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fish-aggregating devices (FADs). A strong spatial shift in 
diet was identified by the tree analysis, with different for-
aging patterns in the eastern (inshore) and western (off-
shore) regions. Greater proportions of FAD-associated prey 
than non-FAD-associated prey were observed in the diet 
throughout the EPO, with the greatest proportion in the off-
shore region. Thus, silky sharks appear to take advantage 
of the associative behavior of prey fishes to increase their 
probability of encountering and capturing prey. Evaluation 
of prey–predator size relationships showed that maximum 
prey size increased with increasing silky shark size, but 
minimum prey size remained relatively constant across the 
range of shark sizes. Results such as these from spatially 
oriented analyses of predator feeding habits are essential 
for populating ecosystem models with space-based food 
webs, which otherwise suffer from generic representations 
of food webs.

Introduction

Underlying an increasing worldwide interest in ecologi-
cally based approaches to fisheries management (Pikitch 
et al. 2004; Marasco et al. 2007) is a requirement to thor-
oughly understand the dynamics of food webs. Large 
pelagic sharks play an important role as top predators in the 
ecosystem, with the capacity to influence community struc-
ture (Heithaus et al. 2008; Ferretti et al. 2010), and as key-
stone predators (Hinman 1998; Stevens et al. 2000), essen-
tial to the maintenance and stability of food webs (Power 
et  al. 1996). Data on trophic ecology are a prerequisite 
for understanding the ecological role of top predators and 
the consequences of changes in their abundance (Cortés 
1999; Matich et  al. 2011). Food habits studies are neces-
sary for investigating pathways of energy flow in exploited 
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ecosystems (Olson et al. 2014), and knowledge of trophic 
position and trophic linkages is essential for informing eco-
system models (e.g., Ecopath with Ecosim, Christensen and 
Pauly 1992). In particular, space-based ecosystem models, 
e.g., Ecospace (Walters et al. 1999; Pauly et al. 2000) and 
Atlantis (Fulton et al. 2004), can suffer from generic depic-
tions of food webs, and spatially oriented analyses of diet 
composition are useful for populating such models.

The silky shark (Carcharhinus falciformis) is the most 
common shark incidentally caught by tuna purse-seine fish-
eries (Román-Verdesoto and Orozco-Zӧller 2005; Bonfil 
2008) and high-seas tuna longline fisheries (Bonfil 2008) 
and is targeted by coastal longline and gillnet fisheries 
(Sánchez-de Ita et  al. 2011) in the eastern Pacific Ocean 
(EPO). It is one of the most common epipelagic sharks in 
tropical and subtropical waters worldwide, occurring from 
inshore and island areas to the open ocean (Compagno 
1984). Despite the importance of the silky shark as both 
top predator and component of the bycatch, little is known 
about its trophic dynamics in the open ocean. Food hab-
its studies have been restricted in space to subtropical and 
tropical inshore areas off Baja California, Mexico (Galván-
Magaña et al. 1989; Cabrera-Chávez-Costa et al. 2010), and 
the Gulf of Tehuantepec, Mexico (Cabrera 2000; Barranco 
2008), where the diet consisted primarily of invertebrates.

Much of the incidental fishing mortality of silky sharks 
in the tropical EPO occurs when tuna purse-seine vessels 
set their nets on tunas associated with floating objects, in 
particular man-made fish-aggregating devices (FADs) 
(Gerrodette et  al. 2012; IATTC 2013: p. 132, Table  3). 
Numerous pelagic fishes commonly aggregate around float-
ing objects in the tropical and subtropical EPO (Hunter 
and Mitchell 1966; Arenas et al. 1999), but the basis of the 
association remains unresolved. FADs are thought to mod-
ify the habitat of pelagic fishes (e.g., Marsac et  al. 2000; 
Dagorn et al. 2013), and the deployment of massive num-
bers of FADs may alter the trophic interactions of associ-
ated pelagic fishes (Deudero 2001; Hunsicker et al. 2012). 
Specifically, pelagic fishes may be more vulnerable to pre-
dation by top predators when aggregated at FADs (or other 
flotsam) than when unassociated.

Identifying ontogenetic patterns in the diet is important 
because the functional role of a predator can change with 
growth (Karpouzi and Stergiou 2003; Pinnegar et al. 2003), 
which can, in turn, affect the species and size composi-
tion of a prey community (Heupel et  al. 2014). Prey size 
and predator size are important factors influencing trophic 
interactions and foraging success in marine fish predators 
(Scharf et al. 2000). Size-related variability in diet compo-
sition is common in the aquatic environment. Larger preda-
tors eat progressively larger prey, while minimum prey size 
often remains relatively constant over a range of predator 
sizes (Scharf et al. 1998, 2000; Juanes 2003; Ménard et al. 

2006; Young et  al. 2010). Smaller predators are limited 
by gape size and thus tend to be restricted to small prey 
(Magnuson and Heitz 1971). Prey–predator size ratios pro-
vide information about the breadth of a predator’s trophic 
niche as a function of size (Scharf et al. 2000; Juanes 2003; 
Ménard et al. 2006; Young et al. 2010).

We analyzed the foraging ecology, based on the stom-
ach contents, of silky sharks captured opportunistically as 
bycatch by the tuna purse-seine fishery in mostly tropical 
regions of the EPO. Our dataset is novel because stomach 
samples from open-ocean carcharhinid sharks are rare, and 
it includes silky sharks caught over a broad region of the 
tropical EPO. Our objectives were to describe silky-shark-
feeding habits in the pelagic tropical EPO, to quantify the 
incidence of flotsam-related feeding (largely on FADs), and 
to identify size-specific predation patterns. Our approach 
was twofold: (1) to explore broad-scale spatial and size 
relationships in silky shark diet using classification tree 
methodology and (2) to assess finer-scale prey–preda-
tor size relationships in foraging behavior, using quantile 
regression techniques. This research provides a compre-
hensive description of silky shark predation in the tropical 
EPO and will facilitate improvement in future ecosystem 
models.

Materials and methods

Stomach sampling

Silky shark stomachs were collected at sea by Inter-Amer-
ican Tropical Tuna Commission (IATTC) observers, who 
recorded the date, time, location, set type, and sea sur-
face temperature (SST) for each set that yielded samples. 
Observers measured total length (TL) to the nearest mil-
limeter, excised the stomach, and recorded the sex of each 
silky shark. Stomach samples were frozen and saved for 
analysis in the laboratory.

We analyzed the stomach contents from specimens 
originating from 47 purse-seine sets during 41 fishing trips 
between December 1992 and July 1994 and from 97 purse-
seine sets during 29 fishing trips between August 2003 and 
February 2005. Three types of purse-seine sets have inci-
dental catch of silky sharks in the EPO: (1) “dolphin sets,” 
whereby the net is deployed around a school of tuna asso-
ciated with a dolphin aggregation (Scott et  al. 2012), (2) 
“unassociated sets,” whereby the net is deployed around a 
free-swimming school of tuna (Hall 1998), and (3) “float-
ing-object sets,” whereby the net is deployed around a 
school of tuna associated with a floating object (Hall 1998; 
Dagorn and Fréon 1999). Floating-object sets are usually 
made in the early morning, while dolphin sets and unasso-
ciated sets typically are made throughout the day. Sample 
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locations are displayed by set type, stomach condition, and 
sampling period (1992–1994 and 2003–2005) in Fig.  1. 
Numbers of stomach samples by fishing method and stom-
ach condition are presented in Table 1.

Diet composition

Laboratory procedures consisted of thawing the stomachs, 
identifying the prey to the lowest possible taxon, classify-
ing the prey by digestion state, weighing the prey to the 
nearest gram, and enumerating the prey when individuals 
were recognizable. We used the following keys to iden-
tify fish prey: Jordan and Evermann (1896), Meek and 
Hildebrand (1923), Clothier (1950), Parin (1961), Monod 
(1968), Miller and Lea (1972), Miller and Jorgenson 
(1973), Thomson et al. (1979), Allen and Robertson (1994), 
and Fischer et al. (1995b, c). We identified crustacean prey 
from exoskeleton remains using the keys of Garth and Ste-
phenson (1966), Brusca (1980), and Fischer et al. (1995a). 
We identified cephalopod prey from mandible remains 

(Clarke 1962, 1986; Iverson and Pinkas 1971; Wolff 1982). 
We also relied on our (F. G-M.’s) reference collections, the 
fish collections at Scripps Institution of Oceanography and 
the Natural History Museum of Los Angeles County, and 
the cephalopod collection at the Santa Barbara Museum of 
Natural History to compare and validate prey identifica-
tions. For each prey item, we recorded a numeric digestion 
state that ranged from 1 for fresh or nearly intact prey to 
5 for digestion-resistant hard parts (primarily fish otoliths 
and cephalopod mandibles, i.e., no undigested soft tissue 
remaining) (Olson and Galván-Magaña 2002; Bocanegra-
Castillo 2007). We measured prey lengths whenever possi-
ble, to the nearest millimeter for fishes (fork length), cepha-
lopods (mantle length), and crustaceans (carapace length). 
Counts of residual hard parts were divided by two to esti-
mate numbers of individual organisms ingested.

