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a b s t r a c t

Food web structure is shaped by interactions within and across trophic levels. As such, understanding
how the presence and absence of predators, prey, and competitors affect species foraging patterns is
important for predicting the consequences of changes in species abundances, distributions, and be-
haviors. Here, we used plasma d13C and d15N values from juvenile blacktip reef sharks (Carcharhinus
melanopterus) and juvenile sicklefin lemon sharks (Negaprion acutidens) to investigate how species co-
occurrence affects their trophic interactions in littoral waters of Moorea, French Polynesia. Co-
occurrence led to isotopic niche partitioning among sharks within nurseries, with significant increases
in d15N values among sicklefin lemon sharks, and significant decreases in d15N among blacktip reef
sharks. Niche segregation likely promotes coexistence of these two predators during early years of
growth and development, but data do not suggest coexistence affects life history traits, such as body size,
body condition, and ontogenetic niche shifts. Plasticity in trophic niches among juvenile blacktip reef
sharks and sicklefin lemon sharks also suggests these predators are able to account for changes in
community structure, resource availability, and intra-guild competition, and may fill similar functional
roles in the absence of the other species, which is important as environmental change and human im-
pacts persist in coral reef ecosystems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the factors that shape animal behavior and
foraging decisions is important for predicting how environmental
changes may affect ecological communities in the event of
disturbance (Duffy, 2002; Heithaus et al., 2008). Within food
webs, the presence or absence of species that serve as predators,
prey, and/or competitors play a crucial role in shaping the trophic
interactions, and thus the niches that species fill (Paine, 1966;
Polis and Strong, 1996). These interspecific interactions can be
especially important among juvenile animals that must face food-
Florida International Univer-
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risk trade-offs during early periods of growth and development
(Heithaus, 2007). For example, juvenile Atlantic salmon (Salmo
salar) exhibit reduced foraging areas and foraging activities in
response to proximate predators (Metcalf et al., 1987), whereas
juvenile stone loach (Barbatula barbatula) decrease consumption
rates when predators are present (Nilsson et al., 2010). In Lau-
rentian Shield lakes, Canada, the presence of yellow perch (Perca
flavescens) causes juvenile brook trout (Salvelinus fontinalis) to
switch from littoral to pelagic prey (Browne and Rasmussen,
2009), and competition leads to a decrease in prey size selected
by upland bullies (Gobiomorphus breviceps) in controlled settings
(James and Poulin, 1998).

Competitive interactions can lead to reductions in occupied
niche space, as well as increase dietary plasticity within trophic
guilds (Chase and Leibold, 2003; Holt, 2009; Pfennig and Pfennig,
2009). Indeed, the presence of competitors can lead to niche
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segregation and expansion among herbivores (e.g. Stewart et al.,
2003; Kartzinel et al., 2015) and predators (e.g. Fedriani et al.,
2000; Elboch et al., 2015; Matich et al., 2017), potentially chang-
ing the roles species play within their respective food webs.
Investigating the importance of competitive interactions, however,
can be challenging for large-bodied species, and using ecosystems
and conditions that serve as natural experiments provides the
opportunity to test and refine hypotheses that stem from studies of
smaller-bodied species, and develop predictive frameworks con-
cerning species co-occurrences and declines (Schoener, 1983; Sih
et al., 1985).

