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1.  INTRODUCTION

The highly connected nature of most food webs il-
lustrates the value each species provides as a nutrient
vector across trophic levels (van Veen 2009, John son
et al. 2014). Declines in and removals of species from
food webs is of growing concern in light of human im-
pacts and environmental change (Hoegh-Guldberg &
Bruno 2010) because of the wide-ranging conse-
quences resulting from disturbances, such as trophic
cascades and regime shifts (Heithaus et al. 2008, Estes
et al. 2013). However, the decline in and elimination

of species from food webs is dependent on their eco-
logical roles that are shaped by their morpho logy,
physio logy, behavior, and life history (Mills et al. 1993,
Heit haus et al. 2008). The top-down control that preda-
tors exert through consumptive and non-consumptive
effects (e.g. scaring prey) helps regulate prey popula-
tions (Myers et al. 2007, Heithaus et al. 2008, Navia et
al. 2010), while the  bottom-up effects that determine
nutrient and energy availability shape levels of pro-
ductivity within food webs (Hunter & Price 1992,
Scherber et al. 2010). As such, concurrently studying
food availability and predator behavior is important to

© Inter-Research 2021 · www.int-res.com*Corresponding author: emycottrant@gmail.com

Boosted regression tree models predict the diets
of juvenile bull sharks in a subtropical estuary

Emy Cottrant1,*, Philip Matich2, Mark R. Fisher3

1Observatory of Universe Sciences - Institut Pytheas, Aix-Marseille University, 13288 Marseille, Cedex 09, France
2Department of Marine Biology, Texas A&M University-Galveston, 1001 Texas Clipper Rd, Galveston, TX 77553, USA

3Coastal Fisheries Division, Texas Parks and Wildlife, 702 Navigation Circle, Rockport, TX 78382, USA

ABSTRACT: Understanding diet flexibility is important for resource management as climate
change alters ecological communities. However, food web complexity often limits our ability to
predict how changes in prey communities may alter predator diets. Stomach content and stable
isotope analyses are traditionally used to evaluate trophic interactions, but costs and logistical
constraints can limit their efficacy. Using boosted regression tree (BRT) models, we predicted how
juvenile bull shark Carcharhinus leucas diets respond to shifts in potential prey communities
using patterns of shark and prey distributions, and size-based differences in shark gape widths.
BRT models were based on bull shark diets from published literature and long-term monitoring of
sharks and prey in a coastal estuary in the western Gulf of Mexico. In situ diet data were used to
test model accuracy, which revealed that BRT models effectively predicted the most abundant
prey families in the diets of bull sharks (Sciaenidae: ~37%; Ariidae: ~34%), with Pearson’s corre-
lation rates as high as 0.778 for predictions and in situ diet data. Inaccuracies were evident for
rarer prey families (e.g. Mugilidae), which was attributed to monitoring limitations, elucidating
how BRT models can be improved before future application. High model accuracy suggests BRTs
may serve as an appropriate complement to stomach content and stable isotope analyses when
monitoring data of predators and potential prey are available. Such results are promising for
reducing stressful or harmful sampling and broadening the applications of current monitoring
programs used to assess changes in species densities and distributions, particularly for resource-
limited management agencies.

KEY WORDS:  Boosted regression tree · Diet · Predator−prey · Food web · Estuary · Gulf of Mexico

Resale or republication not permitted without written consent of the publisher

https://crossmark.crossref.org/dialog/?doi=10.3354/meps13568&amp;domain=pdf&amp;date_stamp=2021-02-04


Mar Ecol Prog Ser 659: 127–141, 2021128

define the roles species have within food webs (Heit-
haus & Dill 2002, Heithaus et al. 2008), particularly in
dynamic ecosystems where environmental variability
can lead to changes in both predator and prey distri-
butions. Moreover, species interactions, especially
predator− prey dynamics, can be predicted using opti-
mal foraging theory by modeling energy costs and
benefits of searching for and handling prey (Mac -
Arthur & Pianka 1966), adding to the understanding
of food-web structure (Petchey et al. 2008).

Ecotone regions, such as estuaries, are defined by
their environmental gradients, which create a matrix
of diverse microhabitats and provide the conditions
that support diverse community assemblages (Flint
1985). Inputs of allochthonous materials, such as ter-
restrial nutrients and freshwater species, can pro-
mote high levels of productivity and stimulate food
availability within estuaries, particularly for euryha-
line species that access resources across wide salinity
ranges (Bottom & Jones 1990, Hoffman et al. 2007).
However, the stochastic nature of coastal estuaries,
which is linked to river runoff and spatiotemporal
variability in other coastal processes, can create diffi-
culty in finding suitable prey, particularly if species
are relatively specialized in their foraging ecology
due to morphological, physiological, or behavioral
restrictions (Taylor & Eggleston 2000, Bolnick et al.
2003). For instance, Arctic char Salvelinus alpinus
rely on a relatively narrow prey base across most
ecological contexts, and must forage outside of their
intertidal home ranges when preferred prey are un -
available (Spares et al. 2012). Resource managers are
therefore challenged in assessing how changes in
conditions within dynamic ecosystems may lead to
shifts in food availability, and thus the diets of estuar-
ine species, which becomes more difficult when sea-
sonal variability in environmental conditions, pro-
ductivity, and life history events are taken into
consideration.