Silky sharks are known to feed occasionally while encir-
cled in purse-seine nets. Since it is more difficult for cor-
ralled prey to escape a predator inside the net, we consid-
ered net feeding as artificial predation and omitted it from 
the analysis. Food items in the freshest digestion state were 
considered to have been eaten inside the net during a set 
if the same species was reported in the catch data of the 
same set. We therefore omitted data for fresh dolphin (Del-
phinidae) remains in the stomach contents of silky sharks 
captured in dolphin sets, fresh tuna remains (Scombri-
dae: Thunnus albacares and Katsuwonus pelamis) found 
in silky sharks captured in unassociated sets, and fresh 
remains of several fishes that aggregate at floating objects 
(Coryphaenidae, Carangidae: Decapterus macarellus, Ela-
gatis bipinnulata; Scombridae: Acanthocybium solandri, 
Auxis spp., Auxis thazard, Euthynnus lineatus, K. pelamis, 
T. albacares, Thunnus obesus, Thunnus spp.; Istiophoridae: 
Makaira spp.; Balistidae: Xanthichthys mento) found in 
silky sharks from floating-object sets. For data analysis, we 
combined FAD and flotsam sets under the category float-
ing-object sets, and the majority of these sets were made on 
FADs. We thus, hereafter, refer to floating objects as FADs.

We used gravimetric, numeric, and occurrence indices 
of diet importance to analyze the stomach contents data. 
We calculated proportional compositions by weight and 
by number of each prey type eaten by each individual silky 
shark and then averaged the proportions for each prey type 
over all silky sharks with prey remains in the stomachs 
(Chipps and Garvey 2007). For prey weights,

where W̄i is mean proportion by weight for prey type i, Wij 
is the weight of prey type i in silky shark j, P is the number 
of silky sharks with food in their stomachs, and Q is the 
number of prey types in all the samples. For prey counts,

(1)W̄i =
1

P

P
∑

j=1

(

Wij
∑Q

i=1 Wij

)

,

Fig. 1   Sampling locations and sample sizes of silky sharks captured 
by purse-seine vessels in the eastern Pacific Ocean during two sam-
pling periods, a 1992–1994 and b 2003–2005. Sample sizes in paren-
thesis are for all stomachs (open triangles) and for stomachs contain-
ing food remains (filled circles)
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where N̄i is mean proportion by number for prey type i, Nij 
is the number of individuals of prey type i in silky shark 
j, and P and Q are as defined for Eq. 1. For frequency of 
occurrence (Oi),

where Ji is the number of silky sharks containing prey i, 
and P is as defined for Eqs. 1 and 2. We omitted prey data 
based on residual hard parts and stomachs that contained 
only residual hard parts from the W̄i and N̄i computations 
because hard parts can accumulate in the stomachs from 
feeding over an unknown number of previous days. Rela-
tively few prey taxa in the EPO have prominent hard parts 
that resist digestion (Olson and Galván-Magaña 2002), 
and treating hard parts the same as undigested soft tissue 
would over-represent the dietary importance of taxa with 
digestion-resistant hard parts, especially based on numeric 
and gravimetric indices (Olson and Galván-Magaña 2002; 
Chipps and Garvey 2007; Olson et al. 2014). We included 
the contents of stomachs that contained residual hard parts 
in the Oi computation because this index represents how 
frequently a particular prey item was eaten, but does not 
indicate relative importance to the overall diet.

Classification tree analysis

We applied classification tree methodologies (Breiman 
et  al. 1984) to the silky shark stomach contents data to 
explore spatial and shark size structure in the diet compo-
sition, using the modified approach for diet data outlined 
in Kuhnert et al. (2012) and applied in Olson et al. (2014). 
We used only data from floating-object sets because the 

(2)
N̄i =

1

P

P
∑

j=1

(

Nij
∑Q

i=1 Nij

)

,

(3)Oi =
Ji

P
,

majority of stomachs sampled were from sets on floating 
objects (see “Stomach sampling” in “Results” section). 
Unlike previous approaches for analyzing diet data, this 
tree methodology provides both an exploratory and pre-
dictive framework for identifying complex relationships 
between predictor variables and diet composition (Kuh-
nert et  al. 2012). The vector of prey proportions eaten by 
an individual predator is represented as a univariate cate-
gorical response variable of prey type (class), with obser-
vation (case) weights equal to the proportion of the prey 
type eaten by the predator (Kuhnert et al. 2012). The data 
are recursively partitioned, using a greedy algorithm, 
forming homogenous groups. The split criterion used is 
the Gini index of diversity (D) (Breiman et  al. 1984) that 
ranges between 0 and 1, where values near 0 indicate low 
diet diversity and values near 1 represent a highly diverse 
diet. A large tree is grown and then pruned back using 
tenfold cross-validation. The “1 standard error” (“1 SE”) 
rule, that aims to identify a parsimonious tree within 1 SE 
of the tree yielding the minimum error, is then applied. 
Variable importance rankings are computed to identify 
important predictor variables (Breiman et  al. 1984; Kuh-
nert et  al. 2012). A spatial bootstrap technique is imple-
mented to obtain diet composition predictions and associ-
ated uncertainty, for each node in the tree (Kuhnert et  al. 
2012). The classification tree approach is implemented in R 
(R Development Core Team 2013), using the ‘rpart’ pack-
age (Therneau et al. 2013); further details can be found in 
Kuhnert et al. (2012). To explore potential spatial and size 
influences on the diet of silky sharks, we used latitude, lon-
gitude, and silky shark total length as covariates in the best 
classification tree analysis.

We included 17 principal prey groups in the classifica-
tion tree analysis, based on their gravimetric (W̄i) impor-
tance in the overall diet. We examined silky shark predation 
data in terms of gravimetric (W̄i), rather than numeric (N̄i)  
or occurrence (Oi) importance, because prey weights are 

Table 1   Numbers of silky sharks sampled for stomach contents analysis in the tropical eastern Pacific Ocean by fishing method (purse-seine set 
type) and stomach condition for two sampling periods

“Food remains” comprise partially digested prey, but not residual hard parts. Residual hard parts are cephalopod mandibles and fish otoliths that 
accumulate in the stomachs. Net feeding is considered artificial predation and was omitted from the analysis. Percentages of total number of 
samples for each sampling period are given in parenthesis

Fishing method 1992–1994 2003–2005

Food remains Empty Residual hard 
parts only

Net feeding 
only

Total Food remains Empty Residual hard 
parts only

Net feeding 
only

Total

Dolphin sets 19 (50) 15 (40) 2 (5) 2 (5) 38 3 (60) 2 (40) 5

Unassociated 
sets

49 (70) 14 (20) 7 (10) 70

Floating-object 
sets

109 (49) 44 (20) 5 (2) 63 (29) 221 263 (58) 136 (30) 15 (3) 38 (9) 452

All methods 177 (54) 73 (22) 7 (2) 72 (22) 329 266 (58) 138 (30) 15 (3) 38 (9) 457
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appropriate for comparing the bioenergetics importance of 
a variety of prey to a predator (Chipps and Garvey 2007) 
and pertinent for delineating food web dynamics. The 17 
groups consisted of two groups of cephalopods: Dosidicus 
gigas and Sthenoteuthis oualaniensis; one group of crusta-
ceans: Portunidae, and 14 groups of fishes (Osteichthyes): 
Exocoetidae, Oxyporhamphus micropterus, Coryphaeni-
dae, Carangidae, Decapterus spp., unidentified scombrids, 
other identified scombrids, A. solandri, Auxis spp., K. 
pelamis, T. albacares, Thunnus spp., Cubiceps pauciradi-
atus, and Tetraodontiformes (see Table 2 for phylogenetic 
affiliations of the prey groups). These groups ranged in tax-
onomic level from species to family because the taxonomic 
resolution of stomach contents identifications varied due to 
the digestion state of the prey and because some rare prey 
were combined into broader taxa. We categorized each prey 
group as (1) animals that associate with FADs, according 
to at-sea observations during 1993–2005, and (2) animals 
that do not commonly associate with FADs, to evaluate 
the importance of FAD-associated prey in the diet of silky 
sharks (Table 2). We excluded unidentified fishes, cephalo-
pods, and crustacea from the tree analysis. We also omitted 
prey taxa that did not constitute at least 1  % wet weight 
of the overall diet for either sampling period. We analyzed 
the stomach contents from 289 silky sharks, which resulted 
in 341 predator–prey observations.

Because the stomach samples from multiple silky sharks 
caught in the same set (Fig. 2) were not statistically inde-
pendent and a limitation of the classification tree method 
is its inability to handle dependent observations (Kuhnert 
et  al. 2012), we performed a sensitivity analysis to deter-
mine the effect of these dependent samples on the tree 
structure resulting from the full dataset. In this sensitivity 
analysis, we built a classification tree for each of 1,000 ran-
domly selected datasets created by subsampling the data for 
one silky shark from each purse-seine set in the full dataset. 
The set locations represented in both the full dataset and 
the subsampled datasets were the same. Each tree based on 
the subsampled datasets was pruned to match the size of 
the tree for the full dataset, and the resulting tree partition 
structure was compared against that of the full dataset.

