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a b s t r a c t
To understand the effects of predator removal in marine ecosystems requires accurate estimates of trophic position and trophic structure that have been difﬁcult to obtain to date. For example, most sharks are classiﬁed as diet
generalists that feed around trophic position 4, but this classiﬁcation contradicts observations of diverse feeding
behaviour among large species, suggesting that trophic structure has been oversimpliﬁed among upper trophic
level species. To test this assumption, bulk δ15N and δ13C values of 13 shark species constituting the large
shark assemblage off southern Africa were integrated into (i) a hierarchical Bayesian model, accounting for
body size and variable sample sizes among species, and (ii) a dietary δ15N-dependent enrichment model to quantify individual and assemblage-wide trophic position and structure. Compound speciﬁc isotopic analysis of amino
acids (CSIA-AAs) for a subset of species was used to verify results. Although discrepancies occurred between
methods, overall these data conﬁrm that large sharks, including several globally threatened species, feed at markedly higher trophic positions and across a broader trophic range than is currently assumed. This identiﬁes a lower
degree of functional equivalence among the assemblage. Such complex trophic structure among large sharks suggests that cascading effects from species-speciﬁc removals in food webs may be weaker but more pervasive than
currently assumed. Reassignment of the trophic structure of large marine predators has important consequences
for any potential regulatory and stabilizing roles in marine food webs.
© 2015 Elsevier Inc. All rights reserved.

1. Introduction
The removal of top predators and purported adverse effects on ecosystem structure, function, and resilience among ecosystems is widely
debated. In terrestrial systems, trophic cascades, deﬁned as ‘predator
regulated top down control of community structure with conspicuous
indirect effects transferring to lower linkages’, are well documented
(McLaren and Peterson, 1994; Crooks and Soule, 1999; Terborgh et al.,
2001) and the occurrence of trophic cascades in low diversity marine
systems is widely accepted (Paine, 1966; Strong, 1992; Shurin et al.,
2002). However among more diverse marine environments, where a
higher number of complex trophic linkages exist, the impact of predator
removal remains largely unknown. With documented declines in marine predator populations (Christensen et al., 2003; Myers and Worm,
2003; Estes et al., 2011) and current concern over the status of global
ﬁsh stocks (Pauly et al., 1998; Pauly et al., 2005; Worm et al., 2009),
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there is a heightened interest in the strength of top down control and
its pervasiveness in the marine environment (Heithaus et al., 2008).
The occurrence and strength of predator removal effects within food
webs are dependent on the functional equivalence within a given ecosystem. Functional equivalence assumes that guilds of species have similar effects on community or ecosystem processes, such as equivalent
ecological or trophic roles, and are frequently deﬁned by functional
groups (Loreau, 2004; Petchey and Gaston, 2006). Removal of a species
where functional equivalents co-occur is presumed to minimise interference to food web structure, buffering potential trophic cascades as
species are assumed interchangeable and compensatory (Yachi and
Loreau, 1999; Loreau, 2004).
Among whole marine ecosystem models, large predatory ﬁshes are
typically deﬁned as generalist feeders, implying that species within
the group have similar regulative effects on lower trophic position
(TP) species in the food web (TP range 4.1–4.5; Cortés, 1999). Yet empirical evidence suggests that many species viewed as functional equivalents and assigned a priori into functional groups is often inaccurate
(Chalcraft and Resetarits, 2003a,b; Loreau, 2004; Resetarits and
Chalcraft, 2007), including for large sharks (Matich et al., 2011;
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structuring of aquatic assemblages and provides an absolute measure
of TP (Chikaraishi et al., 2009).
Using a combined bulk tissue and CSIA-AA nitrogen isotopic approach, we show that members of a large shark assemblage feed across
a higher and broader trophic range than is conventionally assumed.
Speciﬁcally we identify more complex species-speciﬁc roles and lower
levels of functional equivalence among so-called generalist predators.

Heithaus et al., 2013; Hussey et al., 2014a). In contrast, species
with similar life histories and morphology can have diverse functional
roles that generate complex intra-guild functional diversity (Chalcraft
and Resetarits, 2003a,b; Resetarits and Chalcraft, 2007; Heithaus et al.,
2013).
Potential misclassiﬁcation of functionally diverse species into a
single trophic group raises concerns about studying top-down predator
effects and ﬁsheries exploitation (Pauly et al., 1998; Branch et al., 2010;
Christensen and Pauly, 1992; Williams and Martinez, 2004) using the
conventional designation of large predators as largely secondary consumers (primary piscivores; TP = 4). For example, while some large
sharks feed predominantly on small schooling zooplanktivorous ﬁsh,
other species feed preferentially on piscivorous ﬁsh (Dudley and Cliff,
1993; Wetherbee and Cortes, 2004; Dudley et al., 2005), elasmobranchs
(Cliff et al., 1990; Cliff and Dudley, 1991a, 1991b), and marine mammals
(Tricas and McCosker, 1984; Hussey et al., 2011). Consequently, even
with high levels of omnivory, large sharks would feed above TP 4,
with species potentially feeding upwards of TP 6, revealing more complex trophic structuring than the current ‘generalist’ feeding paradigm
(Hussey et al., 2014a,b; Fig. 1).
Bulk nitrogen isotopes in animals' tissues provide an empirical tool
for calculating TP and trophic structure in aquatic systems that have
generated novel insights into ecosystem dynamics (Fry, 1988;
Madigan et al., 2012; Hussey et al., 2014a,b). However the approach
can be confounded by its dependence on the isotopic value of a reliable
baseline organism (Cabana and Rasmussen, 1996) and variable isotopic
discrimination between predator and prey groups (Caut et al., 2009)
that may bias TP estimates. Alternatively, recent compound speciﬁc nitrogen isotope analysis of individual amino acids (CSIA-AAs) provides
an autogenous, within-web measure of the system baseline (source)
and consumer TP for each individual consumer (McClelland and
Montoya, 2002; Popp et al., 2007). Differences between trophic AA
δ15N values (which enrich during trophic processing) and source AA
δ15N values (which show minimal fractionation) can be used to calculate TP, negating the need for independent baseline organism nitrogen
isotope values. This increases conﬁdence in estimates for the isotopic