Globally, coastal marine ecosystems serve as nurseries for
sharks in temperate, subtropical, and tropical latitudes, and
nursery habitats can support more than one juvenile shark spe-
cies (reviewed by Heithaus, 2007; Heupel et al., 2007). These
nurseries are generally small and discrete, and their accessibility
has provided opportunities to better understand the behavior,
movements and trophic interactions of a diversity of shark species
(McCandless et al., 2007; Heupel et al., 2007; Grubbs, 2010). Since
nurseries can either be mono- or multi-specific (i.e. they support
either one or several species, respectively), they provide an op-
portunity to investigate the potential influence of species co-
occurrence on the trophic interactions of sharks. However, a
lack of replicate ecosystems where environmental conditions and
food webs are similar limits our ability to investigate the impacts
juvenile sharks have on one another (but see e.g. Hueter and
Tyminski, 2007; Yates et al., 2015). Worldwide declines in elas-
mobranchs necessitates understanding how the loss of sharks
may affect communities and, ultimately, the function of marine
ecosystems (Ferretti et al., 2010; Dulvy et al., 2014). Thus, un-
derstanding how the presence or absence of one species affects
the behavior and ecology of other sharks is of great interest from
ecological and conservation perspectives. Here, we used stable
carbon (d13C) and nitrogen (d15N) isotope values from juvenile
blacktip reef sharks (Carcharhinus melanopterus) and juvenile
sicklefin lemon sharks (Negaprion acutidens) to investigate how
species co-occurrence affects trophic interactions of these sharks
within the shallow lagoons of Moorea, French Polynesia. We test
Fig. 1. The island of Moorea, French Polynesia is surrounded by fringing reef. Shark silhouett
nurseries, black silhouettes identify monospecific lemon shark nurseries, and black and gra
the hypothesis that niche segregation occurs in response to po-
tential competition for food resources between co-occurring
shark species within their nursery habitats (Chase and Leibold,
2003; Holt, 2009; Pfennig and Pfennig, 2009).

2. Methods

2.1. Field and laboratory sampling

Moorea, French Polynesia (S 17�300, W 149�510) is located west
of Tahiti in the Society Islands, and is surrounded by an array of
lagoons bordered by fringing reef (Fig. 1). These shallow lagoons
provide protection from large predatory sharks, and serve as
nurseries for juvenile blacktip reef sharks and sicklefin lemon
sharks, hereafter lemon sharks (Mourier and Planes, 2013; Mourier
et al., 2013a). Sampling was conducted from January 2012 to
January 2013 across nine nurseries previously identified (Mourier
and Planes, 2013; Mourier et al., 2013a), six of which only sup-
ported blacktip reef sharks, one of which only supported lemon
sharks, and two of which supported juvenile sharks of both species
(J. Mourier unpublished data; Fig. 1).

Sharks were caught using small gillnets placed perpendicu-
larly to the shoreline at dusk and during early evening hours (from
17:00 to 21:00), in waters 50e100 cm deep. Upon capture, sharks
were externally tagged using numbered spaghetti identification
tags implanted next to the dorsal fin. Shark total length was
measured to the nearest 0.5 cm, and body mass was measured to
the nearest 0.1 kg. An 18-gauge needle was used to collect 3 mL of
blood from the caudal vein during each capture. Blood samples
were placed into BD Vacutainer blood collection vials without
anticoagulants, and immediately separated into components,
including plasma, using a centrifuge spun for one minute at
3000 rpm. Plasma samples were put on ice and frozen before
laboratory preparations.

All samples were dried and homogenized for stable isotopic
analysis at Florida International University's Stable Isotope Labo-
ratory, during which variation among standards was 0.07‰ and
0.08‰ ± SD for d13C and d15N, respectively. Mean C:N of plasma
es denote sampling locations. Gray silhouettes identify monospecific blacktip reef shark
y silhouettes identify multispecific nurseries.
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were 1.95 ± 0.22 for blacktip reef sharks, and 1.84 ± 0.15 for lemon
sharks, therefore lipids were not extracted (Post et al., 2007).
2.2. Quantitative analysis