FAD‑ and non‑FAD‑associated prey

Given the variety of animals that commonly associate with 
FADs and the apparent importance of FADs in the preda-
tion behavior of silky sharks, we quantified the incidence 
of FAD- versus non-FAD-associated prey in the silky shark 
diet (see Table 2 for prey assigned to these two categories). 
To determine whether the diet proportions of FAD- and 
non-FAD-associated prey differed, we implemented a beta 
regression using the concepts of Figueroa-Zúñiga et  al. 
(2012). Using this approach, we modeled the proportion 

of FAD-associated prey to determine whether higher pro-
portions of FAD-associated prey were eaten overall when 
compared with non-FAD-associated prey and whether there 
were spatial differences observed within regions of the 
tropical EPO identified by the classification tree analysis. 
The model can be represented as,

where yij represents the proportion of FAD-associated prey 
eaten by silky shark i in purse-seine set j, xij represents a 
binary variable that indicates the location of the sample (east: 
0 or west: 1; see “Tree partitions: the eastern versus western 
region” in “Results” section for definitions of the eastern and 
western boundaries), and bj represents the random effect for j 
to account for multiple silky sharks sampled in some purse-
seine sets. The intercept, α, in the model examines whether 
high proportions of FAD-associated prey are eaten compared to 
non-FAD-associated prey, while the regression coefficient, β,  
examines the effect of western regions versus eastern regions. 
Note that y∗

ij represents a transformation of yij, proposed by 
Smithson and Verkuilen (2006) suitable for proportions that 
lie at the extremes. The model was implemented in WinBUGS 
(Lunn et al. 2000) with non-informative priors assigned to the 
regression coefficients, α and β, and the precision parameter, 
φ, for the purse-seine set random effect. As well as consid-
ering a precision parameter that is constant across observa-
tions, we considered a more general formulation of the model 
where a separate precision parameter, φij is estimated for each 
response, yij. In this scenario, we assigned a non-informative 
gamma distribution to each precision parameter.

Prey–predator size relationships

We used quantile regression techniques (Koenker and Bas-
set 1978; Geraci 2013; Geraci and Bottai 2013) to assess 
fine-scale prey–silky shark size relationships within regions 
of the tropical EPO identified by the classification tree 
analysis, because the classification tree-based approach is 
not suitable for fine-scale analyses of any single dietary 
predictor (Kuhnert et  al. 2012). We estimated the rates of 
change in minimum and maximum prey sizes with increas-
ing silky shark size (Scharf et al. 1998, 2000; Juanes 2003; 
Bethea et al. 2004; Ménard et al. 2006; Chipps and Garvey 

y∗
ij|bj, α, β, φ ∼ beta(µijφ, (1 − µij)φ),

i = 1, . . . , n., j = 1, . . . , m.

where

logit(µij) = α + βxij + bj,

bj|Σb ∼ N(0, Σb), i = 1, . . . , m.

and

y∗
ij = y(((n × m) − 1) + 0.5)/(n × m)

α, β ∼ N(0, 0.001)

φ ∼ Ga(0.01, 0.01)
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Table 2   Prey taxonomic composition, i.e., percentages of diet indi-
ces W̄i, N̄i, and Oi (Eqs.  1–3), of silky sharks captured in floating-
object (primarily fish-aggregating device: FAD) sets in the tropical 

eastern Pacific Ocean east and west of 118.5°W based on nodes 4 
and 5, respectively, of the classification tree (Fig. 3) and for the entire 
sampling region

East West All areas East West All areas East West All areas

Taxon Common names Prey category: 
FAD or non-FAD 
associated

%W̄i %W̄i %W̄i %N̄i %N̄i %N̄i %Oi %Oi %Oi

MOLLUSCA 16.82 1.85 8.24 17.47 2.38 8.82 32.85 17.2 23.84

Cephalopoda 16.82 1.85 8.24 17.47 2.38 8.82 32.85 17.2 23.84

Octopoda 1.16 0.06 0.53 1.68 0.3 0.89 7.3 3.76 5.26

Argonautidae 0.82 0.06 0.38 1.28 0.3 0.72 5.84 2.15 3.72

Argonauta cornutus 0.02 0.01 0.48 0.2 0.73 0.54 0.62

Argonauta spp. 0.8 0.06 0.38 0.8 0.3 0.51 5.11 1.61 3.1

Bolitaenidae 0.54 0.31

Japetella diaphana 0.54 0.31

Tremoctopodidae 0.73 0.31

Tremoctopus violaceus 0.73 0.31

Alloposidae 0.54 0.31

Alloposus mollis 0.54 0.31

Vitreledonellidae 0.35 0.15 0.4 0.17 0.73 0.54 0.62

Vitreledonella richardi 0.35 0.15 0.4 0.17 0.73 0.54 0.62

Teuthida 15.65 1.79 7.7 15.79 2.08 7.93 29.2 15.05 21.05

Octopoteuthidae 1.46 0.62

Octopoteuthis deletron 1.46 0.62

Ancistrocheiridae 0.7 * 0.3 0.16 0.3 0.24 2.92 4.3 3.72

Ancistrocheirus lesueurii 0.7 * 0.3 0.16 0.3 0.24 2.92 4.3 3.72

Ommastrephidae 14.96 1.79 7.4 15.63 1.79 7.69 24.82 8.6 15.48

Dosidicus gigas Sq: Humboldt squid Non-FAD 11.88 1.19 5.75 12.38 1.19 5.96 18.98 4.3 10.53

Sthenoteuthis oualaniensis Sq: Purpleback  
flying squid

Non-FAD 3.07 0.6 1.65 3.25 0.6 1.73 7.3 4.3 5.57

Onychoteuthidae 2.19 2.15 2.17

Onychoteuthis spp. 0.73 0.31

Onychoteuthis banksii 1.46 2.15 1.86

Mastigoteuthidae 1.08 0.62

Mastigoteuthis dentata 0.54 0.31

Mastigoteuthis spp. 0.54 0.31

ARTHROPODA 5.73 0.11 2.51 3.2 0.3 1.54 5.84 0.54 2.79

Malacostraca 5.73 0.11 2.51 3.2 0.3 1.54 5.84 0.54 2.79

Decapoda 5.73 0.11 2.51 3.2 0.3 1.54 5.84 0.54 2.79

Galatheidae 0.11 0.07 0.3 0.17 0.54 0.31

Pleuroncodes planipes 0.11 0.07 0.3 0.17 0.54 0.31

Portunidae Cr: Swimming crab Non-FAD 5.73 2.45 3.2 1.37 5.84 2.48

Portunus xantusii Cr: Xantus  
swimcrab

Non-FAD 0.8 0.34 0.73 0.31

Euphylax robustus Cr: Robust  
swimming crab

Non-FAD 4.93 2.1 3.2 1.37 5.11 2.17

CHORDATA 77.45 98.03 89.25 65.73 78.27 72.92 75.18 88.71 82.97

Osteichthyes 77.45 98.03 89.25 65.73 78.27 72.92 75.18 88.71 82.97

Myctophiformes 0.73 0.54 0.62

Myctophidae 0.73 0.54 0.62

Benthosema panamense 0.73 0.54 0.62
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Table 2   continued

East West All areas East West All areas East West All areas

Taxon Common names Prey category: 
FAD or non-FAD 
associated

%W̄i %W̄i %W̄i %N̄i %N̄i %N̄i %Oi %Oi %Oi

Beloniformes 14.98 4.41 8.92 13.09 5.95 9 15.33 6.45 10.22

Exocoetidae N-Sc: Flyingfishes Non-FAD 10.41 2.59 5.93 8.16 3.77 5.64 10.22 4.3 6.81

Cheilopogon spp. N-Sc: Flyingfishes Non-FAD 0.89 0.04 0.4 0.95 0.4 0.63 1.46 0.54 0.93