2. Materials and methods
2.1. Sampling and stable isotope analysis
Thirteen species of sharks (n = 271) comprising the ‘large shark assemblage’ off southern Africa, and including common large sharks and
IUCN threatened species, were sampled from captures in beach protection
nets along the KwaZulu-Natal (KZN) coast between 2005 and 2009 (for
details see Dudley et al., 2005). All samples were processed for bulk stable
isotope analysis, δ15N and δ13C values, following standard procedures (see
electronic online supporting materials, Method S1). A subset of seven species (n = 18), spanning the range from low to high bulk δ15N values were
selected for CSIA-AA and prepared as described in Popp et al. (2007) (see
electronic online supporting materials, Method S2).

2.2. Trophic position and trophic structure (BULK SIA–TPSIA)
As ontogenetic diet shifts to higher TP prey have been widely reported in large sharks, resulting in 15N enrichment with size (Estrada et al.,
2006; Hussey et al., 2011; Rabehagasoa et al., 2012), we developed a
Bayesian hierarchical model to estimate species-level δ15N values
(δ15Nspecies) given individual body size (precaudal length — PCL).
Speciﬁcally, we modelled δ15N values for individual i, as;


δ15 Nis  N μ is; εs

Tertiary piscivores (fish – fish – fish – zooplanktivores)

Expected trophic position

Secondary piscivores (fish – fish - zooplanktivores)

Primary piscivores (fish – zooplanktivores)

Zooplanktivores (fish – zooplankton)

Zooplankton

Trophics groups
Fig. 1. Expected marine food web with extended upper trophic levels to accommodate known feeding behaviours of the large shark assemblage.

ð1Þ
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where
μ is ¼ δ15 Nspecies þ β1 PCLi

ð2Þ

included species-level intercepts (δ15Nspecies) and a ﬁxed effect for
PCL (β1). The δ15Nspecies effects were given a ~ N(γ, τ) prior that
included weakly-informative hyperpriors for their overall mean
and precision:
γ  Uð5; 20Þ

ð3Þ

τ  Γð0:001; 0:001Þ:

ð4Þ

The U(5, 20) prior expressed our knowledge about the bounds of
δ15N within the assemblage. The observation error (precision) was
allowed to vary among species:

εs  Γð0:001; 0:001Þ

ð5Þ

and the prior on the PCL effect was uninformative
β1  Nð0; 0:0001Þ:

ð6Þ

We also modelled bulk tissue δ13C values using alternative
U(− 20,− 5) priors in [Eq. (3)]. These Bayesian models were run in
PyMC (Patil et al., 2000) using the Python programming language.
Highest posterior density estimates of species-level expected values
with 95% credible intervals (CIs) are presented in electronic supplementary materials Fig. S1.
Shark trophic position (a continuous trophic estimate) was calculated
using bulk δ15N isotopes incorporated into a recently-developed dietary
δ15N-dependent Δ15N enrichment model (Hussey et al., 2014a,b). This
model reﬂects the observed negative linear relationship between dietary
δ15N values and diet discrimination (Δ15N) that implies a limit on δ15N
values (δ15Nlim) within food webs when the rates of 15N and 14N uptake
balance those of elimination. Given consumer δ15N values and estimates
of δ15Nlim and k, the rate at which the consumer isotope value at a given
TP approaches δ15Nlim can be used to estimate organismal TP (Hussey
et al., 2014a,b). Zooplanktivorous whale sharks (Rhincodon typus) and
devil rays (Mobula spp.) were used as the baseline species (TP = 3; see
electronic online supporting materials, Method S3).
Because large sharks can be highly mobile and species-level δ15N
and δ13C estimates are intrinsically linked by potential correlations in
isotopic baseline conditions, we employed a bivariate linear regression
model to ensure the 13C enrichment was below the expected ~1‰ per
TL step (δ15N vs. δ13C; Leonard, 2011). If the increase in δ13C values
per TL averaged ≥ 1‰, the slope of this relationship would be greater
than 2.3‰ (the expected per TL increase in δ15N values). Therefore we
estimated this slope parameter by zero-centering δ15N and δ13C on
their means and regressing the centred values on one another using
the leiv package (Leonard, 2011) in R (R Core Team, 2012).
2.3. Trophic position and trophic structure (CSIA-AA–TPCSIA)
To complement bulk nitrogen isotopes, TP structure and absolute
TP estimates of the large shark assemblage were also calculated from
groups of analytically quantiﬁable amino acids (AAs) based on their
15
N enrichment with each trophic step. This approach is effective
because “trophic” AAs (valine, alanine, leucine, proline, aspartic
acid, glutamic acid) enrich in 15N with trophic transfer and “source”
AAs (glycine and phenylalanine) are mostly unchanged with trophic
shift (McClelland and Montoya, 2002). Here, isoleucine was excluded from the trophic AA group because it eluted closely with leucine,
which compromised accurate δ15N measurement.

