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Gape and energy limitation determine a humped relationship
between trophic position and body size
Angel Manuel Segura, Valentina Franco-Trecu, Paula Franco-Fraguas, and Matías Arim

Abstract: We found a segmented pattern, increasing for small sizes and decreasing for larger sizes, in the relationship between
trophic position and body size. This pattern provides support for a recently developed theoretical model whose derivation was
based on consumers’ metabolic requirements and on basic assumptions about feeding relationships. We combined original and
published information about stable nitrogen isotopes, a proxy of trophic position, for a broad range of animal body sizes
(10!3–105 kg) inhabiting the southwestern Atlantic Ocean. Linear, polynomic, and piecewise segmented models were fit to species
trophic position and body mass. The segmented model had the best fit, presenting a positive slope (!1 = 0.33 ± 0.08) for small
organisms (<200 kg) and a negative slope (!2 = !1.93 ± 0.16) for larger ones. This suggests that there are morphological restrictions
to prey consumption in smaller organisms and energetic constraints to trophic position in larger ones. Furthermore, the
predator–prey body mass ratio (BMR = 1.31; 95% CI = 0.9–2.40) estimated here is similar to previous reports of direct observations
(BMR = 1.64 and 1.82). However, the trophic position of larger organisms decreases at a faster rate (!2 = !1.93) than expected by
metabolic demand (!2expected = !0.16 to !0.82), suggesting that additional processes should be considered. Our results suggest
that large species could be more vulnerable to global change than previously thought.

Résumé : Nous avons constaté un motif segmenté, augmentant pour les petites tailles et diminuant pour les tailles plus grandes,
dans la relation entre la position trophique et la taille du corps. Cette distribution appuie un modèle théorique récemment établi
dont l’élaboration reposait sur les exigences métaboliques des consommateurs et sur des hypothèses de base touchant aux
relations d’alimentation. Nous avons combiné de l’information originale et publiée sur les isotopes stables d’azote, une variable
substitutive de la position trophique, pour une vaste plage de tailles du corps d’animaux (10!3–105 kg) habitant dans le sud-ouest
de l’océan Atlantique. Des modèles linéaire, polynomial et segmenté par morceaux ont été calés sur la position trophique et la
taille du corps des espèces. Le modèle segmenté était le mieux ajusté aux données, présentant une pente positive (!1 = 0,33 ± 0,08)
pour les petits organismes (<200 kg) et une pente négative (!2 = !1,93 ± 0,16) pour les plus grands. Cela suggère qu’il existe des
restrictions morphologiques à la consommation de proies chez les organismes plus petits et des contraintes énergétiques
agissant sur la position trophique chez les organismes plus grands. En outre, le rapport des masses corporelles des prédateurs et
des proies (RMC = 1,31; 95 % IC = 0,9–2,40) estimé dans la présente étude est semblable à des valeurs obtenues d’observations
directes déjà signalées (RMC = 1,64 et 1,82). Cependant, le taux de diminution de la position trophique des organismes plus grands
(!2 = !1,93) est plus élevé que ce que la demande métabolique laisserait prévoir (!2prévu = !0,16 à !0,82), donnant à penser que
d’autres processus devraient être pris en considération. Nos résultats suggèrent que les grandes espèces pourraient être plus
vulnérables aux changements planétaires que ce que les connaissances passées laissaient entendre. [Traduit par la Rédaction]

Introduction
The determinants of food chain length have been studied for

approximately 100 years and have well-consolidated theoretical
hypotheses but limited empirical evaluations (Arim et al. 2007a).
Recent focus on the link between trophic position and predator
body size represents an important advance in connecting food
web patterns with the size structure of communities (Jennings
and Mackinson 2003; Jennings et al. 2007). The structure of body
sizes and trophic positions determines ecosystem stability (Brose
et al. 2006a), energy flow (McCann 2012; Rooney et al. 2008), and
its association with local biodiversity (Arim et al. 2010). It is ex-
pected that the role of ecological and evolutionary mechanisms
systematically changes with body size (Sibly et al. 2012) as the
mechanisms determining the trophic position of consumers

(Romanuk et al. 2010). The relationship between trophic position
and body size has shown different empirical patterns, including
positive (Jennings et al. 2001), negative (Burness et al. 2001),
humped (Genner et al. 2003), or no evident relationship (Layman
et al. 2005; Romanuk et al. 2010). Therefore, understanding the
mechanisms determining the relationship between food web and
size structure and its domain of action represents a central goal
in ecology (McCann 2012).