Cheilopogon furcatus N-Sc: Spotfin 
flyingfish

Non-FAD 0.8 0.34 0.8 0.34 0.73 0.31

Cheilopogon  
spilonotopterus

N-Sc: Stained 
flyingfish

Non-FAD 0.6 0.34 0.6 0.34 0.54 0.31

Exocoetus spp. N-Sc: Flyingfishes Non-FAD 0.81 0.35 0.96 0.41 1.46 0.62

Exocoetus volitans N-Sc: Tropical two-
wing flyingfish

Non-FAD 1.6 0.77 1.12 1.6 1.59 1.59 1.46 2.15 1.86

Hemiramphidae 4.57 1.82 2.99 4.93 2.18 3.36 5.84 2.69 4.02

Oxyporhamphus  
micropterus

N-Sc: Bigwing 
halfbeak

Non-FAD 4.57 1.82 2.99 4.93 2.18 3.36 5.84 2.69 4.02

Perciformes 59.19 90.37 77.07 50.18 68.65 60.77 58.39 82.26 72.14

Echeneidae 0.6 0.34 0.6 0.34 0.54 0.31

Coryphaenidae N-Sc: Dolphinfish FAD 2.78 1.19 1.87 2.93 1.19 1.93 3.65 1.08 2.17

Coryphaena hippurus N-Sc: Common 
dolphinfish

FAD 2.4 0.6 1.37 2.4 0.6 1.37 2.19 0.54 1.24

Carangidae N-Sc: Jacks and 
pompanos

FAD 9.32 0.6 4.32 9.51 0.6 4.4 11.68 0.54 5.26

Caranx spp. N-Sc: Unidentified 
jacks, crevalles

FAD 0.8 0.34 0.8 0.34 0.73 0.31

Caranx sexfasciatus N-Sc: Bigeye 
trevally

FAD 0.14 0.06 0.1 0.04 0.73 0.31

Decapterus spp. N-Sc: Scads FAD 0.99 0.6 0.77 1.2 0.6 0.85 1.46 0.54 0.93

Decapterus macarellus N-Sc: Mackerel 
scad

FAD 3.92 1.67 3.6 1.53 5.11 2.17

Elagatis bipinnulata N-Sc: Rainbow 
runner

FAD 0.13 0.05 0.11 0.05 0.73 0.31

Naucrates ductor N-Sc: Pilotfish FAD 1.81 0.77 1.73 0.74 2.92 1.24

Selar crumenophthalmus N-Sc: Bigeye scad FAD 0.24 0.1 0.18 0.08 1.46 0.62

Seriola rivoliana N-Sc: Longfin  
yellowtail

FAD 0.31 0.13 0.76 0.32 1.46 0.62

Seriola peruana N-Sc: Fortune jack FAD 0.12 0.05 0.11 0.05 0.73 0.31

Kyphosidae 0.6 0.34 0.6 0.34 0.54 0.31

Sectator ocyurus 0.6 0.34 0.6 0.34 0.54 0.31

Scombridae Sc: Mackerels and 
tunas

FAD 43.09 86.35 67.89 33.73 64.8 51.54 45.26 79.03 64.71

Acanthocybium solandri Sc: Wahoo FAD 0.8 2.22 1.61 0.8 1.98 1.48 0.73 2.69 1.86

Auxis spp. Sc: Bullet and  
frigate tunas

FAD 7.09 1.19 3.71 7.47 1.19 3.87 9.49 1.08 4.64

Auxis thazard Sc: Frigate tunas FAD 5.09 3.57 4.22 4.26 3.57 3.87 5.84 3.23 4.33

Euthynnus lineatus Sc: Black skipjack FAD 0.9 1.19 1.07 0.93 1.19 1.08 1.46 1.08 1.24

Katsuwonus pelamis Sc: Skipjack FAD 9.58 33.63 23.37 7.18 26.49 18.25 10.95 32.26 23.22

Sarda orientalis Sc: Striped bonito FAD 0.8 0.34 0.8 0.34 0.73 0.31

Thunnus albacares Sc: Yellowfin tuna FAD 9.3 18.66 14.66 8.29 12.3 10.59 12.41 17.2 15.17

Thunnus obesus Sc: Bigeye tuna FAD 0.31 0.18 0.3 0.17 0.54 0.31

Thunnus spp. Sc: Yellowfin or 
Bigeye tuna

FAD 7.85 14.43 11.62 4 13.11 9.22 8.03 13.44 11.15
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2007; Costa 2009; Lucifora et al. 2009; Young et al. 2010). 
Scatterplots of prey versus predator lengths frequently 
show polygonal patterns, suggesting that upper and lower 
size limits of prey use commonly change at different rates 
over predator ontogeny. Our approach for silky sharks was, 
therefore, to examine the upper and lower bounds of the 
scatterplots, rather than changes in mean prey sizes (Scharf 
et  al. 1998; Cade et  al. 1999). We implemented quantile 
regression in R, using the ‘lqmm’ package (Geraci 2013; 
Geraci and Bottai 2013). We fitted a mixed-effects model 
to the prey–silky shark data, with purse-seine set as a ran-
dom effect, and a fixed-effect slope. The selection of which 
quantiles to use to best represent upper and lower bounds 
was based on sample size (Scharf et al. 1998). We obtained 
standard errors and approximate confidence intervals for 
the intercept and slope with a bootstrap procedure (Geraci 
2013; Geraci and Bottai 2013). Among regions of the tropi-
cal EPO, we compared slope estimates for the prey–silky 
shark length relationship of the same quantile using a t test, 
assuming unequal variance.

Table 2   continued

East West All areas East West All areas East West All areas

Taxon Common names Prey category: 
FAD or non-FAD 
associated

%W̄i %W̄i %W̄i %N̄i %N̄i %N̄i %Oi %Oi %Oi

Istiophoridae 0.6 0.34 0.54 0.31

Istiophorus platypterus 0.6 0.34 0.54 0.31

Nomeidae 4 0.45 1.97 4 0.88 2.21 3.65 1.08 2.17

Cubiceps pauciradiatus N-Sc: Longfin 
fathead

Non-FAD 4 0.45 1.97 4 0.88 2.21 3.65 1.08 2.17

Tetraodontiformes N-Sc: Puffers, 
Boxfishes, Porcu-
pinefishes, Molas

FAD 3.28 3.25 3.27 2.46 3.67 3.15 4.38 3.76 4.02

Ostraciidae N-Sc: Boxfishes FAD 0.6 0.34 0.6 0.34 0.54 0.31

Lactoria diaphanum N-Sc: Roundbelly 
cowfish

FAD 0.6 0.34 0.6 0.34 0.54 0.31

Tetraodontidae N-Sc: Puffers FAD 2.63 1.19 1.81 2.36 1.19 1.69 3.65 1.08 2.17

Lagocephalus lagocephalus N-Sc: Oceanic 
puffer

FAD 2.63 1.19 1.81 2.36 1.19 1.69 3.65 1.08 2.17

Diodontidae N-Sc: Porcupine-
fishes

FAD 0.65 0.73 0.7 0.1 0.89 0.55 0.73 1.08 0.93

Diodon spp. N-Sc: Porcupine-
fishes

FAD 0.6 0.34 0.6 0.34 0.54 0.31

Diodon hystrix N-Sc: Spot-fin 
porcupinefish

FAD 0.65 0.28 0.1 0.04 0.73 0.31

Molidae N-Sc: Molas FAD 0.74 0.42 0.99 0.57 1.08 0.62

Mola lanceolata N-Sc: Ocean 
sunfish

FAD 0.74 0.42 0.99 0.57 1.08 0.62

Taxa comprising the 17 prey categories used in the classification tree analysis were D. gigas, S. oualaniensis, Portunidae, Exocoetidae,  
O. micropterus, Coryphaenidae, Carangidae, Decapterus spp., unidentified scombrids, other identified scombrids, A. solandri, Auxis spp.,  
K. pelamis, T. albacares, Thunnus spp., C. pauciradiatus, and Tetraodontiformes. Common names for these prey are provided as well as a cat-
egorization of FAD-associated, i.e., those taxa known to associate with FADs, and non-FAD associated, i.e., those that are not considered to 
associate. Sq squids, Cr Crabs, N-Sc non-scombrid fishes, Sc scombrid fishes. Trace amounts, <0.001, are indicated by asterisk (*)

Fig. 2   The number of purse-seine sets yielding sample sizes of 1 to 
18 silky sharks per set
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We examined ontogenetic changes in the lower and 
upper bounds of trophic-niche breadth on a ratio scale 
(prey length/silky shark length) across the range of silky 
shark sizes, using quantile regression (Scharf et  al. 2000; 
Juanes 2003; Bethea et al. 2004; Ménard et al. 2006; Young 
et al. 2010). Within regions of the tropical EPO, we com-
pared slope estimates for the trophic-niche breadth of quan-
tile pairs (e.g., 0.10 and 0.90) by constructing bootstrap 

confidence intervals of the differences in slopes (Geraci 
2013). We compared slope estimates for the upper quantile, 
among regions, using the same methods as those used for 
the prey–silky shark length analysis. Significant differences 
correspond to ontogenetic increases (diverging slopes) or 
decreases (converging slopes) in trophic-niche breadth in 
relation to silky shark size (Scharf et al. 2000; Juanes 2003; 
Bethea et al. 2004).

Fig. 3   The 1 SE classifica-
tion tree for silky shark diet 
composition in the tropical 
eastern Pacific Ocean during 
1992–1994 and 2003–2005 for 
floating-object (primarily fish-
aggregating device: FAD) sets, 
yielding a cross-validated error 
rate of 0.888 (SE = 0.036). The 
prey category with the highest 
proportion weight, among 
a suite of prey in the diet, is 
displayed at each terminal node. 
Broad prey groups are charac-
terized as: Sq squids, Cr crabs, 
N-Sc non-scombrid fishes, and 
Sc scombrid fishes. Variable 
importance rankings for each 
covariate, split variables and 
their values, and node numbers 
are shown. Node numbers are 
labeled according to the naming 
convention of Breiman et al. 
(1984). Competitor split vari-
ables for those nodes in which 
the improvement in the first 
competitor was 95 % of the best 
are shown in italics and shaded 
gray
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Results

Stomach sampling

Numbers of silky sharks collected for stomach contents 
analysis by sampling period, set type, and stomach con-
dition, i.e., whether or not the stomach contained food 
remains, residual hard parts, or only food consumed in the 
purse-seine net, are presented in Table 1. Overall, 786 silky 
sharks were sampled, 56 % of the stomachs contained par-
tially digested food remains, 30 % were empty or contained 
residual hard parts only, and 14  % contained only prey 
determined to have been eaten in the net during the purse-
seine set (see “Diet composition” in “Methods” section). 
The majority of silky sharks (86 %) were captured in FAD 
sets. Small numbers of silky sharks were captured in dol-
phin sets during each sampling period (n = 38: 1992–1994 
and n = 5: 2003–2005) and in unassociated sets during the 
1990s sampling period (n = 70). Numbers of silky sharks 
sampled from individual purse-seine sets varied from 1 to 
18 (Fig. 2), with 47 % of sets represented by only one silky 
shark.