3

The differences in δ15N values between trophic and source AAs were
used to calculate what is deemed an “internally normalized” estimate of
TP (McClelland et al., 2003; Sherwood et al., 2011). First relative trophic
structure of consumer TPCSIA was calculated from the differences
between weighted mean (x) δ15N values of trophic and source AAs for
each species,
n
X
δ15 NðkÞ

x¼

k¼1

σ2

ð7Þ

n
X
1
σ2
k¼1

where n is the number of AAs (source or trophic), σ is the standard deviation of δ15N(k), between all three replicates run for sample k, and
δ15N(k) is the N isotopic composition for sample k. The weighted standard deviations for each set of AAs were calculated as:
s¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X 1
:
σ2

ð8Þ

Relative trophic position for each sample was calculated by
subtracting weighted mean source δ15N from weighted mean trophic
δ15N values,
TP ¼ xtrophic − xsource :

ð9Þ

Standard deviations were pooled for the ﬁnal TPCSIA ranking,
SDðTPÞ ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
strophic 2 − ssource 2 :

½10

This technique can provide a more reliable estimate of the relative
rank of consumer TPCSIA than using only glutamic acid and phenylalanine alone (McCarthy et al., 2007).
To estimate an absolute TP value for each species, consumer TPCSIA
was calculated from the isotopic value of phenylalanine and glutamic
acid, following Hoen et al. (2014):

TP ¼



δ15 NGlu −δ15 NPhe −β−TEFherbivore
TEFcarnivore

þ 2:

ð11Þ

Where the trophic enrichment factors (TEF) were:
TEFcarnivore = 5.0 ± 0.6 (Dale et al., 2011)
TEFherbivore = 7.6 ± 1.2 (Chikaraishi et al., 2009).
The standard deviation is given in relation to the three replicates run
for each sample, with weighted standard deviations for each set of AAs
calculated as in Eq. (8). Standard deviations were pooled for the ﬁnal
TPCSIA estimate,
σ 2 TP ¼

∂TP

!2
σ 2 δ15 NGlu þ

∂TP

!2

σ 2 δ15 NPhe
∂δ15 NGlu
∂δ15 NPhe

2

2

2
∂TP
∂TP
∂TP
þ
σ2β þ
σ 2 TE F herbivore þ
σ 2 TE Fcarnivore :
∂β
∂TEFherbivore
∂TEFcarnivore

ð12Þ
This method is considered to provide a more reliable estimate of
absolute consumer TPCSIA than using the same TEF for herbivores and
carnivores (Germain et al., 2013; Hoen et al., 2014).
3. Results
Multiple species were found to be tropically distinct across the large
shark assemblage, with clear differences among species in bulk δ15N and
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Fig. 2. Bi-plot of δ15N and δ13C values in 13 large predatory shark species and the zooplanktivorous whale shark (Rhincodon typus) and devil ray (Mobula spp.). Each species is a unique
colour and data points are for individual animals per species. Arrows and associated values indicate the shark assemblage δ15N and δ13C range and regression line is that of a Bivariate linear
model with 95% uncertainty intervals.

δ13C values (ANOVA: F12,269 = 59.53, p b 0.0001 and F 12,269= 45.20,
p b 0.0001, respectively) and cross-assemblage isotopic ranges of
5.5‰ for δ15N and 4.9‰ for δ13C (Fig. 2). A range of intraspeciﬁc variation in isotope values among species was observed with dusky
(Carcharhinus obscurus: range/max. and min; 4.8‰: 11.4 to 16.2‰),

white (Carcharodon carcharias: 3.2‰: 13.4 to 16.6‰), and scalloped
hammerhead sharks (Sphyrna lewini: 3.1‰: 13.3 to 16.5‰) showing
the largest range in δ15N values, and tiger (Galeocerdo cuvier: 3.6‰:
− 14.3 to − 17.9‰), white (range/max. and min; 2.8‰: − 14.0 to
− 16.8‰), and scalloped hammerhead sharks (2.8‰: − 14.3 to

Fig. 3. Model mean δ15N and δ13C values for each shark species within the large shark assemblage. Black and grey error bars are 50% and 90% uncertainty intervals (UIs), respectively. Species are coloured by relative bulk isotope TP assignment (TPSIA) and associated colour coded histograms detail the size distribution of animals included in the analyses.
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− 17.1‰) showing the largest δ13C range. Neither bulk δ15N nor δ13C
values showed a signiﬁcant relationship with PCL across all species
(β1δ15N = 4.7e−6 [95% UI = − 7.1e−6, 1.7e−6]; β1δ13C = 7.4e−6 [95%
UI = −9.0e−6, 9.1e−6]; Fig. S2). The estimated slope of the bivariate regression between individual δ15N and δ13C data for all sharks was 1.7
[95% UI = 1.3, 2.3], suggesting δ13C enrichment was b1‰ per TL (Fig. 2).
Having marginalized variability associated with animal length and
variable sample sizes, sand tiger sharks (Carcharias taurus) had the
highest δ15Nspecies value of 15.6‰ and tiger shark the lowest δ15Nspecies
value at 13.2‰ (Fig. 3). While data at the individual level identiﬁed isotopic overlap within the large shark assemblage (Fig. 2), hierarchical
model data (δ15Nspecies and δ13Cspecies) identiﬁed a lesser degree of functional equivalence when considering all 13 large sharks sampled as a
whole (Fig. 3).
Overall, differences in δ15N values of pooled trophic and source
amino acids conﬁrmed the relative trophic structure for the subset of
the sharks assigned through the bulk tissue isotope models, with one
inconsistency being the ranking of scalloped hammerhead as the
highest TP species of those analysed (Table 1). When considering absolute TP measured as the difference between glutamic acid and phenylalanine incorporated in to the dual TEF equation of Hoen et al. (2014),
TPCSIA of species were similar to TPSIA with the exception of sand tiger
shark (Fig. 4). This was a result of the unique phenylalanine δ15N values
of the sand tiger relative to other species examined. TPCSIA of the
scalloped hammerhead shark (TP = 5.4 ± 0.3) was higher than that
of TPSIA (4.7) as would be expected given the above TP ranking.
Although the arrangement of estimated bulk isotope and CSIA-AA TP
among species was similar to that derived from conventional stomach
content analyses, the magnitude and range of TP estimates was markedly different (Fig. 4). Bulk and CSIA-AA nitrogen isotopic compositions
implied that large sharks feed across 1.2 and 1.3 trophic levels respectively, with species spanning primary to tertiary consumer roles
(mean TPSIA 4.0–5.2; TPSIA range: 3.4–6.6, Figs. 1 and 4; and mean TPCSIA
4.1–5.4, Fig. 4). This strongly contradicts current TP estimates from
stomach content data (TPSCA) that assume that large sharks are predominantly primary piscivores feeding across 0.4 of a trophic level (TP 4.1–
4.5; Fig. 4). TPSIA data validated expected trophic roles, with spinner
sharks (Carcharhinus brevipinna), that consume zooplanktivores and
primary piscivores feeding at a mean TPSIA of 4.1 (range: 3.8–4.6),
while species that feed on sharks and piscivorous ﬁsh, such as the java
(Carcharhinus amboinensis) and sand tiger shark, (mean [range] TPSIA
5.0 [4.8–5.3], 5.2 [4.6–6.1]), and marine mammals, such as the white
shark, were tertiary consumers (5.2 [4.1–6.6]; Figs. 1, 3 and 4).
4. Discussion
The application of bulk nitrogen isotopic data and CSIA-AA conﬁrms
that the estimated TP of large sharks and the trophic structure at the top
of the southern Africa marine food webs is both higher and more complex than previously thought, with important consequences for understanding predator dynamics and potential trophic cascades. Contrary
to mainstream food web theory, recent work suggests that functional
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Fig. 4. Absolute trophic positions (TPs) of thirteen species that form the “large shark
assemblage” calculated from (a) stomach content analysis according to Cortés (1999;
TPSCA; green circles) (b) a dietary δ15N-dependent Δ15N enrichment model to quantify
species TP based on whale shark/devil rays occupying a TP of 3 (TPSIA; light blue circles)
and (c) the difference in weighted mean δ15N values between trophic and source amino
acids (AAs) following the equation of Hoen et al. (2014) to provide an “internally normalized” estimate of TP (TPCSIA; dark blue circles). Species are ordered by increasing TP calculated according to method (b).