Classical hypotheses about determinants of food chain length,
including the energetic limitation hypothesis (Elton 1927;
Schoener 1989) and the gape limitation hypothesis (Pimm 1982),
are related to body size. The former states that food chain length
is limited by the low efficiency during the transmission of energy
between trophic positions, whereas the latter states that food
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chain length is limited by a predator’s morphological restriction
to consume prey (Brose et al. 2006b; Elton 1927; Layman et al.
2005). This latter restriction implies a feeding hierarchy in which
big animals consume small ones, a pattern reported for several
ecosystems (Brose et al. 2006b). The simultaneous consideration of
the increase in energetic demand with body size and the hierar-
chy in trophic relationships suggests that the two mechanisms
could alternatively operate over a broad range of body sizes (Arim
et al. 2007a). Specifically, it is expected that trophic position in-
creases with body size for small animals limited by morphological
constraints to consume prey. However, trophic position is ex-
pected to decrease with body size in larger animals subject to an
energetic limitation; large energetic demands can only be satis-
fied by feeding at lower trophic positions (Arim et al. 2007a).
Therefore, a humped or segmented relationship is predicted for
broad body size ranges. However, empirical evidence only pro-
vides partial support for this prediction (Arim et al. 2007a). A clear
negative relationship between body size and trophic position was
identified at large spatial scales (Burness et al. 2001) but not in
local communities, as large predators could expand their ener-
getic support by consuming organisms from different communi-
ties or trophic pathways (Arim et al. 2010). It is worth mentioning
that previous analyses were mostly limited to a single species
(Estrada et al. 2006), guild (Arim et al. 2010), or taxa (Layman et al.
2005), covering a small fraction of the species pool or local com-
munity composition. Consequently, the range of body sizes and
species considered generally excluded larger species of different
taxonomic identity and those moving between communities
(Borthagaray et al. 2012; McCann et al. 2005). Although spatial
scale and ecological level of analysis are recognized as determi-
nants of the observed patterns and processes in any ecological
phenomenon, they are poorly considered in the context of deter-
minants of food chain length (Vander Zanden and Fetzer 2007).

Here we evaluate the relationship between trophic position and
body size using a comprehensive data set of stable nitrogen iso-
topes ("15N) and body masses estimated for coastal marine organ-
isms in the southwestern Atlantic Ocean. Body size spans seven
orders of magnitude, from small fishes and invertebrates to
whales. Once the spatial scale and ecological level of analysis
were expanded, a segmented relationship between trophic posi-
tion and body size became evident, supporting both gape limita-
tion and energetic constrains as the main determinants of food
web structure.

Materials and methods
Theoretical framework

The derivation of a humped pattern between trophic position
and body size (Arim et al. 2007a) was based on the Metabolic
Theory of Ecology (Brown et al. 2004) and on basic assumptions
about feeding relationships. The theoretical derivation consid-
ered two main mechanisms relating trophic position to body size
in two different ways, namely (i) energetic limitation and (ii) gape
limitation. The first states that the energy required to sustain a
viable population of organisms of a given trophic position P with
average size M, at a given absolute temperature T depends on the
energy produced at the basal trophic level (R0; e.g., phytoplankton
production) and on the efficiency of energy transference t be-
tween trophic levels. The formalization of the energetic limita-
tion on trophic position reveals a negative relationship between P
and M (Arim et al. 2007a):

(1) P "
ln!Nmvp

a
(R0)

" #
E

(KT)
$ 0.75ln(Mpredator)

ln(t)

where Nmvp is the size of the minimum viable population, a is an
integration constant, E is the activation energy (0.63 electron-
volts; 1 eV = 96.49 kJ·mol!1), K is the Boltzman constant, and ln
represent the natural logarithm. Assuming a linear relationship
between P and "15N and rearranging eq. 1, we can evaluate the
effect of body size on trophic position:

(2) "15N " 0.75
ln(t)

ln(Mpredator) $ I1

The slope of this linear relationship will not be influenced by
variables such as productivity, temperature, activation energy, or
the minimum viable population, as they are included in the inter-
cept (I1). The relationship in eq. 2 has a negative slope because the
energy transference efficiency t is less than 1; therefore, its loga-
rithm is negative. This implies that small organisms are seldom
limited by energy. The second mechanism implies that trophic
position P is limited for small-sized organisms by morphological
restrictions to capturing and manipulating prey. Gape limitation
is particularly relevant for aquatic organisms and shows a positive
relationship between body size and trophic position. Formally, it
assumes a constant relationship between predator and prey body
masses r, as follows (Arim et al. 2007a):