Diet composition

We summarized percent prey composition for the three 
diet indices (Eqs.  1–3), by several levels of taxonomic 
resolution for the silky sharks captured only in FAD 
sets (Table  2). We present the prey composition for the 
few sharks captured in unassociated and dolphin sets 
in Online Resource Table S1. The overall diet for silky 
sharks captured in FAD sets was diverse, consisting of 
26 families: 10 cephalopod families, 2 crustacean fami-
lies, and 14 fish families. The relative importance of each 
taxon within each diet index did not vary much among 
the three indices, e.g., when a prey taxon was dominant 
by weight, it was also dominant by number and occur-
rence. Silky sharks were primarily piscivorous (Osteich-
thyes: W̄i > 89 %, N̄i > 73 %, and Oi > 83 %, Table 2), 
and fishes in the Scombridae family were the main com-
ponent of the diet (>50  %) by all three diet indices. Of 
the scombrids, K. pelamis (skipjack tuna) was the dom-
inant prey species, followed by T. albacares (yellowfin 
tuna), unidentified Thunnus spp. (likely yellowfin tuna), 
and Auxis spp. (bullet and frigate tunas). The remaining 
scombrids contributed little to the overall diet (Table 2). 
Other fishes, including exocoetids (flyingfishes), hemir-
amphids (halfbeaks), and carangids (jacks and pompa-
nos), were also common in the diet. Molluscs, predomi-
nantly ommastrephid squids, were important prey items, 
especially by frequency of occurrence, due primarily to 
the apparent retention and accumulation of cephalopod 
beaks.

Exploratory analysis

A thorough exploratory analysis is recommended prior to 
any classification tree modeling because data collection via 
balanced sampling designs is often not possible (Kuhnert 
et al. 2012). We began by fitting preliminary classification 
trees to the silky shark food habits data to identify impor-
tant variables that would be included in the best model. We 
considered additional covariates, including year, quarter of 
the year, SST, and set type. Our best tree analysis included 
only spatial and size covariates due to a high level of con-
founding with other covariates. For example, the purse-
seine sets yielding the samples were spatially segregated 
by sampling period and set type (Fig. 1). Although the first 
split of the preliminary tree separated silky sharks sampled 
in 1992–1993 from those sampled in 1994 and 2003–2005, 
examination of the summary output indicated that the spa-
tial variables were masked by the year variable; longitude 
was a strong competitor variable to year, and the spatial 
variables were ranked higher than year in variable impor-
tance. SSTs were also segregated in space.

The main covariates of the preliminary trees were, as for 
the best tree, spatial factors (latitude and longitude), and the 
same spatial structure was observed in the preliminary and 
best trees. We revisit some of the covariates omitted from 
the best tree analysis in the “Discussion” section because 
they may have partly influenced the predation characteris-
tics of silky sharks.

Classification tree analyses

The best classification tree analysis, based on the con-
tinuous covariates longitude, latitude, and silky shark size 
(cross-validated error rate =  0.888, SE =  0.036), showed 
strong spatial trends in the diet composition (Fig. 3), sug-
gesting that silky shark diet varied with abundance and 
zoogeography of prey fauna and much less so due to silky 
shark ontogenetic trends. Silky shark length did not appear 
as a split variable in the tree analysis based on the full 

Fig. 4   Details of the splits defined in the 1 SE classification tree 
(Fig.  3), showing sample locations, numbers of silky sharks, diet 
diversity (D), and prey composition in proportion weight for each 
node in the tree: a 289 sharks partitioned by latitude into nodes 2 and 
3, b 267 sharks partitioned by longitude into nodes 4 and 5 (sharks 
at node 4 were further divided into four areas in the eastern region), 
c 124 sharks partitioned by longitude into nodes 8 (area 1, shaded) 
and 9, d 96 sharks partitioned by longitude into nodes 18 (area 2, 
shaded) and 19, and e 81 sharks partitioned by longitude into nodes 
38 (area 4, offshore-shaded region) and 39 (area 3, inshore-shaded 
region). Light gray filled circles in b–e show sample locations that are 
not included in the nodes for which prey composition is displayed. 
Broad prey groups are characterized as: Sq squids, Cr crabs, N-Sc 
non-scombrid fishes and Sc scombrid fishes. Prey are categorized as 
FAD-associated (fish-aggregating device) or non-FAD-associated

▸



581Mar Biol (2015) 162:571–593	

1 3



582	 Mar Biol (2015) 162:571–593

1 3

dataset and was not found to be a strong surrogate for the 
spatial variables using either the full dataset (Fig. 3) or the 
datasets of the sensitivity analysis. From the 1,000 trees fit-
ted during the sensitivity analysis, median variable impor-
tance values for latitude and longitude were 0.88 (inter-
quartile range, IQR 0.65–1.0) and 1.0 (IQR 0.80–1.0), 
respectively, compared with 0.3 (IQR 0.0–0.52) for total 
length.

The initial split of the full dataset partitioned 267 silky 
sharks south of 10.9°N (node 2) from 22 silky sharks north 
of that latitude (terminal node 3) (Figs.  3, 4a). These 22 
silky sharks had an uncharacteristically low diet diver-
sity (D = 0.216) because they had eaten large proportions 
(82  %) of unidentified Thunnus spp., which is atypically 
specialized foraging for silky sharks in the tropical EPO. 
Eighteen of the 22 silky sharks at node 3 were sampled 
from the same purse-seine set, and therefore, the first parti-
tion was not supported by the sensitivity analysis.

Tree partitions: the eastern versus western region

There is strong support for a pronounced east–west diet 
shift based on both the full and sensitivity analyses. The 
second split of the full dataset was based on a major differ-
ence in the diet composition. One hundred and twenty-four 

silky sharks sampled east of 118.5°W (node 4, hereafter the 
“eastern region”) were separated from 143 silky sharks in 
the west (node 5, hereafter the “western region”) (Figs. 3, 
4b) based on their diets. The tree indicated greater diet 
diversity (D  =  0.877) for the silky sharks in the eastern 
region, where important components of the prey commu-
nity included squids (e.g., D. gigas), crabs (Portunidae), 
and fishes, e.g., frigate and bullet tunas (Auxis spp.), yel-
lowfin (T. albacares) and skipjack (K. pelamis) tunas, jacks 
and pompanos (Carangidae), and flyingfishes (Exocoeti-
dae), than the silky sharks in the western region (Fig. 4b, 
node 4). Silky sharks from the western region foraged 
primarily on scombrid fishes, with skipjack and yellow-
fin tunas dominating the diet; diet diversity for these silky 
sharks was moderate (D =  0.618) (Fig.  4b, node 5). The 
same large-scale, longitudinal, spatial structure was also 
prominent in the sensitivity analysis. Of the 1,000 trees, 
859 had the first (top) partition at either 118.5°W (232) 
or 120.6°W (627), and longitude 120.6°W was a strong 
competitor split for the first partition of the tree based on 
the full dataset (Fig.  3). Hereafter, we refer to longitudes 
118.5°W and 120.6°W as ~120°W, i.e., the partition into 
eastern and western regions.

To determine which prey were driving the east–west 
diet partition, the prey were aggregated into four broad 

Fig. 4   continued
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categories that comprised the dominant prey predicted 
using the full dataset: squids, crabs, non-scombrid fishes, 
and scombrid fishes and compared to the diet obtained 
from the sensitivity analysis. The broad-scale pattern in 
the diet identified by the full-dataset tree was supported by 
the sensitivity analysis (Fig. 5). Squids and non-scombrid 
fishes were dominant prey items in the eastern region, and 
scombrid fishes were important prey in the western region.

Tree partitions: the eastern region

In the analysis of the full dataset, the eastern region was 
further partitioned by longitude into four areas (Figs. 3, 4c–
e), reflecting a spatial transition in diet. Invertebrates, espe-
cially D. gigas (Humboldt squid) and portunid swimming 
crabs, were prominent components of the diet in the eastern 
inshore region, and both non-scombrid and scombrid fishes 
dominated the diet in the offshore eastern region. The most 
inshore area was east of 85°W along the coast of South 
America, predominantly off Peru (Fig.  4c: node 8). This 
region is highly productive due to upwelling induced by the 
Humboldt Current. The diet diversity of silky sharks in this 
region was moderate (D = 0.529), reflecting a short, simple 
food chain characteristic of a wasp-waist ecosystem (Cury 
et al. 2000). Humboldt squid was the principal diet compo-
nent of the silky sharks in this inshore area (Fig. 4c, node 
8). The sensitivity analysis supported an area encompassing 
the Humboldt Current region, although the two dominant 
tree splits partitioned the data latitudinally versus longitu-
dinally. Of the 859 trees from the sensitivity analysis that 
had a first partition at ~120°W, the most common (51 % of 
the trees) first partition of the eastern region was on lati-
tude, at either 3°S (319 trees) or 2°N (123 trees), instead 
of 85°W longitude, as occurred for the full dataset (Fig. 3, 
node 8). These two latitudinal partitions resulted in areas 
similar to those observed for the full dataset, however, 
given the sparseness of data around the equator and in the 
inshore area. In addition, 2°N latitude was a strong com-
petitor split for the first partition of the eastern region based 
on the full dataset (Fig. 3). For the following two splits, at 
nodes 9 and 19 (Fig. 3), the sensitivity analysis did not pro-
duce a tree structure similar to that of the full dataset, and 
areal boundaries in the eastern area are uncertain. Thus, the 
diet composition in the eastern region is heterogeneous, 
and alternative representations of the diet exist.