equivalence and functional redundancy at high trophic levels are likely
to be rare (Chalcraft and Resetarits, 2003a,b; Loreau, 2004; Resetarits
and Chalcraft, 2007; Heithaus et al., 2013). In light of our data, this suggests that ecosystem processes arising from top predator interactions,
such as food web stability, may be dependent on diverse functional effects rather than compensatory ones. Given high species-speciﬁc trophic diversity, declines among large sharks may have had weaker but
more pervasive effects on global ecosystems than those previously reported for the removal of an entire functional group (Myers et al., 2007).
Large shark assemblages are known to exhibit high variation in spatial movements and habitat use (Bonﬁl et al., 2005; Dicken et al., 2007;
Hussey et al., 2009; Diemer et al., 2011), morphological design and
feeding behaviour (Motta and Huber, 2012), life-history characteristics
(e.g. nursery area use, growth rate, age at maturity, fecundity; Cortés,
2000; Garcia et al., 2008), and diet (Wetherbee and Cortes, 2004). Several top predators, including sharks, have shown high inter-species variability in δ13C and δ15N, with discrete feeding modes across trophic
levels four and ﬁve (Hussey et al., 2012a; Madigan et al., 2012). In

Table 1
Relative trophic structure/rank of the large shark assemblage off southern Africa according to bulk δ15N values incorporated into a dietary δ15N-dependent Δ15N enrichment model (TPSIA),
compound speciﬁc nitrogen isotope analysis of individual amino acids (CSIA-AAs: TP structureCSIA) using the difference in the weighted mean δ15N values of ‘trophic’ and ‘source’ amino
acids and stomach content data (TPSCA).
Ranking (from high to low TP)

Bulk isotopes TPSIA

TP structureCSIA (trophic–source; difference in weighted mean)a

Stomach contents TPSCAb

1
2
3
4
5
6
7

Sand tiger (5.2 ± 0.44)
Mako (4.8 ± 0.29)
Scalloped (4.7 ± 0.44)
Blacktip (4.5 ± 0.23)
Spinner (4.1 ± 0.17)
Tiger (4.0 ± 0.20)
Whale (3.0)

Scalloped (28.4 ± 0.08)
Sand tiger (25.0 ± 0.14)
Mako (21.2 ± 0.06)
Blacktip (21.0 ± 0.08)
Tiger (20.7 ± 0.03)
Spinner (18.6 ± 0.05)
Whale (10.1 ± 0.05)

Sand tiger (4.4)
Mako (4.3)
Blacktip (4.2)
Spinner (4.2)
Scalloped (4.1)
Tiger (4.1)
Whale (3.5)