(3) P %

ln#Mpredator

M0
$

ln(r)

where Mpredator is the body mass of the predator, and M0 is the
individual mass of basal resources. In the marine realm, basal
resources are microscopic phytoplankton. We estimated M0 of
phytoplankton assuming average size values as documented in
Segura et al. (2013). The assumed M0 does not modify the expected
slope of the linear relationship because it is included in the inter-
cept I2. This model can be expressed as the linear relationship
between the predator’s trophic position, given by "15N (Akin and
Winemiller 2008; Vander Zanden and Fetzer 2007; Vander Zanden
et al. 1999), and the individual body mass of predators (Mpredators,
in kg):

(4) "15N %
1

ln(r)
# ln(Mpredator) $ I2

where 1/ln(r) is the slope of the regression and it is related to the
ratio between predator and prey body masses (r). I2 accounts for
the basal reference in "15N and the individual size of phytoplank-
ton producers (M0).

The minimum value from eqs. 2 and 4 at a given body mass will
limit the maximum trophic position attained by a population.
Because eqs. 2 and 4 cross at intermediate body sizes, small
animals are limited in their trophic position by gape limitation,
whereas large animals are limited by energetic constrains (Arim
et al. 2007a). Therefore, we expected to find a positive relationship
between trophic position and body size for small organisms and a
negative relationship for larger ones. We evaluated these predic-
tions using a large database of body size and trophic position
estimated from stable nitrogen isotopes.

Study site
The Uruguayan shelf is located in the southwestern Atlantic

Ocean, from 33°S to 36°S, close to the confluence of the Brazil and
Malvinas currents. The first of these currents transports warm
and salty subtropical waters southward, and the second carries
cold and less saline subantarctic waters northward (Ortega and
Martinez 2007). The confluence of the two produces one of the
most energetic and productive regions in the world, which sup-
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ports important fishing activity (Ortega and Martinez 2007) and
several populations of marine mammals (Franco-Trecu et al. 2012).

Database
We obtained tissue samples from two monitoring programs.

The first focused on evaluating the feeding ecology and reproduc-
tive strategies of marine mammals, including fur seals, dolphins,
and whales, from the Uruguayan continental shelf (Franco-Trecu
et al. 2012, 2013). The second was a participative biodiversity mon-
itoring of Uruguayan artisanal fisheries (Segura et al. 2012). In
September 2007 and April 2008, fish muscle samples were col-
lected during inshore and offshore surveys by the Uruguayan Na-
tional Direction of Aquatic Resources (Franco-Trecu et al. 2012). In
the summer of 2009, we collected muscle samples from inshore
prey in collaboration with artisanal fishers of Punta del Diablo
(Segura et al. 2012).

Sample treatment
Lipids were extracted from samples by repeatedly rinsing with

2:1 chloroform:methanol ratio (Bligh and Dyer 1959). We used a
mass spectrometer of continuous flow (CF-IRMS) coupled to an
elemental Analyzer PDZ Europe ANCA-GSL (Stable Isotope Labo-
ratory, University of California at Davis) to determine natural
nitrogen abundance and their isotopic ratios with an analytical
precision of ±0.2‰. Stable isotope concentrations are reported
in delta (") notation in parts per thousand according to the
following:

(5) "15N (‰) % #Rsample

Rstd
# 1$ # 1000

where Rsample and Rstd are the 15N/14N ratios of the sample and
standard (atmospheric N), respectively.

To incorporate organisms typically ignored in local studies, we
searched for literature records of stable nitrogen isotopes on ma-
rine mammals and big sharks found in the southwestern Atlantic
Ocean. When size was not specified in the original article, we used
average species size obtained from specific guides for marine
mammals (Reeves et al. 2002) and FishBase for sharks (Froese and
Pauly 2012). When nitrogen isotope composition was not available
for species inhabiting the southwestern Atlantic Ocean, isotopic
signal was obtained from organisms sampled in different oceans
of the world. We call this data set “literature-reviewed data” to
differentiate it from the “original data” sampled in the Uruguayan
continental shelf. These studies applied similar protocols for
stable isotope analysis. In some studies, lipid extraction was not
performed and in others slightly different protocols were fol-
lowed (e.g., Todd et al. 1997), but these differences are not ex-
pected to generate systematic biases. We transformed original
length measures to masses by using specific length–mass relation-
ships (LMR) for the species analyzed. We used local LMR when
available; otherwise, we used congener species’ LMR (Table 1).