Best tree representation of silky shark diet

We conclude that the tree for the full dataset (Fig. 3) gives 
the best representation of the diet of the silky sharks in our 
sample because the sensitivity analysis identified the same 
large-scale diet trends that were revealed by the full data-
set. Both analyses identified a marked difference in the 

prey composition between the eastern and western regions 
of the tropical EPO, with invertebrates more important in 
the inshore eastern region and scombrid fishes more impor-
tant in the western region (Figs. 4b, 5). Also, both analy-
ses identified diet differences in the area encompassing 
the Humboldt Current, where the Humboldt squid was a 
prominent prey. The uncertainty as to the boundaries of the 
smaller-scale spatial areas within the eastern region is the 
result of heterogeneity in diet composition.

Spatial trends in diet diversity

Spatial trends in diet diversity, based on the full-dataset 
tree, are presented by set location and smoothed with a 
generalized additive model (GAM, Wood 2006) in Fig. 6. 
Overall diet diversity was high zonally across the sam-
ple region (D = 0.7–1.0), with the exception of the Hum-
boldt Current region where diet diversity was moder-
ate (D ≈  0.5). As indicated above, diet diversity was low 
(D ≈ 0.2) in the north, because multiple silky sharks from 
the same purse-seine set were feeding nearly exclusively on 
Thunnus spp.

Influence of FADs on feeding behavior

FAD-associated prey dominated the diet of silky sharks in 
our sample. Our results showed greater proportions of FAD-
associated than non-FAD-associated prey in the diet over 
the entire sampling region (α = 1.16 (CI = 1.11, 2.05)).  
In addition, higher proportions of FAD-associated prey 
appeared in the western region compared with the east-
ern region (β = 2.12 (CI = 2.11, 3.40)). The prey taxa 
included in each category are shown by species in Table 2 
and by group in Fig. 4a–e.

Prey–predator size relationships

We examined the size compositions of the silky sharks, prey 
items, and prey/silky shark size ratios to identify potential 
spatial patterns. First, we found that the silky sharks sam-
pled from the same purse-seine sets were fairly uniform in 
size. However, a strong spatial component in the size com-
position of the silky shark bycatch is well known in the 
EPO (Román-Verdesoto and Orozco-Zӧller 2005; Watson 
et  al. 2009). Shark size classes are defined by the IATTC 
observer program (Román-Verdesoto and Orozco-Zӧller 
2005), with large sharks >1,500  mm and medium sharks 
900–1,500  mm caught throughout the EPO and small 
sharks <900 mm caught primarily north of the equator. We 
found, in general, that the size distributions for medium 
and small silky sharks in our samples were mostly con-
sistent with the reported patterns, whereas our large silky 
sharks were sampled primarily inshore (Fig.  7). Lastly, 
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when we stratified the continuous size data according to the 
eastern and western regions identified by the classification 
tree (Fig. 3, nodes 4 and 5), there were proportionally more 

silky sharks greater than about 1500  mm TL in the east 
(Fig. 8). On the other hand, prey in the east and west were 
fairly similar in size, although there were proportionally 
more prey larger than approximately 300 mm in the west 
(Fig. 8). Prey/silky shark size ratios (i.e., actual prey–silky 
shark pairs) were smaller in the east than those in the west 
(Fig. 8), demonstrating that size ratios alone are insufficient 
for determining whether differences are due to prey sizes, 

Fig. 5   Boxplots showing prey composition estimates by propor-
tion weight obtained from the sensitivity analysis for 859 trees with 
a top partition at either 118.5°W or 120.6°W. Prey taxa were com-
bined into four dominant groups identified by the classification tree 
analysis of the full dataset (Fig. 3): squids (D. gigas, S. oualaniensis), 
crabs (Portunidae), non-scombrid fishes (Carangidae, Coryphaenidae,  
C. pauciradiatus, Decapterus spp., Exocoetidae, O. micropterus, 
Tetraodontiformes), and scombrid fishes (A. solandri, Auxis spp.,  
K. pelamis, other identified scombrids (E. lineatus, Sarda orientalis, 
and T. obesus), T. albacares, Thunnus spp., and unidentified scombrids

Fig. 6   Spatial trends in the Gini index of diet diversity for silky 
sharks, predicted by the 1 SE classification tree (Fig. 3) and smoothed 
with a generalized additive model (GAM). Black points represent 
silky shark sample locations, and white lines denote standard error 
contours

Fig. 7   Proportions of silky sharks sampled from floating-object (pri-
marily fish-aggregating device: FAD) sets in three total length (TL) 
intervals as defined by the Inter-American Tropical Tuna Commission 
(IATTC) observer program (Román-Verdesoto and Orozco-Zӧller 
2005) for each 5-degree area in the tropical eastern Pacific Ocean 
during this study. Small sharks are <900  mm TL, medium sharks 
900–1,500 mm, and large sharks >1,500 mm
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silky shark sizes, or both. To further examine diet diversity 
by the three size classes used in the IATTC observer pro-
gram (small, medium, and large), we created preliminary 
maps of the spatial trends in the Gini index of diversity for 
silky sharks in each size class and smoothed with a general-
ized additive model. Prey diversity was moderate to high 
for each size class in both the east and the west.

Our results suggest that silky sharks, especially the large 
sharks, are opportunistic predators, and size-selective pre-
dation is relatively unimportant. The quantile regression 
results showed that the size range of prey eaten increased 
with silky shark size. Large silky sharks ate progressively 
larger prey, likely due to increasing gape size, but large 
sharks, particularly those captured in the eastern region, 
also ate small prey including squids, non-scombrid fishes, 
and scombrid fishes (Fig.  9a). The quantile regression 
parameters and summary statistics from the mixed-effects 
model fitted to the prey–silky shark data are presented by 
region in Table  3. The slopes were significantly different 
from zero for the median and upper bound (90th) quantiles. 
For each region, maximum prey size significantly increased 
(P < 0.01) with silky shark size, while no significant trend 
was observed in minimum prey size (10th quantile) (east: 
P =  0.541; west: P =  0.724) (Table  3). A broader range 
of prey sizes was eaten in the west than in the east for a 
given size silky shark. Upper bound slopes among regions 

were not significantly different (t170 = −1.140, P = 0.872). 
Prey/silky shark ratio-based trophic-niche breadth esti-
mated from quantile regressions versus silky shark size 
(10th and 90th quantiles) did not change with ontogeny in 
either region (bootstrap confidence intervals included zero 
at the α = 0.05 level) (Fig. 9b) further confirming oppor-
tunistic predation based on size.

Discussion

We provided a detailed account of the predation habits of 
silky sharks collected from the bycatch of the tropical EPO 
tuna purse-seine fishery based on a comprehensive dataset 
of stomach contents, and using classification tree and quan-
tile regression methods. General synopses of the biology 
and ecology of silky sharks have described them as oppor-
tunistic predators that feed primarily on fishes, but also eat 
molluscs and crustaceans (Compagno 1984; Bonfil 2008). 
Researchers working on the feeding habits of coastal silky 
sharks off Mexico, caught by longline gear, however, sur-
mised that the sharks they studied were selective, specialist 
predators. In near-shore areas off Mexico, Cabrera-Chávez-
Costa et al. (2010) reported that silky sharks ate mainly red 
crabs (Pleuroncodes planipes), chub mackerel (Scomber 
japonicus), and Humboldt squid (D. gigas). Silky shark 

Fig. 8   Q–Q (quantile) plots 
of size distributions of silky 
sharks, prey, and prey/silky 
shark ratios in the eastern (east 
of 118.5°W) and western (west 
of 118.5°W) regions identified 
by the classification tree (Fig. 3: 
nodes 4 and 5)
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diets were dominated by the swimming crab Portunus xan-
tusii affinis in the southern Gulf of Tehauntepec, Mexico 
(Cabrera 2000; Barranco 2008), and the red crab in the 
subtropical areas of Baja California Sur, most likely due to 
the local abundance and availability of these prey (Cabrera-
Chávez-Costa et al. 2010). Our results for silky sharks sam-
pled over a large region showed a broader diet than those 
revealed by these smaller, near-shore studies, suggesting 
that silky sharks indeed fulfill the role of opportunistic 
predators in the pelagic EPO.