Plasma stable isotope values were plotted on d13C-d15N biplots,
andMANOVAwas used to test for differences across species. Plasma
exhibits a much faster turnover rate (isotopic half-life: d13C ¼ ~22
days; d15N ¼ ~33 days; Kim et al., 2012) than other tissues that can
be sampled from sharks non-lethally (MacNeil et al., 2006; Kim
et al., 2012; Vander Zanden et al., 2015), and therefore provided
the most recent indications of trophic interactions among sharks.
MANOVA was also employed to quantify significant differences in
d13C and d15N values for each species across lagoons, and the effects
of species co-occurrence on d13C and d15N values, with subsequent
ANOVAs and post hoc Tukey's tests. d13C and d15N values were
individually plotted against shark total length (TL), and potential
ontogenetic shifts in trophic interactions across the size ranges
found in nurseries were quantified using linear regression. Two-
tailed t-tests at a ¼ 0.05 assessed differences in slopes across
species, and between monospecific and multi-specific nurseries -
sample sizes were not large enough to test for differences across all
lagoons.
Table 1
Summary of data for blacktip reef sharks and sicklefin lemon sharks sampled in monospe
including sample sizes, capture dates, range of total lengths (in cm), mean d13C and d15N
length (in ‰/cm TL).

Species Nursery type n Capture dates TL range

C. melanopterus monospecific 84 Jan 2012eMay 2012 55.0e85.5
C. melanopterus multispecific 20 Jan 2012eMay 2012 58.0e70.0
N. acutidens monospecific 11 Jan 2012eMay 2012 62.0e87.0
N. acutidens multispecific 45 Jan 2012eJan 2013 58.0e87.0

Fig. 2. Isotopic biplot (in ‰) for A) all blacktip reef sharks (gray circles) and all lemon shark
represents the area of panel B) Mean d13C and d15N values (with SEs) for blacktip reef shark
multi-specific nurseries (black symbols).
To ensure shark size did not bias results, ANOVAs were used to
test for significant differences in shark size and body condition
across lagoons. Body conditions were calculated using residuals
from regression of body length vs. body mass. All analyses were
performed in IBM SPSS 22.
3. Results

From January 2012eMay 2012, and November 2012eJanuary
2013, 99 juvenile blacktip reef sharks and 56 juvenile lemon sharks
were sampled, ranging from 55 to 86 cm total length (TL) and
58e87 cm TL, respectively (Table 1). No significant differences were
found in shark sizes or body conditions between monospecific and
multi-specific nurseries for blacktip reef sharks (F1,92 ¼ 0.05,
p ¼ 0.82, F1,67 ¼ 0.61, p ¼ 0.44, respectively) or lemon sharks
(F1,54 ¼ 1.19, p ¼ 0.28, F1,14 ¼ 0.03, p ¼ 0.86).

Blacktip reef sharks and lemon sharks exhibited wider ranges of
d15N values (9.91‰e17.28‰, and 12.13‰e17.24‰, respectively)
than d13C values (�14.37‰ to �8.20‰, and �13.88‰ to �10.65‰,
respectively; Fig. 2A, Table 1). Lemon sharks had significantly
higher d15N values than blacktip reef sharks (F1,153 ¼ 16.78,
p < 0.01). Blacktip reef sharks exhibited significant differences in
d13C and d15N across study sites (F7,91 ¼ 8.76, p < 0.01, F7,91 ¼17.30,
cific (only one shark species present) and multi-specific nurseries (species co-occur),
± SD (in ‰), and slope of best fit line for regression of d13C and d15N with shark total

d13C d15N Slope TL v d13C Slope TL v d15N

�11.79 ± 1.30 13.69 ± 1.50 0.104 �0.111
�11.97 ± 0.75 12.09 ± 0.80 0.147 �0.111
�12.10 ± 0.62 13.55 ± 0.59 0.026 �0.022
�12.15 ± 0.82 14.51 ± 1.21 0.006 �0.085

s (black circles), which exhibited significant differences in d15N values. The dashed box
s (squares) and lemon sharks (triangles) in monospecific nurseries (gray symbols), and