a
b

Trophic amino acids are valine, alanine, leucine, proline, aspartic acid, and glutamic acid. Source AAs are glycine and phenylalanine.
Trophic position values calculated from standardised stomach contents according to Cortés (1999).
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South Africa, elasmobranchs represent an important component of the
overall diet of a number of large predatory sharks including mako
(Isurus oxyrinchus), java, sand tiger and white, with common prey including dusky and scalloped hammerhead sharks (Cliff et al., 1990;
Cliff and Dudley, 1991a, 1991b; Hussey et al., 2011). Our assigned
mean TPSIA for these large sharks of 4.8, 5.0, 5.2 and 5.2, respectively, position them between secondary and tertiary piscivores feeding in excess
of TPSCA 4 (Fig. 1).
Observed differences between TPSIA estimates and conventional
stomach contents (TPSCA) have previously been reported (Hussey
et al., 2012a). TPSIA for Atlantic cod (Gadus morhua) and horse mackerel
(Trachurus trachurus), for example, were 5.2 and 5.1, respectively
(Jennings et al., 2002; Huckstadt et al., 2007), compared to 4.4 and 3.6
reported in Fishbase. The major source of this discrepancy is thought
to be the broad prey functional groups used to calculate TPSCA (Hussey
et al., 2012a) that often includes a single group of ‘teleosts’ to represent
a wide range of trophic roles, from zooplanktivores to tertiary
piscivores. Similar to the assumed trophic structure of larger sharks,
this simple functional grouping compresses less-abundant upper
trophic level teleosts into a lower, narrower trophic range, resulting in
de facto truncation at the top of the food web.
Estimating trophic position using bulk stable isotopes is contingent
on the selection of an appropriate diet-tissue discrimination factor
that scales TPSIA to observed levels of isotope enrichment (Hussey
et al., 2012b, 2014a,b; Madigan et al., 2012). We overcame this with
a recently developed dietary δ 15N-dependent Δ15 N enrichment
model that accounts for known effects of dietary δ15N values on discrimination (Hussey et al., 2010; Kim et al., 2012; Caut et al., 2013;
Madigan et al., 2012; Olin et al., 2013). Estimation of TPSIA is also dependent however, on selecting an accurate baseline organism for the
study system (Cabana and Rasmussen, 1996). As CSIA-AA does not
require baseline species, the general agreement between CSIA-AA
and model δ15N trophic structure, along with the minimal bias between the regression of bulk δ15 N and δ13 C values, indicated that
baseline effects were adequately represented in this study.
Determining the effects of shark removals on marine ecosystems has
proven exceptionally difﬁcult to date, in part due to limited understanding of their trophic roles. Supposed trophic cascades as a result of shark
removal have been reported (Stevens et al., 2000; Myers et al., 2007;
Ferretti et al., 2010; Rupert et al., 2013), while other large-scale ecosystem models (Kitchell et al., 2002) and monitoring of variations in abundance, size structure and biomass of trophic guilds across ﬁshed to
protected systems have failed to detect effects (Rizzari et al., 2014).
Ironically, arguments both for and against trophic cascades have suggested that results were due to the assumption that large sharks comprise a single functional group (Kitchell et al., 2002; Myers et al.,
2007). Such functional similarity is thought to be responsible for the
relationship between biodiversity and ecosystem stability and function
(Naem, 1998; Walker, 1991) where, with increasing biodiversity, the
number of functionally equivalent species increases to provide compensatory effects that safeguard food web function against the loss or
breakdown of species-level interactions. Yet experimental manipulation of multiple predators, considered functionally similar, suggests
that functional equivalence is limited among higher trophic levels
(Chalcraft and Resetarits, 2003a,b; Loreau, 2004; Resetarits and
Chalcraft, 2007). While we do not directly determine the functional
roles of large sharks, the expanded trophic range of the large shark
assemblage indicates limited functional equivalence (sensu Chesson,
2000). Consequently the loss of individual shark species will likely
have weaker but more pervasive effects on food web structure and
stability than currently assumed.
5. Summary
Unravelling the consequences of shark exploitation for food web
structure and stability is an important factor if we are to understand