Data analysis
We evaluated the relationship between body mass and "15N by

fitting linear, quadratic, and piecewise (segmented) regression
using R software (R Development Core Team 2010). Piecewise re-
gression is an objective statistical method used to estimate break
points in data sets (Muggeo 2003), and we implemented it in R
using the “segmented” package (Muggeo 2008). We evaluated the
relative performance of these three models with the Akaike infor-
mation criteria (AIC), where a difference of more than two units in
AIC can be interpreted as an important difference in model fit
(Burnham and Anderson 2002). The above-mentioned statistical
approaches consider only average trends in the data, while limit-
ing factors such as gape or energetic limitation could be more
evident in the upper percentiles of the distribution of trophic

position for a given body size (Arim et al. 2007a). Thus, the pro-
posed theoretical model set the upper limit to the trophic posi-
tion, but the ecological or evolutionary determinants of the lower
limit for the trophic position at a given body size are not clearly
identified. Two contrasting scenarios can be depicted: (i) organ-
isms attain the highest possible trophic position at a given size, or
(ii) there is no lower limit to trophic position, and thus the rela-
tionship should fill the area below model predictions (eqs. 2 and
4). To adequately characterize the second scenario, we evaluated
the fit of a segmented linear model to the 90% percentile of the
distribution using the “quantreg” package in R (Koenker 2012).

We evaluated the hypothesis of a humped pattern using three
complementary approaches. First, we fit the statistical models
(lineal, quadratic, and segmented) to the trophic position and
body size of each individual sampled in the southwestern At-
lantic Ocean (i.e., original data). Second, we combined original
and literature-reviewed data and analyzed the whole data set.
Third, multiple measures on size and trophic position recorded
from organisms in the same species could bias the results of the
regression towards the species with higher sampling effort. Thus,
we averaged body size and "15N among individuals for each spe-
cies and re-estimated the parameters of the three competing
models. The segmented pattern was conspicuous in the three ap-
proaches. Then, we compared the fitted slopes of the segmented
model with the theoretically expected decrease in trophic posi-
tion with body size (eq. 2). Finally, we compared the relationship
of predator and prey body mass ratios (BMR = log10(r)) estimated
using eq. 4 with previous estimates from direct observations.

Results
The combined data set comprised 230 observations from

39 species. Among these, we analyzed 114 tissue samples from
29 species from the Uruguayan shelf from depths of 5 to 70 m. The
samples covered a broad range of body masses, spanning seven
orders of magnitude — 2.5 # 10!3 to 6.1 # 104 kg — from the red
shrimp (Pleoticus muelleri) and anchovy (Anchoa marinii) to the
southern right whale (Eubalaena australis) (Table 1). The "15N values
varied between 4.9‰ and 20.7‰, including a broad range of
trophic positions (Table 1). The literature review provided 116 ad-
ditional estimations of trophic position and size for large organ-
isms (Table 1).

The segmented regression was the model that best described
(&AIC > 48) the relationship between body mass and "15N for
individuals collected in the Uruguayan shelf (UY). Significant
slopes (mean ± SE; !UY1 = 0.37 ± 0.04, !UY2 = –1.92 ± 0.24) and
intercepts were similar to parameters estimated in the combined
data set (!Com1 = 0.33 ± 0.08, !Com2 = –1.93 ± 0.16; Table 2). The
break point estimated for the original data set (BPUY = 6.13 ±
0.37 around 462 kg) was slightly higher than in the combined
data-set (BPCom = 5.21 ± 0.39 around 183 kg).