Classification tree analysis

Our classification tree analysis identified a strong spatial 
shift in the diet composition, and silky shark length was not 
an important variable for explaining diet trends. We found 
that the diet composition of silky sharks changes little with 
ontogeny. If specialization through selection of certain prey 
taxa increased with predator size, then the silky shark size 
covariate would have either appeared in the tree or would 
have been masked by the spatial variables. If this were the 

Fig. 9   Quantile regression scatterplots showing a prey size versus 
silky shark total length and b prey/silky shark size ratios (trophic-
niche breadth) versus silky shark total length for sharks west and 
east of 118.5°W, as defined by the classification tree (Fig.  3). Prey 
taxa are combined into broad categories. “Squids” (D. gigas and S. 
oualaniensis), “crabs” (Portunidae), “non-scombrid fishes” (Carangi-
dae, Coryphaenidae, C. pauciradiatus, Decapterus spp., Exocoetidae,  

O. micropterus, and Tetraodontiformes), and “scombrid fishes” (E. 
lineatus, Sarda orientalis, T. obesus, T. albacares, Thunnus spp., and 
unidentified scombrids). The lower and upper bounds of prey size are 
represented by the 10th and 90th quantiles (gray lines), respectively. 
The median, 50th quantile, is represented by the dark solid line, and 
the dashed line represents the least squares estimate of the condi-
tional mean
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case, then silky shark size would have been more impor-
tant in the variable importance plot (Fig. 3) for explaining 
diet composition and a different species composition of the 
diet would have been identified based on silky shark size. 
Instead, we found that foraging patterns were different in 
the eastern and western regions of the tropical EPO, likely 
due to variability in the distribution, abundance, and zooge-
ography of the prey.

We used preliminary tree models to explore temporal 
covariates, i.e., year and quarter, in conjunction with spatial 
and size covariates for explaining the predation variability 
in silky sharks. Temporal trends in the diet are potentially 
important because our silky shark samples were from two 
2-year periods separated by a decade, and because Olson 
et al. (2014) found important changes in the forage commu-
nities of yellowfin tuna taken from the same purse-seine sets 
over the same decade. Moreover, yellowfin tuna and silky 
sharks shared some of the same prey resources during this 
time interval, e.g., Humboldt squid, flyingfishes, jacks and 
pompanos, and Tetraodontiformes. The preliminary tree mod-
els that included temporal covariates, however, did not pro-
vide conclusive results because of the confounding of space 
and time. Specifically, the distribution of the purse-seine fish-
ery has changed considerably over the decade, and the sets 
from which samples were taken were spatially segregated 
differentially by sampling period and set type. We, therefore, 
omitted temporal covariates from the best tree analysis.

We suspect that spatial and temporal factors both have 
a role in determining silky shark predation habits, but the 

samples are inadequate to test whether the diet has changed 
over time. We attempted to examine whether the spatial 
structure observed in the tree analysis of the full dataset was 
due to a temporal change in the diet by fitting a separate 
classification tree to each dataset (i.e., the 1990s vs. 2000s 
datasets), using the spatial and silky shark size covariates. 
The top split of both trees indicated an inshore/offshore dif-
ference in silky shark diet. We cannot, however, rule out the 
possibility that the diet has changed over time. Widespread 
climate-induced habitat compression (Stramma et al. 2010, 
2012), reductions in biological production (Behrenfeld 
et al. 2006; Polovina et al. 2008; Stramma et al. 2008), and 
changes in phytoplankton community and size composition 
(Barnes et  al. 2010; Polovina and Woodworth 2012) may 
be altering food webs in the subtropical and tropical Pacific 
Ocean (Olson et al. 2014).

Influence of FADs on feeding behavior

According to Marsac et al. (2000) and Dagorn et al. (2013), 
for example, the large-scale deployment of FADs has modi-
fied the natural habitat of pelagic fishes in tropical and 
subtropical regions. Our work supports a hypothesis that 
FADs can alter trophic interactions and predation patterns 
of silky sharks by increasing predation pressure on tunas 
and other fishes that aggregate at FADs (see also Hunsicker 
et  al. 2012). In the tropical EPO (Román-Verdesoto and 
Orozco-Zӧller 2005) and other oceans (Ménard et al. 2000; 
Filmalter et al. 2011), silky sharks commonly aggregate at 

Table 3   Mixed-effects quantile regression parameters, standard errors, and P values for test of H0: slope = 0, relating prey lengths to silky shark 
lengths (PredSz) for the regions identified by the classification tree analysis

The eastern area represents silky sharks sampled east of 118.5°W, node 4, and the western area represents silky sharks sampled west of that 
longitude, node 5 (Fig. 3). The lower (10th), median (50th), and upper bound (90th) quantiles and corresponding values from 500 bootstrap rep-
licates are provided

Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05

Tau (quantile) Fixed effects Value Standard error Lower bound Upper bound P (>|t|)

East

 0.10 Intercept 46.848 76.543 −103.538 197.234 0.541

PredSz 0.018 0.052 −0.083 0.120 0.724

 0.50 Intercept 46.848 76.543 −103.538 197.234 0.541

PredSz 0.122 0.057 0.011 0.233 0.0307*

 0.90 Intercept 46.848 76.543 −103.538 197.234 0.541

PredSz 0.217 0.073 0.073 0.361 0.003**

West

 0.10 Intercept 23.413 66.145 −106.544 153.370 0.724

PredSz 0.066 0.057 −0.046 0.177 0.246

 0.50 Intercept 23.413 66.145 −106.544 153.370 0.724

PredSz 0.198 0.062 0.077 0.318 0.001**

 0.90 Intercept 23.413 66.144 −106.544 153.370 0.724

PredSz 0.326 0.0616 0.205 0.447 1.846e−07***
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FADs that are placed in the ocean by fishermen to facilitate 
the capture of tunas. Our study is focused on silky sharks 
that were caught while associated with FADs in the tropi-
cal EPO. Our results showed greater proportions of FAD-
associated prey (especially skipjack and yellowfin tunas) 
than non-FAD-associated prey (e.g., squids, crabs, and fly-
ingfishes) in the silky shark diet. These results indicate that 
pelagic fishes associated with FADs may be more vulner-
able to predation by silky sharks than prey that do not asso-
ciate. Thus, silky sharks appear to take advantage of the 
associative behavior of fishes to increase their probability 
of encountering and capturing prey.

Prey–predator size relationships

Prey–silky shark length relationships determined based on 
quantile regression analysis illustrated that maximum prey 
size increased with increasing silky shark size, while mini-
mum prey size remained relatively constant across the size 
range. An expanding size range of prey indicates increasing 
foraging success for larger silky sharks, presumably due to 
increasing swimming speeds, visual acuity, and gape size 
(Scharf et al. 2000). Larger silky sharks, therefore, appear 
to have a competitive advantage over smaller silky sharks. 
Asymmetric patterns of prey use are widespread in aquatic 
ecosystems (Scharf et  al. 2000), and our results are sup-
ported by similar studies of other large pelagic predators. 
Young et  al. (2010) used quantile regression to evaluate 
prey–predator length relationships for the ten most abun-
dant fishes caught by longline gear off eastern Australia, 
and found similar asymmetric prey–predator size distribu-
tions. The exceptions were lancetfish (Alepisaurus spp.) 
and swordfish (Xiphias gladius), which had positive lower-
bound slopes. Ménard et  al. (2006) used quantile regres-
sion analysis for yellowfin and bigeye (T. obesus) tunas 
in the French Polynesian Exclusive Economic Zone and 
also found a similar pattern of prey–predator size distri-
butions. The upper bound slopes for bigeye and yellowfin 
tunas (0.127 and 0.091, respectively), however, were much 
lower than those we reported for silky sharks in the tropi-
cal EPO, indicating that silky sharks affect a wider range 
of prey sizes per unit of body length throughout their 
ontogeny than do tunas. Lucifora et al. (2009) reported that 
minimum and median prey size (mass) did not significantly 
increase with predator size for copper sharks, Carcharhinus 
brachyurus, captured by recreational fishermen in Anegada 
Bay, Argentina, while maximum prey size increased sig-
nificantly. The upper bound (90th quantile) slope for cop-
per sharks was much higher (0.8303) (Lucifora et al. 2009) 
than we observed for silky sharks in the tropical EPO. In 
contrast to our results, and to those of Young et al. (2010), 
Lucifora et  al. (2009), and Ménard et  al. (2006), Costa 
(2009) found that, among a suite of marine predators, both 

maximum and minimum prey sizes increased for larger 
individuals. Bethea et  al. (2004) used quantile regres-
sion analysis for Atlantic sharpnose (Rhizoprionodon ter-
raenovae), and blacktip (Carcharhinus limbatus) sharks 
taken from fishery-independent surveys in Apalachicola 
Bay, Florida, and found, like Costa (2009), that both maxi-
mum and minimum prey sizes increased as predator size 
increased, although the minimum prey size showed only a 
marginal increase for blacktip sharks. These contradictory 
results suggest that different shark species display different 
ontogenetic shifts in diet (Costa 2009), further emphasizing 
the opportunistic nature of shark predation.