what potentially critical ecosystem function has been lost through
widespread exploitation throughout the 20th century. Species-speciﬁc
variation in shark-food web interaction strengths could generate a
range of effects dependent on the species or combination of species
removed, including possible trophic cascades within the shark assemblage itself. To date, the study of trophic cascades resulting from large
shark removal has only examined food web effects related to reduction
in numbers of the entire assemblage (Myers et al., 2007) and has been
highly controversial. Individual species depletion effects will be still
more difﬁcult to tease apart but will better reﬂect the complexity of
top down control exerted by large marine predators. Our reassignment
of shark TPs within the large shark assemblage, veriﬁed using both bulk
and CSIA-AA methods, will impact model predictions from massbalance ecosystem approaches and directly alter the estimates of pristine biomass for these large sharks Hussey et al. (2014a). Given that
other upper trophic level guilds likely exhibit similar trophic complexity
that has previously gone unrecognized (e.g. Madigan et al., 2012), these
results may have widespread implications for food webs generally.
Acknowledgments
NEH received funding through NERC (NER/S/A/2005/13426) and
MCS was supported by an NSF Graduate Research Fellowship (DGE
0718124). Funding was also provided by the NSERC — Ocean Tracking
Network (NET GP 375118-08), NSERC Discovery (DG 05490 and NRS
459036) and Canada Research Chairs (950-203515) to ATF. Research
by MAM is supported by the Australian Institute of Marine Science.
David Yurkowski is thanked for assistance with ﬁgures. This is SOEST contribution number 9430.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.fooweb.2015.04.002.
References
Bonﬁl, R., Meÿer, M., Scholl, M., Johnson, R., O'Brien, S., Oosthuzien, H., Swanson, S., Kotze,
D., Paterson, M., 2005. Transoceanic migration, spatial dynamics and population linkages of white sharks. Science 310, 100–103.
Branch, T.A., Watson, R., Fulton, E.A., Jennings, S., McGilliard, C.R., Pablico, G.T., Ricard, D.,
Tracey, S.R., 2010. The trophic ﬁngerprint of marine ﬁsheries. Nature 468, 431–435.
Cabana, G., Rasmussen, J.B., 1996. Comparison of aquatic food chains using nitrogen isotopes. Proc. Natl. Acad. Sci. U. S. A. 93, 10844–10847.
Caut, S., Angulo, E., Courchamp, F., 2009. Variation in discrimination factors (Δ15N and
Δ13C): the effect of diet isotopic values and applications for diet reconstruction.
J. Appl. Ecol. 46, 443–453.
Caut, S., Jowers, M.J., Michel, L., Lepoint, G., Fisk, A.T., 2013. Diet- and tissue-speciﬁc incorporation of isotopes in the shark Scyliorhinus stellaris, a North Sea mesopredator. Mar.
Ecol. Prog. Ser. 492, 185–198.
Chalcraft, D.R., Resetarits Jr., W.J., 2003a. Predator identity and ecological impacts: functional redundancy or functional diversity. Ecology 84, 2407–2418.
Chalcraft, D.R., Resetarits Jr., W.J., 2003b. Mapping functional similarity on the basis of
trait similarity. Am. Nat. 162, 390–402.
Chesson, P.L., 2000. Mechanisms of maintenance of species diversity. Annu. Rev. Ecol.
Syst. 31, 343–366.
Chikaraishi, Y., Ogawa, N.O., Kashiyama, Y., Takano, Y., Suga, H., Tomitani, A., Miyashita, H.,
Kitazato, H., Ohkouchi, N., 2009. Determination of aquatic food-web structure based
on compound speciﬁc nitrogen isotope composition of amino acids. Limnol. Oceanogr.
Methods 7, 740–750.
Christensen, V., Pauly, D., 1992. ECOPATH II — a software for balancing steady-state ecosystem models and calculating network characteristics. Ecol. Model. 61, 169–185.
Christensen, V., Guenette, S., Heymans, J., Walters, C.J., Watson, R., Zeller, D., Pauly, D.,
2003. Hundred-year decline of North Atlantic predatory ﬁshes. Fish Fish. 4, 1–24.
Cliff, G., Dudley, S.F.J., 1991a. Sharks caught in the protective gill nets off Natal, South
Africa. 4. The bull shark Carcharhinus leucas Valenciennes. S. Afr. J. Mar. Sci. 10,
253–270.
Cliff, G., Dudley, S.F.J., 1991b. Sharks caught in the protective gill nets off Natal, South
Africa. 5. The Java shark Carcharhinus amboinensis (Müller and Henle). S. Afr. J. Mar.
Sci. 11, 443–453.
Cliff, G., Dudley, S.F.J., Davis, B., 1990. Sharks caught in the protective gill nets off Natal,
South Africa. 3. The shortﬁn mako shark Isurus oxyrinchus (Raﬁnesque). S. Afr.
J. Mar. Sci. 9, 115–126.
Cortés, E., 1999. Standardised diet compositions and trophic levels of sharks. ICES J. Mar.
Sci. 56, 707–717.