The relationship between body size and species average
trophic position (AVG) was better described by a segmented
model that presented the lowest AIC value (&AICseg-linear " 31;
&AICseg-quadratic " 8) and explained 74% of variance. The slopes
(mean ± SE; !AVG1 = 0.41 ± 0.14, !AVG2 = –1.85 ± 0.33) were similar
to those estimated using individual data (i.e., 95% CI overlap; Fig. 1).
Hereinafter, we will describe and discuss results from the data set
including individual measures from literature review and original
data. All fitted models (linear, quadratic, and piecewise) were sig-
nificant (P < 0.01), but the AIC was substantially lower (&AIC > 20)
in the piecewise segmented model, which also explained more
variance (Table 2). A significant break point was detected at an
intermediate size (Mpredator " 200 kg), indicating an abrupt tran-
sition from positive to negative associations between trophic po-
sition and body mass (Fig. 1). Regression slopes for the 90%
percentile were close to those estimated for the mean trend in the
segmented regression (Table 2). The estimated log-ratio between
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Table 2. Models fitted to the relationship between individual trophic position and size in the southwestern Atlantic
Ocean, where x is the log(Mpredator) and y is the stable nitrogen isotope ratio ("15N).

Piecewise Quadratic Linear ' = 0.9 (x < BP) ' = 0.9 (x $ BP)

Fitted model y = a1 + b1x if x < BP y = a + bx + cx2 y = ax + b y = a + bx Y = a + bx
y = a2 + b2x if x $ BP

Explained variance (R2) 0.65 0.61 0.38 ND ND
&AIC 0 48 99 ND ND
P value <0.01 <0.01 <0.01 ND ND
Parameter value (SE) b1 = 0.33 (0.08) a = 18.09 (0.29) a = 15.4 (0.25) b = 0.35 (ND) b = !1.82 (ND)

b2 = !1.93 (0.16) b = 0.24 (0.06) b = !041 (0.04) a = 18.4 a = 31.6
a1 = 17.03 c = !0.11 (0.01)
a2 = 28.82
BP = 5.21 (0.39)

Note: Also shown are the proportions of variance explained by the models (R2); differences in the Akaike information criteria with
respect to the best model (&AIC); and regression model significance (P value), estimated parameters, and associated standard er-
rors (SE). BP, the break point estimated in the segmented regression; ND, not determined; and ', quantile of the fitted regression.

Table 1. Number of sampled individuals (N), mean mass and mean trophic position ("15N ± SD) of species in the southwestern Atlantic used in this
analysis.

N
Mean
mass (kg) LMR reference Mean "15N (‰) ± SD Location "15N reference

Invertebrates
Phoronis muellieri 4 0.004 Segura and Delgado 2012 13.94±0.25 SAO This study
Illex argentinus 2 0.31 Santos and Haimovici 1997 13.90±0.72 SAO Franco-Trecu et al. 2012
Loligo sanpaulensis 2 0.017 Pineda et al. 2002 13.71±0.19 SAO Franco-Trecu et al. 2012

Fishes
Anchoa marinii 3 0.004 Segura et al. 2012 15.58±0.58 SAO Franco-Trecu et al. 2012
Cynoscion guatucupa 8 0.09 Segura et al. 2012 16.59±0.83 SAO Franco-Trecu et al. 2012
Engraulis anchoita 5 0.03 Bernardes and Rossi-Wongtschowski 2000 13.79±0.42 SAO Franco-Trecu et al. 2012
Lycengraulis sp. 1 0.04 Bernardes and Rossi-Wongtschowski 2000 14.90 SAO This study
Macrodon atricauda 10 0.12 Segura et al. 2012 16.29±0.24 SAO Franco-Trecu et al. 2012
Micropogonias furnieri 7 70.24 Segura et al. 2012 16.17±0.15 SAO Franco-Trecu et al. 2012
Menticirrhus americanus 4 127.13 Segura and Delgado 2012 16.67±0.36 SAO Franco-Trecu et al. 2012
Merluccius hubbsi 1 0.62 Bernardes and Rossi-Wongtschowski 2000 17.87 SAO Franco-Trecu et al. 2012
Mullus argentinae 3 0.05 A.M. Segura, unpublished data 16.45±0.12 SAO This study
Peprilus paru 1 0.06 Segura et al. 2012 15.46 SAO This study
Pomatomus saltatrix 3 0.05 Bernardes and Rossi-Wongtschowski 2000 16.67±0.48 SAO This study
Porichthys porossisimus 1 0.12 Segura et al. 2012 14.72 SAO This study
Prionotus punctatus 1 0.08 Segura et al. 2012 16.85 SAO This study
Stellifer rastrifer 8 0.009 Segura et al. 2012 16.83±0.14 SAO This study
Dules auriga 5 0.06 Frota et al. 2004 16.53±0.85 SAO This study
Symphurus spp. 1 0.16 Frota et al. 2004 16.41 SAO This study
Thyrsitops lepidopoides 4 0.09 Bernardes and Rossi-Wongtschowski 2000 17.01±0.26 SAO This study
Trachurus lathami 3 0.03 Bernardes and Rossi-Wongtschowski 2000 16.01±0.39 SAO This study
Umbrina canosai 1 0.07 Vianna et al. 2004 15.70 SAO Franco-Trecu et al. 2012
Urophycis brasiliensis 8 0.17 Segura et al. 2012 16.61±0.72 SAO Franco-Trecu et al. 2012

