.1007/s00338-006-0158-x


Sudekum, A. E. 1991. “Life History and Ecology of Large Jacks in
Undisturbed, Shallow, Oceanic Communities.” Fish Bull 89:
493–513 https://cir.nii.ac.jp/crid/1572543024730147200.

UNEP, United Nations Environment Program. 2022. “Decision
Adopted by the Conference of the Parties to the Convention
on Biological Diversity: Kunming-Montreal Global Biodiver-
sity Framework.” https://www.cbd.int/doc/decisions/cop-15/
cop-15-dec-04-en.pdf.

Valdivia, A., C. E. Cox, and J. F. Bruno. 2017. “Predatory Fish
Depletion and Recovery Potential on Caribbean Reefs.” Sci-
ence Advances 3(3): e1601303.

Vander Zanden, M., B. J. Jake, N. L. Shuter, and J. B. Rasmussen.
1999. “Patterns of Food Chain Length in Lakes: A Stable Iso-
tope Study.” The American Naturalist 154(4): 406–416.

Walsh, R. G., S. He, and C. T. Yarnes. 2014. “Compound-Specific
δ13C and δ15N Analysis of Amino Acids: A Rapid,
Chloroformate-Based Method for Ecological Studies.” Rapid
Communications in Mass Spectrometry 28(1): 96–108.

Westveer, J., R. Freeman, L. McRae, V. Marconi, R. E. A. Almond,
and M. Grooten. 2022. “A Deep Dive into the Living Planet
Index: A Technical Report.” WWF, Gland, Switzerland. Design
and infographics by: Peer.

Wetherbee, B., G. Crow, and C. Lowe. 1997. “Distribution, Repro-
duction and Diet of the Gray Reef Shark Carcharhinus
amblyrhynchos in Hawaii.” Marine Ecology Progress Series 151:
181–89. https://doi.org/10.3354/meps151181.

Wetherbee, B. M., G. L. Crow, and C. G. Lowe. 1996. “Biology of
the Galapagos Shark, Carcharhinus galapagensis, in Hawai’i.”
Environmental Biology of Fishes 45: 299–310.

Williams, I. D., B. L. Richards, S. A. Sandin, J. K. Baum, R. E.
Schroeder, M. O. Nadon, B. Zgliczynski, P. Craig, J. L. McIlwain,
and R. E. Brainard. 2010. “Differences in Reef Fish Assemblages
between Populated and Remote Reefs Spanning Multiple Archipel-
agos across the Central and Western Pacific.” Journal of Marine
Sciences 2011: e826234. https://doi.org/10.1155/2011/826234.

Wyatt, A. S. J., R. Matsumoto, Y. Chikaraishi, Y. Miyairi,
Y. Yokoyama, K. Sato, N. Ohkouchi, and T. Nagata. 2019.
“Enhancing Insights into Foraging Specialization in the

World’s Largest Fish Using a Multi-Tissue, Multi-Isotope
Approach.” Ecological Monographs 89(1): e01339.

Wyatt, A. S. J., A. M. Waite, and S. Humphries. 2012. “Stable Iso-
tope Analysis Reveals Community-Level Variation in Fish
Trophodynamics across a Fringing Coral Reef.” Coral Reefs 31:
1029–44.

Yarnes, C. T., and J. Herszage. 2017. “The Relative Influence of
Derivatization and Normalization Procedures on the
Compound-Specific Stable Isotope Analysis of Nitrogen in
Amino Acids.” Rapid Communications in Mass Spectrometry
31(8): 693–704.

Young, H. S., D. J. McCauley, R. Dirzo, R. B. Dunbar, and S. A.
Shaffer. 2010. “Niche Partitioning among and within Sympat-
ric Tropical Seabirds Revealed by Stable Isotope Analysis.”
Marine Ecology Progress Series 416: 285–294.

Young, H. S., F. O. McCauley, F. Micheli, R. B. Dunbar, and D. J.
McCauley. 2024. “Data from: Shortened Food Chain Length in
a Fished Versus Unfished Coral Reef.” Dryad, Dataset. https://
doi.org/10.5061/dryad.kprr4xhcg.

Zgliczynski, B. J., and S. A. Sandin. 2017. “Size-Structural Shifts
Reveal Intensity of Exploitation in Coral Reef Fisheries.” Eco-
logical Indicators 73: 411–421. https://doi.org/10.1016/j.
ecolind.2016.09.045.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Young, Hillary S., Finn
O. McCauley, Fiorenza Micheli, Robert B. Dunbar,
and Douglas J. McCauley. 2024. “Shortened Food
Chain Length in a Fished versus Unfished Coral
Reef.” Ecological Applications 34(5): e3002. https://
doi.org/10.1002/eap.3002

18 of 18 YOUNG ET AL.

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3002 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [03/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://cir.nii.ac.jp/crid/1572543024730147200
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf
https://doi.org/10.3354/meps151181
https://doi.org/10.1155/2011/826234
https://doi.org/10.5061/dryad.kprr4xhcg
https://doi.org/10.5061/dryad.kprr4xhcg
https://doi.org/10.1016/j.ecolind.2016.09.045
https://doi.org/10.1016/j.ecolind.2016.09.045
https://doi.org/10.1002/eap.3002
https://doi.org/10.1002/eap.3002

	Shortened food chain length in a fished versus unfished coral reef
	INTRODUCTION
	METHODS
	Sites and species
	Characterization of reef communities
	Isotopic sample collection
	Sample preparation and analyses
	Calculations of trophic position

	DATA ANALYSIS
	RESULTS
	Reef characterization
	Fish community change
	Trophic position and niche across sites
	CSSIA analysis of trophic position

	DISCUSSION
	Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