Fig. 3. Mean d13C and d15N values (in ‰, with SE) for blacktip reef sharks (squares) and lemon sharks (triangles) for each nursery - monospecific nurseries are gray squares and
triangles, and multi-specific nurseries are black squares and triangles.
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p < 0.01, respectively), and lemon sharks exhibited significant dif-
ferences in d15N across study sites (F2,53 ¼ 6.40, p < 0.01; Fig. 3,
Appendices A, B& C). Differences in d15Nwere driven by patterns in
species co-occurrence - blacktip reef sharks exhibited significantly
lower d15N values in multi-specific nurseries than monospecific
nurseries (F1,97 ¼ 22.69, p < 0.01), and lemon sharks exhibited
significantly higher d15N values in multi-specific nurseries than
monospecific nurseries (F1,54 ¼ 6.50, p ¼ 0.01; Fig. 2B). There were
no significant differences in d13C values among blacktip reef sharks
or lemon sharks based on nursery type (F1,97 ¼ 0.33, p ¼ 0.57,
F1,54 ¼ 0.04, p ¼ 0.85, respectively; Fig. 2B). Differences in blacktip
reef shark d13C values were attributed to the depletion of 13C among
sharks caught in Maharepa, and the enrichment of 13C among
sharks caught in Papetoai (Fig. 3, Appendices A, B & C).

An ontogenetic shift in d13C occurred among blacktip reef sharks
within nurseries. Both blacktip reef sharks and lemon sharks in
nurseries became more depleted in 15N with total length (Fig. 4).
There were no significant differences in ontogenetic niche shifts
betweenmulti-specific andmonospecific nurseries for blacktip reef
sharks (t97 ¼ 0.75, p ¼ 0.46, t97 ¼ 0.04, p ¼ 0.97, for d13C and d15N,
respectively), nor lemon sharks (t54 ¼ 0.94, p ¼ 0.35 for d15N).
Blacktip reef sharks did exhibit significantly faster depletions in 15N
than lemon sharks in monospecific nurseries (t87 ¼ 2.18, p ¼ 0.02;
Table 1).

4. Discussion

Understanding species interactions and how they are shaped by
co-occurrence patterns is critical for elucidating the impacts that
changes in species abundances and distributions will have on
marine communities (Duffy, 2002; Bascompte et al., 2005; Estes
et al., 2011). Our results suggest that juvenile blacktip reef sharks
and lemon sharks of similar sizes exhibit similar trophic in-
teractions within shallow lagoon food webs of Moorea when the
other species is absent. In contrast, co-occurrence and potential
competition leads to lemon sharks feeding at higher trophic levels,
and blacktip reef sharks feeding at lower trophic levels (based on
differences in d15N values; Hussey et al., 2012), segregating trophic
niche space, and suggesting these species exhibit flexibility in their
trophic interactions.

Within food webs, particularly in resource-limited contexts,
sympatric species are expected to exhibit distinct resource use
patterns in order to coexist (Pianka, 1974; Schluter and McPhail,
1992), thus niche segregation among blacktip reef sharks and
lemon sharks was not unexpected. Trophic niche segregation can
be facilitated by species foraging on different prey species, at
different time periods, and/or in different habitats (e.g. Pianka,
1974). Within Moorea, co-occurrence of blacktip reef sharks and
lemon sharks occurred in two of the nine nurseries surveyed.
However, 67% of lagoons where juvenile lemon sharks were found
(n ¼ 3) supported juvenile blacktip reef sharks, suggesting that
spatial segregation is not the only means through which competi-
tion is reduced between these two shark species. Indeed, not only
did blacktip reef sharks and lemon sharks caught concurrently
exhibit significantly different d15N values from one another, but
lemon sharks caught in monospecific nurseries exhibited signifi-
cantly more depleted d15N values than those caught in multi-
specific nurseries, and blacktip reef sharks caught in monospecific
nurseries exhibited significantly more enriched d15N values than
those caught in multi-specific nurseries, with no significant dif-
ference among lemon sharks and blacktip reef sharks in mono-
specific nurseries. These findings suggest that sharks may fill
similar ecological roles within food webs when species occur
individually, and undergo shifts in d15N when they overlap
spatially, partitioning food resources at different trophic levels,
assuming that d15N is an accurate indicator of trophic level (Post,
2002; Layman et al., 2012). Lemon sharks are born at larger body
sizes (55e66 cm TL; Mourier et al., 2013a) than blacktip reef sharks