Sharks
Mustelus schmitti 2 0.29 Segura et al. 2012 14.70±0.57 SAO This study
Cetorhinus maximus 1 3 198 Vianna et al. 2004 10.40 NAO Estrada et al. 2003

Marine mammals
Arctocephalus australis 9 42.18 FishBase: http://www.fishbase.org 18.52±1.04 SAO This study
Otaria flavescens 5 124.27 Lima and Páez 1995 19.85±0.59 SAO This study
Pontoporia blainvillei 5 24.37 Garcia 1997 17.79±0.59 SAO This study
Mirounga leonina 3 948.8 Rodríguez et al. 2002 17.99±0.78 SAO This study
Eubalaena australis 5 49 233.5 Arnbom et al. 1994 10.48±3.34 SAO This study
Balaenoptera acutorostrata 25 4 760 Mizroch and Rice 2006 11.70±1.37 WNPO Endo et al. 2012
Balaenoptera bonaerensis 10 4 775 Mizroch and Rice 2006 6.24±0.44 SO Endo et al. 2012
Balaenoptera borealis 10 22 840 Mizroch and Rice 2006 8.33±1.24 WNPO Endo et al. 2012
Balaenoptera edeni 11 20 340 Mizroch and Rice 2006 9.96±1.15 WNPO Endo et al. 2012
Balaenoptera physalus 10 61 200 Mizroch and Rice 2006 5.78±0.42 SO Endo et al. 2012
Orcinus orca 30 4 132 Reeves et al. 2005 15.52±2.28 NAO Foote et al. 2009
Eubalaena australis 5 49 233 Arnbom et al. 1994 7.75±0.62 SAO Valenzuela et al. 2008
Megaptera novaeangliae 6 20 340 Mizroch and Rice 2006 13.15±0.88 NP Witteveen et al. 2011

13.58±1.70 NAO Schell et al. 2000
Physeter macrocephalus 1 20 000 Mizroch and Rice 2006 16.80 SPO Marcoux et al. 2007

Note: The literature sources used to determine trophic position and specific mass from length measurements (LMR) are shown, as are the locations where tissues
for isotopic analysis were extracted: SAO, southwestern Atlantic Ocean; NAO, North Atlantic Ocean; WNPO, western North Pacific Ocean; SO, southern oceans;
AO, Arctic Ocean; SPO, South Pacific Ocean.
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predator and prey body masses (ln(r); eq. 4) indicates that preda-
tors are on average approximately 20 times larger than their prey,
at least within the range of body sizes where morphological re-
strictions constrain trophic position. This figure implies a mean
BMR = 1.31 (95% CI = 0.9 to 2.40).

Discussion
The analysis of the relationship between trophic position and

body size at a large spatial scale and covering different taxa pro-
vides support for both energetic and gape limitation mechanisms
in shaping the marine food web structure of the Uruguayan shelf.
The possibility that energetic constraints operate at larger spatial
scales than local communities is congruent with the lack of sup-
port found for energetic constraints on local food chain length
(Post 2002). The existence of energetic constraints is an appealing
explanation (Arim et al. 2007b; Elton 1927; Schoener 1989; Vander
Zanden et al. 1999), corroborated by experimental studies (Jenkins
et al. 1992; Kaunzinger and Morin 1998) and theoretical models
(Oksanen and Oksanen 2000). However, empirical evidence is
weak because of the small number of studies evaluating energetic
constraints (Arim et al. 2007b) and because the trophic positions
of species studied in local communities are affected more by gape
limitation than by energetic constraints (Arim et al. 2007a;
Takimoto and Post 2013). Large predators typically move be-
tween communities and are generally neglected in local analy-
ses (McCann et al. 2005). Even when large organisms are included,
their low abundance and richness could result in low statistical
power to detect a negative relationship between body sizes and
trophic positions.