We observed no size-related trends in trophic-niche 
breadth, i.e., no significant differences between the slopes 
of the upper and lower bounds of the relative prey-length 
distributions versus silky shark length. Young et al. (2010) 
also found no significant trends in trophic-niche breadth 
among ten species, with the exception of bigeye tuna, 
southern bluefin tuna (Thunnus maccoyi), and swordfish, 
and no consistent ontogenetic changes in trophic-niche 
breadth, i.e., diverging slopes for one species and converg-
ing slopes for two species. Ménard et al. (2006) found that 
neither yellowfin nor bigeye tunas exhibited significant 
ontogenetic changes in trophic-niche breadth. Bethea et al. 
(2004), however, observed ontogenetic changes in trophic-
niche breadth, with the slopes of the quantiles converging, 
i.e., a decrease in the range of relative prey sizes taken with 
increasing predator size for Atlantic sharpnose sharks, and 
no change with increasing predator size for blacktip sharks. 
Scharf et al. (2000) pointed out that no ontogenetic change 
in trophic-niche breadth was a consistent result in several 
previous studies of larval and juvenile fishes, but in their 
study of 18 marine fish predators including flatfishes, 
groundfishes, sculpins, anglerfishes, fast-swimming pelag-
ics, and elasmobranchs, it held only for the smallest preda-
tors. For several of the largest predators (>500  mm aver-
age length), they found a decrease in the breadth of relative 
prey sizes over ontogeny. It is clear from our results, in 
conjunction with those of Young et al. (2010) and Ménard 
et al. (2006), that Scharf et al.’s (2000) observations do not 
hold for all large marine top predators.

Implications

Our study offers potentially important implications on the 
role of a ubiquitous, generalist, apex predator in the regula-
tion of prey populations and on evaluating food web effects 
of environmental changes.

Selective removal of large predatory fishes from marine 
food webs can impart top-down changes in trophic structure 
and stability via trophic cascades (Carpenter et  al. 1985; 
Pace et al. 1999; McClanahan and Arthur 2001; Worm and 
Myers 2003; Essington and Hansson 2004; Frank et  al. 
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2005). Trophic cascades that follow reductions in upper-
trophic-level predators can cause increases in invertebrate 
predator and mesopredator populations, the latter termed 
mesopredator release (Baum and Worm 2009; Hunsicker 
et al. 2012). Our analysis of silky shark predation provides 
rigorous support for Hunsicker et  al.’s (2012) conclusion 
that yellowfin and skipjack tunas act as mesopredators of 
a variety of sharks, billfishes, and large-bodied tunas in the 
tropical EPO. Moreover, yellowfin and skipjack tunas of 
a large size range were consumed by the sharks (Fig. 9a). 
Hunsicker et al. (2012) determined that tuna prey of sharks 
ranged from early life stages to subadults, including indi-
viduals that had important reproductive potential values 
(i.e., the expected number of eggs that an individual of a 
particular age would produce over its remaining lifetime, 
given that it already survived to that age).

Silky sharks have declined in the EPO (Minami et  al. 
2007), potentially triggering mesopredator release of the 
tunas. Catch per unit effort (CPUE) for silky sharks caught 
in purse-seine sets on floating objects showed a decline 
(1994–1998), followed by a period of relative stability 
(1998–2006), possible increase (2006–2010), and decline 
(2010–2013) for the northern stock while those for the 
southern stock showed a decline (1994–2004) followed by 
a period of stability (Aires-da-Silva et al. 2014). Direct evi-
dence of mesopredator release in tunas is not available for 
the EPO. Worm and Tittensor (2011) suggested, however, 
that increases in the number and range of skipjack tuna 
in the tropical EPO could be attributed to the depletion of 
large-bodied tunas, sharks, and marlins. A food web model 
of the north Central Pacific Ocean (CPO) showed inconclu-
sive evidence of mesopredator release. Some CPO model 
scenarios did not reveal evidence of mesopredator release 
in response to longline catches of apex predators (Kitch-
ell et al. 2002), while others suggested increased biomass 
of small tropical tunas (i.e., yellowfin and skipjack tunas) 
resulted from reduced predation by sharks and billfishes 
(Cox et  al. 2002). Given the strong evidence provided 
by our data for mesopredation of small tropical tunas by 
sharks, and by other apex predators (Hunsicker et al. 2012), 
we advocate that stock assessments of yellowfin and skip-
jack tunas should take into account the implications of vari-
able natural mortality rates congruent with reductions in 
shark and billfish populations.

We conclude that silky sharks in the tropical EPO are 
opportunistic predators, and as such may be adaptable to 
changes in food webs and prey communities over time. 
Food web changes can result from changes in physical 
factors induced by climate perturbations from the bot-
tom up (Pace et  al. 1999; Hays et  al. 2005; Doney et  al. 
2012; Polovina and Woodworth 2012; Caron and Hutchins 
2013), and the potential exists for physical factors to alter 
the predation habits of opportunistic predators. Examples 

of contemporary changes in ecosystems are plentiful. (1) 
Primary production has declined over vast oceanic regions 
in the recent decade(s) (Behrenfeld et  al. 2006; Polovina 
et al. 2008; Stramma et al. 2008; Polovina and Woodworth 
2012), presumably due to increased upper-ocean tempera-
ture and vertical stratification, which influences the avail-
ability of nutrients for phytoplankton growth (Behrenfeld 
et  al. 2006; Polovina et  al. 2008). (2) Evidence is strong 
that the community composition and size structure of pri-
mary producers have changed in recent decades (Barnes 
et al. 2010, 2011). Phytoplankton cell size has declined in 
the subtropical oceans (Polovina and Woodworth 2012), 
and long-term model projections are for this decline to 
continue with ongoing ocean warming and intensification 
of stratification in the euphotic zone (Polovina et al. 2011). 
Phytoplankton cell size is relevant to predation dynam-
ics because food webs that have small picophytoplankton 
at their base require more trophic steps to reach predators 
of a given size than do food webs that begin with larger 
phytoplankton (e.g., diatoms) (Seki and Polovina 2001). (3) 
Widespread climate-induced habitat compression resulting 
from a vertical expansion and intensification of the oxygen 
minimum zone (OMZ) is evident in the central and eastern 
tropical Pacific and Atlantic Oceans (Stramma et al. 2008, 
2010, 2012). Shoaling of the OMZ can restrict the depth 
distribution of epipelagic predators, thus narrowing the for-
aging habitat and potentially altering forage communities. 
(4) The results of Olson et al.’s (2014) study of the preda-
tion habits of a sympatric opportunistic predator, yellowfin 
tuna, caught by purse-seine indicated a major decadal-scale 
diet shift had transpired over a broad region of the EPO. 
The data showed a decline in predation on larger epipelagic 
species and an increase in predation on smaller mesope-
lagic species over the decade, suggesting that broad-scale 
food web changes had occurred, and yellowfin tuna were 
feeding at lower trophic levels in the 2000s than in the 
1990s sampling period.

In our present study of silky shark predation habits, we 
were not able to analyze the data for changes in the prey 
communities over time due to the confounding of space 
and time in our dataset. We recognize that our dataset was 
deficient in some aspects, and we conclude with a discus-
sion of sampling considerations.

Sampling considerations

Silky sharks sampled for this study were collected oppor-
tunistically by observers onboard purse-seine vessels 
targeting tunas in mostly the tropical EPO. Fisheries-
independent surveys are not available for these vast open-
ocean regions in any ocean. Because fisheries-dependent 
sampling precludes implementing purposeful sampling 
designs, we observed confounding issues with space and 
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time in our silky shark food habits dataset. Some areas of 
the tropical EPO were not thoroughly covered by our silky 
shark samples due to the opportunistic sampling design. 
There were large gaps in the eastern sampling region, e.g., 
no samples were collected from approximately 105°W to 
the coast of the Americas and south of the equator to about 
2°S. We noticed inconsistent results from the analysis of 
the full dataset and the sensitivity analysis in the eastern 
region. More samples from this region are needed to better 
define the boundaries of the silky shark diet composition 
from this inshore region.

Pseudo-replication is a concern when multiple samples 
are collected from the same sampling event and treated 
as statistically independent samples (Hurlbert 1984). In 
some instances, multiple silky sharks were sampled from 
the same purse-seine set. Although many of the modeling 
assumptions of classification and regression tree analysis 
are well-suited for diet data and trees are a good tool for 
visualizing interactions, the technique is nonparametric 
and cannot deal with random effects (e.g., a purse-seine 
set level effect to examine the influence of pseudo-repli-
cation). Results from our classification tree analysis, using 
the full dataset, and from the sensitivity analysis were 
equally biologically interpretable. Both methods showed a 
pronounced difference in the diet in the eastern and west-
ern regions of the tropical EPO and also an influence of 
the Humboldt Current where the diet consisted of primar-
ily Humboldt squid. Some areas identified by the analysis 
of the full dataset, however, were likely influenced by the 
sampling design. For example, the first split of the clas-
sification tree using the full dataset was due to multiple 
silky sharks from the same purse-seine set foraging nearly 
exclusively on unidentified Thunnus spp., indicating that 
pseudo-replication influenced this tree partition. Selecting 
multiple animals from the same sampling event may be of 
little use if animals are opportunistically foraging on aggre-
gated prey. We advocate that future stomach sampling pro-
grams implement the collection of fewer samples per set, 
but more samples from a wider range of sets in space and 
time to effectively identify heterogeneous predation pat-
terns. By increasing sampling coverage over space and time 
and collecting fewer samples per sampling event, scientists 
can investigate potential temporal and spatial influences on 
predator diets and use this knowledge to inform ecosystem 
models. Ecosystem modeling depends upon well-designed 
diet analyses for examining the effects of fisheries and cli-
mate variation on ecosystems over time.
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