Fig. 4. Blacktip reef sharks exhibited a significant enrichment in 13C with shark total length and a significant depletion in 15N with shark total length. Lemon sharks exhibited a
significant depletion in 15N with shark total length. Stable isotope values are in ‰.
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(33e52 cm TL; Mourier et al., 2013b), which may facilitate lemon
sharks in consuming larger prey items at higher trophic levels, and
thus with higher d15N values than blacktip reef sharks when they
co-occur (Hussey et al., 2012). Strong patterns of reproductive
philopatry in both species (Mourier and Planes, 2013; Mourier
et al., 2013a), and site fidelity among young juvenile sharks in
Moorea nurseries (Mourier and Planes, 2013; Mourier et al., 2013a;
Matich et al., 2015), also suggest that niche segregation within
nurseries is consistent across years, and presents the hypothesis
that these patterns may persist outside of nursery habitats as
sharks grow due to continued spatial overlap on reef habitats.

Studies investigating trophic overlap among elasmobranchs in
other ecosystems have shown similar segregation among species
(e.g. Carrass�on and Cartes, 2002; Domi et al., 2005; Barría et al.,
2015; Shaw et al., 2016), while others have shown high levels of
trophic overlap among sharks (e.g. Preciado et al., 2009;
Pethybridge et al., 2011; Heithaus et al., 2013; Kiszka et al., 2014,
2015; Churchill et al., 2015), suggesting trophic niche segregation
is not ubiquitous. Yet, the number of studies investigating elas-
mobranch community trophic interactions currently limits our
ability to discern broad-scale patterns in niche overlap (e.g. based
on region or ecosystem-type), and its implications on shark pop-
ulations. Our results suggest that co-occurrence has nominal effects
on early stages of life history among sharks in Moorea. Both
blacktip reef sharks and lemon sharks undergo ontogenetic shifts in
d15N, but neither species exhibited significant differences in onto-
genetic shifts based on the presence or absence of the other species.
Blacktip reef sharks and lemon sharks also did not exhibit signifi-
cant differences in shark size or in body condition between mono-
and multi-specific nurseries, suggesting that co-occurrence may



C. melanopterus

SS df MSS F-value p-value

d13C 61.79 7 8.83 9.95 <0.01
d15N 137.50 7 19.64 19.70 <0.01

N. acutidens

SS df MSS F-value p-value

d13C 2.59 2 1.29 2.23 0.12
d15N 14.66 2 7.33 6.38 <0.01
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have limited consequences concerning growth and development
during early years, but growth rate studies are needed to test this
hypothesis.