The broad range of body sizes and taxa included in our study
allowed the identification of a theoretically expected pattern
that had not been evident in previous studies (Arim et al. 2010;
Jennings et al. 2001). This highlights the relevance of formulating
theoretical predictions within a mechanistic framework relying
on basic processes, even though no empirical evidence had cor-
roborated their existence (Arim et al. 2007a). Furthermore, studies
should incorporate species that are not necessarily residents of a
given local community but that may move between communities
(McCann 2012). Another characteristic that prevented observing a
humped pattern was the previous focus on a single taxonomic
group. Therefore, it is likely that few field studies have properly
evaluated energetic constraints on food chain length. An intrigu-
ing pattern is that the organisms followed the central linear pat-
tern and did not fill the space below model predictions (Arim et al.
2007a). This suggests the existence of additional mechanisms fa-
voring higher trophic positions whenever they are energetically

or morphologically feasible. Further investigation of these mech-
anisms is recommended to advance the understanding of the in-
dividual determinants of trophic position.

The wide range of data sources and assumptions considered in
this study requires the examination of some methodological is-
sues. First, the increase in "15N between predator and prey (i.e.,
isotopic enrichment) might be not constant as assumed in eq. 4
but may be a decreasing function of "15N as recently shown
(Hussey et al. 2014). However, this fact does not invalidate our
approach, as the relationship between trophic position and "15N is
still monotonic and positive. However, it could obscure the iden-
tification of the pattern because the difference in the isotopic
signal between consumers and predators will be more subtle than
the effective trophic position when "15N increases. This fact con-
sidered with the variance in the basal "15N from different oceans
can help explain the otherwise incompatible similarity in isotopic
signal found for killer whales (Orcinus orca) and anchovies (Table 1).

Second, the different feeding types and mobility of organisms
involved in our study imply variation in energy sources and isoto-
pic fractioning (Ramos and González-Solís 2012). The decrease in
trophic position for larger consumers may be caused by a system-
atic decrease in the "15N signature at the base of the food web (e.g.,
suspended particles and plankton) in feeding zones outside the
Uruguayan shelf. However, the potential range of variation in
basal "15N signature is smaller than the observed trend (see Mino
et al. 2002 for suspended particles and Ramos and González-Solís
2012 for plankton). Further, despite most of the literature review
data on "15N being collected outside the Southwestern Atlantic,
the difference in baseline isotopic signal (e.g., "5‰ in the sus-
pended matter analyzed from 50°N to 50°S in the Atlantic Ocean;
Mino et al. 2002) could not account for the observed decay in "15N
of more than 10‰.

Third, a main difference between gape and energy limited or-
ganisms is that they are mostly ectotherms and endotherms, re-
spectively. At a given size, ectothermic organisms will have lower
metabolic requirements and a higher trophic position than endo-
therms. Thus, the observed break point could be forced by this
change. However, it should be noted that endotherms are well
represented along the whole range of organisms limited by ener-
getic constraints. In this sense, there is not a systematic increase
in the proportion of endotherms species after the break point at
extreme body sizes that could force the observed negative rela-
tionship (Yodzis 1984).

Fourth, phylogenetic relatedness and its effect on the lack of
statistical independence among observations is another potential
point of concern (Grafen 1989). This could be particularly impor-

Fig. 1. (A) Piecewise relationship between an index of individual trophic position ("15N) and the natural logarithm of the predator individual
body mass (Mpredator). (B) Means of "15N and body size for each species. Lines are the best piecewise model fits (see main text and Table 2 for
parameter values).
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tant when multiple observations come from the same species (as
in Fig. 1A). The relationship between averaged trophic position
and body size for each species controlled the lack of independence
and showed the same general pattern as the individual data
(Fig. 1). A further consideration is the biased distribution of taxo-
nomic groups across the body size axis. Here, the correction of
phylogenetic dependence among observations removes the pat-
tern of interest because it is related with the phylogenetic history
of the group under analysis (see Westoby et al. 1995). Despite the
methodological issues discussed above, it is noticeable that the
theoretically expected segmented pattern is still observable.