N.E. Hussey et al. / Food Webs 4 (2015) 1–7
Cortés, E., 2000. Life history patterns and correlations in sharks. Rev. Fish. Sci. 4, 299–344.
Crooks, K.R., Soule, M.E., 1999. Mesopredator release and avifaunal extinctions in a
fragmented system. Nature 400, 563–566.
Dale, J.J., Wallsgrove, N.J., Popp, B.N., Holland, K.N., 2011. Nursery habitat use and foraging
ecology of the brown stingray Dasyatis lata determined from stomach contents, bulk
and amino acid stable isotopes. Mar. Ecol. Prog. Ser. 433, 221–236.
Dicken, M.L., Booth, A.J., Smale, M.J., Cliff, G., 2007. Spatial and seasonal distribution patterns of juvenile and adult raggedtooth sharks (Carcharias taurus) tagged off the
east coast of South Africa. Mar. Freshw. Res. 58, 127–134.
Diemer, K.M., Mann, B.Q., Hussey, N.E., 2011. Distribution and movement of scalloped
hammerhead Sphyrna lewini and smooth hammerhead Sphyrna zygaena along the
east coast of southern Africa. Afr. J. Mar. Sci. 33, 229–238.
Dudley, S.F.J., Cliff, G., 1993. Sharks caught in the protective gill nets off Natal, South Africa.
7. The blacktip shark Carcharhinus limbatus (Valenciennes). S. Afr. J. Mar. Sci. 13,
237–254.
Dudley, S.F.J., Cliff, G., Zungu, M.P., Smale, M.J., 2005. Sharks caught in the protective gill
nets off KwaZulu-Natal, South Africa. 10. The dusky shark, Carcharhinus obscurus
(LeSueur 1818). Afr. J. Mar. Sci. 27, 107–127.
Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter, S.R.,
Essington, T.E., Holt, R.D., Jackson, J.B.C., et al., 2011. Trophic downgrading of planet
earth. Science 333, 301–306.
Estrada, J.A., Rice, A.N., Natanson, L.J., Skomal, G.B., 2006. Use of isotopic analysis in
reconstructing ontogenetic feeding ecology in white sharks. Ecology 87, 829–834.
Ferretti, F., Worm, B., Britten, G.L., Heithaus, M.R., Lotze, H.K., 2010. Patterns and ecosystem consequences of shark declines in the ocean. Ecol. Lett. 13, 1055–1071.
Fry, B., 1988. Food web structure on Georges Bank from stable C, N and S isotopic composition. Limnol. Oceanogr. 33, 1182–1190.
Garcia, V.B., Lucifora, L.O., Myers, R.A., 2008. The importance of habitat and life history
extinction risk in sharks, skates, rays and chimaeras. Proc. R. Soc. Lond. B 275, 83–89.
Germain, L.R., Koch, P.L., Harvey, J., McCarthy, M.D., 2013. Nitrogen isotope fractionation
in amino acids from harbour seals: implications for compound-speciﬁc trophic position calculations. Mar. Ecol. Prog. Ser. 482, 265–277.
Heithaus, M.R., Vaudo, J.J., Kreicker, S., Layman, C.A., Krutzen, M., Burkholder, D.A., Bessey,
C., Sarabia, R., Cameron, K., Wirsing, A., Thomson, J.A., Dunphy-Daly, M.M., 2013. Apparent resource partitioning and trophic structure of large-bodied marine predators
in a relatively pristine seagrass ecosystem. Mar. Ecol. Prog. Ser. 481, 225–237.
Heithaus, M.R., Frid, A., Wirsing, A.J., Worm, B., 2008. Predicting the ecological consequences of marine top predator declines. Trends Ecol. Evol. 23, 202–210.
Hoen, D.K., Kim, S.L., Hussey, N.E., Wallsgrove, N.J., Drazen, J.C., Popp, B.N., 2014. Amino
acid 15N trophic enrichment factors of four large carnivorous ﬁshes. J. Exp. Mar.
Biol. Ecol. 453, 76–83.
Huckstadt, L.A., Rojas, C.P., Antezana, T., 2007. Stable isotope analysis reveals pelagic foraging by the Southern sea lion in central Chile. J. Exp. Mar. Biol. Ecol. 347, 123–133.
Hussey, N.E., McCarthy, I.D., Dudley, S.F.J., Mann, B.Q., 2009. Nursery grounds, movement
patterns and growth rates of dusky sharks, Carcharhinus obscurus: a long-term tag
and release study in South Africa. Mar. Freshw. Res. 60, 571–583.
Hussey, N.E., Brush, J., McCarthy, I.D., Fisk, A.T., 2010. δ15N and δ13C diet&#x2013;tissue
discrimination factors for large sharks under semi-controlled conditions. Comp.
Biochem. Phys. A 155, 445–453. http://dx.doi.org/10.1016/j.cbpa.2009.09.023.
Hussey, N.E., McCann, H., Cliff, G., Dudley, S.F.J., Wintner, S.P., Fisk, A.T., 2011. Size-based
analysis of the diet and trophic position of the white shark (Carcharodon carcharias)
in South African waters. In: Domeier, M.L. (Ed.), Global Perspectives on the Biology
and Life History of the Great White Shark. CRC Press, Boca Raton, Flo., USA.
Hussey, N.E., Dudley, S.F.J., McCarthy, I.D., Cliff, G., Fisk, A.T., 2012a. Stable isotope proﬁles
of large marine predators: viable indicators of trophic position, diet and movement in
sharks. Can. J. Fish. Aquat. Sci. 68, 2029–2045.
Hussey, N.E., MacNeil, M.A., Olin, J.A., McMeans, B.C., Kinney, M.J., Chapman, D.D., Fisk,
A.T., 2012b. Stable isotopes in elasmobranchs: tissue types, methods, applications
and assumptions. J. Fish Biol. 80, 1449–1484.
Hussey, N.E., MacNeil, M.A., McMeans, B.C., Olin, J.A., Dudley, S.F.J., Cliff, G., Wintner, S.P.,
Fennessy, S.T., Fisk, A.T., 2014a. Rescaling the trophic structure of marine food webs.
Ecol. Lett. 17, 239–250.
Hussey, N.E., MacNeil, M.A., McMeans, B.C., Olin, J.A., Dudley, S.F.J., Cliff, G., Wintner, S.P.,
Fennessy, S.T., Fisk, A.T., 2014b. Corrigendum to Hussey et al. (2014). Ecol. Lett. 17,
239–250.
Jennings, S., Greenstreet, S.P.R., Hill, L., Piet, G.J., Pinnegar, J.K., Warr, K.J., 2002. Long-term
trends in the trophic structure of the North Sea ﬁsh community: evidence from stable
isotope analysis, size spectra and community metrics. Mar. Biol. 141, 1085–1097.
Kim, S.L., del Rio, C.M., Casper, D., Koch, P.L., 2012. Isotopic incorporation rates for shark
tissues from a long-term captive feeding study. J. Exp. Biol. 15, 2495–2500.
Kitchell, J.F., Essington, C.H., Boggs, D.E., Schindler, D.E., Walters, C.J., 2002. The role of
sharks and longline ﬁsheries in a pelagic ecosystem of the central Paciﬁc. Ecosystems
5, 202–216.
Leonard, D., 2011. Estimating a bivariate linear relationship. Bayesian Anal. 6, 727–754.
Loreau, M., 2004. Does functional redundancy exist? Oikos 104, 606–611.
Madigan, D.J., Carlisle, A.B., Snodgrass, O.E., Litvin, S.Y., Mitcheli, F., Block, B.A., 2012. Stable
isotope analysis challenges wasp-waist food web assumptions in an upwelling pelagic ecosystem. Sci. Rep. 2, 654.