The ecological consequences resultant of niche partitioning
among sharks within lagoon food webs, however, suggest co-
occurrence may play a large part in shaping the ecological roles
blacktip reef sharks and lemon sharks play in Moorea. Sharks serve
as predators within their respective ecosystems (Heithaus et al.,
2010). However, variability in food web structure, including the
presence of competitors, can lead to variability in species' trophic
interactions (Paine, 1966; Polis and Strong, 1996). Sympatric sharks
species (Carcharhinus amblyrhynchos, C. galapagensis, C. plumbeus,
Galeocerdo cuvier) in Hawaii vary in their trophic overlap with one
another based on difference in potential competition and intraguild
predation, illustrating the importance of studying trophic in-
teractions across various contexts (Papastamatiou et al., 2006).
Characids in the Amazon exhibit similar trophic shifts, and promote
coexistence among species with similar trophic niches through
niche width reductions (Barros et al., 2016). When functionally
similar species coexist, competition can lead to niche partitioning
when resources are limited, masking functional redundancy and
the potential for species to fill vacant niche space, which can be
consequential for making predictions concerning food web stabil-
ity (Walker, 1992; Rastetter et al., 1999). Indeed, quantifying trophic
interactions within multi-specific nurseries in Moorea alone would
suggest juvenile blacktip reef sharks and juvenile lemon sharks
exhibit different trophic ecologies and ecological roles within
Moorea, and therefore limited functional redundancy. In the event
of a disturbance and species decline(s), a lack of functional
redundancy could have important implications within lagoon food
web(s) through the loss of essential ecological role(s) of the
declining species (e.g. Downing et al., 2012; Mouillot et al., 2013).
However, when monospecific nurseries are considered with multi-
specific nurseries, blacktip reef sharks and lemon sharks appear
plastic in their trophic interactions, converging to similar isotopic
niches in the absence of the other species. As such, assuming
sympatric species have consistently different ecological roles could
lead to under-estimations of functional redundancy, and thus
resilience within food webs (e.g. Kitchell et al., 2002; Hayward and
Kerley, 2008). While greater investigation across different contexts
is needed, future studies investigating how species co-occurrence
affects trophic niche space and position (Layman et al., 2007;
Jackson et al., 2011) will improve our understanding of the effects
of competition on food web structure and predator-prey in-
teractions, as well as the conditions under which niche partitioning
promotes and obstructs the coexistence of functionally redundant
species.

In light of our findings, it is important to consider that spatial
variability in d15N values may have been attributed to differences
in food availability, food web structure, or other extrinsic factors,
which are currently under investigation at the community level.
Stable isotopes also do not provide the taxanomic resolution of
stomach contents, and multiple trophic pathways can lead to in-
dividuals or species having similar stable isotope values despite
different diets (Martinez del Rio et al., 2009). Because of the
invasive nature of gastric lavage, we did not collect stomach
contents, and cannot decisively conclude that sharks with similar
stable isotope values fed on similar prey items. However, differ-
ences in d15N are informative of niche partitioning (Martinez del
Rio et al., 2009), and thus are informative of trophic differences
among blacktip reef sharks and lemon sharks in multi-specific
nurseries, and shifts in trophic interactions across nurseries.
Species-specific and temporally variable isotopic discrimination
values may also lead to differences within and among shark d15N
values (reviewed by McCutchan et al., 2003; Vanderklift and
Ponsard, 2003). However, samples were collected from similar
temporal periods, thus temporal differences are unlikely, and
elasmobranchs appear to exhibit similarities in isotopic discrim-
ination despite large morphological differences (MacNeil et al.,
2006; Logan and Lutcavage, 2010; Kim et al., 2012; Malpica-
Cruz et al., 2012; Caut et al., 2013). Maternal meddling may have
also influenced d13C and d15N values by inflating values due to
embryonic isotope discrimination, (McMeans et al., 2009; Matich
et al., 2010; Vaudo et al., 2010; Olin et al., 2011), however we
would expect similar effects across each nursery based on their
proximity in Moorea.

Despite these caveats, data show that lemon sharks and blacktip
reef sharks exhibit similarities in trophic interactions when the
other species is absent in Moorea nurseries. Yet, when both species
overlap in habitat use, trophic niche space is segregated, and each
species experiences an apparent shift in trophic level based on d15N
values. Our results are encouraging that each species has the po-
tential to be flexible in their foraging patterns to account for
changes in community composition, and potential functional
redundancy among these juvenile sharks provides insight into the
resilience of Moorea food webs (Peterson et al., 1998; Chase and
Leibold, 2003). Future investigations of interspecific interactions
among these sharks across wider spatial and temporal scales, and
across different life history stages will provide insight into the role
these predators play within lagoon and reef food webs, as well as
the impact population declines and expansions may have in coral
reef ecosystems.
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Appendix A. Results from ANOVAs for differences in d13C and
d15N across lagoons. Significant p-values (in bold) are p < 0.05
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Appendix B. Tukey's post hoc results for differences in
C. melanopterus d13C and d15N values across lagoons.
Significant p-values (in bold) are p < 0.05
Lagoon d13C d15N