The estimated size ratio for predator–prey body masses (BMR =
1.31, 95% CI = 0.9 to 2.40) calculated from our data includes within
its CI previous direct estimations (BMR = 1.64 for all species and
BMRaq = 1.82 for aquatic organisms; Brose et al. 2006b). This lends
important support to gape limitation as a main determinant of
the positive relationship between trophic position and body size.
However, the decay in trophic position for larger organisms is
steeper than theoretically predicted. The exponent of the relation-
ship between metabolic demand and body size and the efficiency
in energy transfer among trophic links (eq. 2) determines the
negative trend in trophic position in larger organisms (Arim et al.
2007a). Considering a scaling of 0.75 and a transmission efficiency
between 1% and 40%, the predicted slope is between –0.16 and
–0.82. Our observed slope was a bit steeper (!2 = !1.93 ± 0.16),
suggesting that trophic position is decreasing at higher rates than
expected based on the balance between available resources and
energetic demand.

The theoretical model evaluated here (eqs. 2 and 4) required the
formulation of auxiliary assumptions (Arim et al. 2007a). Viola-
tions of these assumptions can help to explain the observed
steeper slope (more negative) found in the relationship between
trophic position and body size in the energetic limited region
(Fig. 1). It is implicit in the theoretical model that minimum viable
population (Nmvp) and total available energy (R0) are independent
of body size. Assuming a proportional increase in available energy
with foraging area (Jetz et al. 2004), then the relationship of
trophic position with body size must show a different scaling than
expected under pure metabolic constraint (e.g., if R0 " M0.75, then
P " M0). Further, a negative scaling of population variance with
body size (Cohen et al. 2012) implies a reduction in the extinction
rate and a negative relationship of Nmvp with body size. It is not
feasible that those two mechanisms have generated the observed
pattern. Both mechanisms tend to weaken the predicted relation-
ship between trophic position and body size for the organisms
limited by energy, which is contrary to current observations. This
implies the operation of other mechanisms that require further
examination. The nonlinear increase in the hunting time with
consumer body size required to compensate for the increase in
energetic demand (Carbone et al. 1999; Sherwood et al. 2002)
could determine the steeper reduction in trophic position (Arim
et al. 2007a). Further, the increase in home range with body size
does not imply a proportional increase in available resources be-
cause of (i) a reduction in perceived food concentration (Ritchie
2010) and (ii) an increased overlap in the use of space and other
resources with other species (Jetz et al. 2004). Finally, if metabolic
rate follows a quadratic association with body size on log scale,
larger organisms should have disproportionately higher meta-
bolic rates (Kolokotrones et al. 2010), which could explain the
steeper relationship between trophic position and body size re-
ported here. The formal evaluation of these mechanisms should
be the focus of further research, using a combination of theoret-
ical and empirical approaches (Box 1976).

The steeper relationship between body size and trophic posi-
tion in larger organism implies an increased sensitivity to altera-
tions in the energetic support of food webs. Energetic constraints
are directly connected to an organism’s metabolism (Yodzis 1984),
environmental temperature (Arim et al. 2007a), ecosystem pro-

ductivity (Elton 1927), ecosystem size (Schoener 1989; Vander
Zanden et al. 1999), and biodiversity (Arim et al. 2010), as repre-
sented by eq. 1. Global change could affect the energetic demand
by increasing temperature (Brown et al. 2004), efficiency in energy
flow through the food web caused by biodiversity loss (Arim et al.
2010), and resource availability for large predators (Ritchie 2010).
The pattern reported here suggests that these processes could
specifically affect large organisms governed by energetic con-
straints and thereby impact the structure of the entire food web.
Similarly, the size structure of local communities could also be
affected by the presence or absence of large consumers (Hopcraft
et al. 2010; Skillen and Maurer 2008). Understanding the interde-
pendence between energetic and gape constraints and food web
structure becomes essential when trying to determine how hu-
man activities change the size structure of communities and the
resource availability on a global scale.

In summary, we evaluated the relationship between body mass
and trophic position in a large ecosystem covering a broad range
of body masses and taxonomic groups and provided evidence con-
cerning the role of gape and energetic limitations on trophic po-
sition. Our approach was based on a previous theoretical model.
Hence, this work highlights the importance of the link between
theory and empirical data. Several avenues still need further
exploration, such as the combined effect of productivity and
temperature in the trophic positions and their effect on the abun-
dances of larger size class organisms, as well as the connection
among energetic and gape constraints, trophic interactions, and
community stability.
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