7

Matich, P., Heithaus, M.R., Layman, C.A., 2011. Contrasting patterns of individual specialization and trophic coupling in two marine apex predators. J. Anim. Ecol. 80,
294–305.
McCarthy, M.D., Benner, R., Lee, C., Fogel, M.L., 2007. Amino acid nitrogen isotopic fractionation patterns as indicators of heterotrophy in plankton, particulate, and dissolved organic matter. Geochim. Cosmochim. Acta 71, 4727–4744.
McClelland, J.W., Montoya, J.P., 2002. Trophic relationships and the nitrogen isotopic composition of amino acids in plankton. Ecology 83, 2173–2180.
McClelland, J.W., Holl, C.M., Montoya, J.P., 2003. Relating low delta N-15 values of zooplankton to N-2-ﬁxation in the tropical North Atlantic: insights provided by stable
isotope ratios of amino acids. Deep-Sea Res. I 50, 849–861.
McLaren, B.E., Peterson, R.O., 1994. Wolves, moose and tree rings on Isle Royal. Science
266, 1555–1558.
Motta, P.J., Huber, D.R., 2012. Prey capture behavior and feeding mechanics of elasmobranchs. In: Carrier, J.C., Musick JA, J.A., Heithaus, M.R. (Eds.), Biology of Sharks and
Their Relatives, Second ed. Taylor and Francis Group, LLC, Boca Raton.
Myers, R.A., Worm, B., 2003. Rapid worldwide depletion of predatory ﬁsh communities.
Nature 423, 280–283.
Myers, R.A., Baum, J.K., Shepherd, T.D., Powers, S.P., Peterson, C.H., 2007. Cascading effects
of the loss of apex predatory sharks from a costal ocean. Science 315, 1846–1850.
Naem, S., 1998. Species redundancy and ecosystem reliability. Conserv. Biol. 12, 39–45.
Olin, J.A., Hussey, N.E., Grgicak-Mannion, A., Fritts, M.W., Fisk, A.T., 2013. Intra-taxa variability in δ15N diet-tissue discrimination factors of top predators. PLoS One 8 (10),
e77567. http://dx.doi.org/10.1371/journal.pone.0077567.
Paine, R.T., 1966. Species complexity and species diversity. Am. Nat. 100, 65–75.
Patil, A., Huard, D., Fonnesbeck, C.J., 2000. PyMC: Bayesian stochastic modelling in Python.
J. Stat. Softw. 35, 1–81.
Pauly, D., Christensen, V., Dalsgaard, J., Froese, R., Torres Jr., F., 1998. Fishing down marine
food webs. Science 279, 860–863.
Pauly, D., Watson, R., Alder, J., 2005. Global trends in world ﬁsheries: impact on marine
ecosystems and food security. Proc. R. Soc. Lond. B 360, 5–12.
Petchey, O.L., Gaston, K.J., 2006. Functional diversity: back to basics and looking forward.
Ecol. Lett. 9, 741–758.
Popp, B.N., Graham, B.S., Olson, R.J., Hannides, C.C.S., Lott, M.J., López-Ibarra, G.A., GalvánMagaña, F., Fry, B., 2007. Insight into the trophic ecology of yellowﬁn tuna, Thunnus
albacares, from compound-speciﬁc nitrogen isotope analysis of proteinaceous
amino acids. In: Dawson, T., Siegworf, R. (Eds.), Stable isotopes as indicators of ecological change. Terrestrial Ecology, pp. 173–190.
Rabehagasoa, N., Lorrain, A., Bach, P., Potier, M., Jaquemet, S., Richard, P., Menard, F., 2012.
Isotopic niches of the blue shark Prionace glauca and the silky shark Carcharhinus
falciformis in the southwestern Indian Ocean. Endanger. Species Res. 17, 83–92.
Resetarits, W.J., Chalcraft, D.R., 2007. Functional diversity within a morphologically conservative genus of predators: implications for functional equivalence and redundancy
in ecological communities. Funct. Ecol. 21, 793–804.
Rizzari, J.R., Bergseth, B.J., Frisch, A.J., 2014. Impact of conservation areas on trophic interactions between apex predators and herbivores on coral reefs. Conserv. Biol. http://
dx.doi.org/10.1111/cobi.12385.
Rupert, J.L.W., Travers, M.J., Smith, L.L., Fortin, M.J., Meekan, M., 2013. Caught in the middle: combined impacts of shark removal and coral loss on the ﬁsh communities of
coral reefs. PLoS ONE. http://dx.doi.org/10.1371/journal.pone.0074648.
Sherwood, O.A., Lehmann, M.F., Schubert, C.J., Scott, D.B., McCarthy, M.D., 2011. Nutrient
regime shift in the western North Atlantic indicated by compound-speciﬁc
delta N-15 of deep-sea gorgonian corals. Proc. Natl. Acad. Sci. U. S. A. 108, 1011–1015.
Shurin, J.B., Borer, E.T., Seabloom, E.W., Anderson, K., Blanchette, C.A., Broitman, B.,
Cooper, S.D., Halpern, B.S., 2002. A cross-ecosystem comparison of the strength of
trophic cascades. Ecol. Lett. 5, 785–791.
Stevens, J.D., Bonﬁl, R., Dulvy, N.K., Walker, P.A., 2000. The effects of ﬁshing on sharks, rays
and chimaeras (chondrichthyans), and the implications for marine ecosystems. ICES
J. Mar. Sci. 57, 476–494.
Strong, D.R., 1992. Are trophic cascades all wet? Differentiation and donor control in
speciose ecosystems. Ecology 73, 747–754.
Terborgh, J., Lopez, L., Nunez, P., Rao, M., Shahabuddin, G., Orihuela, G., Riveros, M.,
Ascanio, R., Alder, G.H., Lambert, T.D., Balbas, L., 2001. Ecological meltdown in
predator-free forest fragments. Science 294, 1923–1926.
Tricas, T.C., McCosker, J.E., 1984. Predatory behaviour of the white shark (Carcharodon
carcharias), with notes on its biology. Proc. Calif. Acad. Sci. 43, 221–238.
Walker, B.H., 1991. Biodiversity and ecological redundancy. Conserv. Biol. 6, 18–23.
Wetherbee, B.M., Cortes, E., 2004. Food consumption and feeding habits. In: Carrier, J.C.,
Musick, J.A., Heithaus, M.R. (Eds.), Biology of Sharks and Their Relatives. Taylor and
Francis Group, LLC, Boca Raton.
Williams, R.J., Martinez, N.D., 2004. Limits to trophic levels and omnivory in complex food
webs: theory and data. Am. Nat. 163, 458–468.
Worm, B., Hilborn, R., Baum, J.K., Branch, T.A., Collie, J.S., Costello, C., Fogarty, M.J., Fulton,
E.A., Hutchings, J.A., Jennings, S., et al., 2009. Rebuilding global ﬁsheries. Science 325,
578–585.
Yachi, S., Loreau, M., 1999. Biodiversity and ecosystem productivity in a ﬂuctuating
environment: the insurance hypothesis. Proc. Natl. Acad. Sci. U. S. A. 96, 1463–1468.