Mean difference p-value Mean difference p-value

Hitiaa Maharepa 1.06 0.37 �0.96 0.59
Paorea 0.21 >0.99 0.32 >0.99
Papetoai �1.98 <0.01 1.77 0.01
Pihaena 0.07 >0.99 �0.01 >0.99
Tepee �0.61 0.82 �1.18 0.14
Tiki �0.36 >0.99 1.61 0.03
Vaiane 0.08 >0.99 0.28 >0.99

Maharepa Hitiaa �1.06 0.37 0.96 0.59
Paorea �0.86 0.65 1.27 0.22
Papetoai �3.04 <0.01 2.72 <0.01
Pihaena �0.99 0.28 0.94 0.41
Tepee �1.67 <0.01 �0.23 >0.99
Tiki �1.42 <0.01 2.57 <0.01
Vaiane �0.99 0.55 1.24 0.33

Paorea Hitiaa �0.21 >0.99 �0.32 >0.99
Maharepa 0.86 0.65 �1.27 0.22
Papetoai �2.18 <0.01 1.45 0.08
Pihaena �0.14 >0.99 �0.33 >0.99
Tepee �0.82 0.52 �1.50 0.02
Tiki �0.56 0.92 1.30 0.14
Vaiane �0.13 >0.99 �0.04 >0.99

Papetoai Hitiaa 1.98 <0.01 �1.77 0.01
Maharepa 3.04 <0.01 �2.72 <0.01
Paorea 2.18 <0.01 �1.45 0.08
Pihaena 2.05 <0.01 �1.79 <0.01
Tepee 1.37 <0.01 �2.95 <0.01
Tiki 1.62 <0.01 �0.15 >0.99
Vaiane 2.06 <0.01 �1.49 0.10

Pihaena Hitiaa �0.07 >0.99 0.01 >0.99
Maharepa 0.99 0.28 �0.94 0.41
Paorea 0.14 >0.99 0.33 >0.99
Papetoai �2.05 <0.01 1.78 <0.01
Tepee �0.68 0.49 �1.17 0.03
Tiki �0.42 0.95 1.63 <0.01
Vaiane 0.01 >0.99 0.29 >0.99

Tepee Hitiaa 0.61 0.82 1.18 0.14
Maharepa 1.67 <0.01 0.23 >0.99
Paorea 0.82 0.52 1.50 0.02
Papetoai �1.37 <0.01 2.95 <0.01
Pihaena 0.68 0.49 1.17 0.03
Tiki 0.26 0.99 2.80 <0.01
Vaiane 0.69 0.79 1.46 0.06

Tiki Hitiaa 0.36 0.99 �1.61 0.03
Maharepa 1.42 <0.01 �2.57 <0.01
Paorea 0.56 0.92 �1.30 0.14
Papetoai �1.62 <0.01 0.15 >0.99
Pihaena 0.42 0.95 �1.63 <0.01
Tepee �0.26 0.99 �2.80 <0.01
Vaiane 0.43 0.99 �1.33 0.17

Vaiane Hitiaa �0.08 >0.99 �0.28 >0.99
Maharepa 0.99 0.55 �1.24 0.33
Paorea 0.13 >0.99 0.04 >0.99
Papetoai �2.06 <0.01 1.49 0.10
Pihaena �0.01 >0.99 �0.29 >0.99
Tepee �0.69 0.79 �1.46 0.06
Tiki �0.43 0.99 1.33 0.17
Appendix C. Tukey's post hoc results for differences in
N. acutidens d15N values across lagoons. Significant p-values
(in bold) are p < 0.05
Lagoon d N

Mean difference p-value

Apaura Tiki 0.26 0.91
Vaiane �1.08 0.01

Tiki Apaura �0.26 0.91
Vaiane �1.34 <0.05

Vaiane Apaura 1.08 0.01
Tiki 1.34 <0.05
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