Stomach contents, bulk stable isotopes, and fatty
acid analyses are among the many methods by which
trophic interactions are studied (Cortés 1999, Layman
et al. 2012), and combining several approaches often
provides a more robust evaluation of trophic eco logy.
For example, stomach contents offer high taxonomic
resolution over short temporal periods, which may be
complemented by bulk stable isotope analysis that
provides insight into trophic interactions over a more
extended timeframe (Layman et al. 2012). Yet, many
approaches are limited in their ability to predict di-
etary changes in response to shifts in food availability,
particularly for generalists that can feed on many prey
taxa and across different trophic levels. Integrating

ecological modeling with more traditional methods
used to study animal diets provides a promising av-
enue to address such questions and test ecological
theory (e.g. MacArthur & Pianka 1966), particularly
for well-studied taxa with published diet data that can
be used to inform modeling priors and complement in
situ predator−prey co-occurrence data.

Among the most abundant predators in many tropi-
cal and subtropical estuaries, bull sharks Carcharhinus
leucas are a euryhaline species that reside in fresh,
brackish, and coastal marine waters (Thomerson et al.
1977). Juvenile bull sharks use low-salinity habitats
like estuaries early in their life history, be cause they
act as a natural barrier against marine predators, and
increasingly use more marine habitats as they grow
and their risk of being preyed upon decreases (Sim -
pfendorfer et al. 2005, Heupel & Simpfendorfer 2008).
These predators link disparate habitats and food webs
through their movements and trophic inter actions
(Rooney et al. 2006, Rosenblatt et al. 2013). Bull sharks
exhibit a cosmopolitan distribution; thus, their diets
have been studied in many regions of the world, with
results indicating that bull sharks have a wide trophic
niche, feeding on teleosts, invertebrates, mammals,
birds, and reptiles across diverse habitats (Table 1;
Table S1 in the Supplement at www. int-res. com/
articles/ suppl/ m659 p127 _ supp. pdf). However, most
studies have not evaluated how changes in prey avail-
ability lead to changes in bull shark diets, especially if
they exhibit a specialized diet rather than a generalist
diet usually observed. Understanding how bull sharks
adjust their diets to prey availability offers insight into
how changes in food-web structure may alter the func-
tional value of estuaries as nursey habitats, and eluci-
date how bottom-up processes shape the ecological
role of bull sharks in these ecosystems (Heupel et al.
2018, Espinoza et al. 2019).

Here, we used data from the long-term monitoring
of a coastal estuary in the western Gulf of Mexico
(San Antonio Bay, Texas, USA), in order to evaluate
the ability of boosted regression trees (BRTs) to pre-
dict how juvenile bull shark diets change in response
to shifts in potential prey communities based on sea-
sonal patterns of co-occurrence of bull sharks and
potential prey. We also assessed how changes in bull
shark size affect our ability to predict diets based on
ecological and environmental factors. We tested our
model with in situ diet data from bull sharks sampled
in San Antonio Bay in 2018. Based on optimal forag-
ing theory (MacArthur & Pianka 1966), we predicted
that juvenile bull sharks would co-occur most fre-
quently with the most common prey species in their
diets based on season and shark size.

https://www.int-res.com/articles/suppl/m659p127_supp.pdf
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2.  MATERIALS AND METHODS

2.1.  Literature review

Available literature on bull shark diets was used to
identify prey families and species found in stomach
contents and used as bait or food items from studies
conducted across the geographic range of bull
sharks, and in captivity (Table 1).

Reported species and families were used to identify
potential prey taxa in order to build the predictive
diet co-occurrence model (see Section 2.5). Potential
prey species were first chosen based on their recur-
rence in stomach contents according to the literature.
In order to test model accuracy on typical diets and
assess the statistical importance of prey, species that
had only 1 individual found in 1 bull shark stomach
from 1 study were not considered for the model. Sec-
ond, potential prey species were narrowed down to
those occurring in the study area, i.e. San Antonio

Bay, TX (see Section 2.2). Species not found in the
study area were removed from consideration. To
assess any bias due to studies using baits or captive
sharks, this process was also conducted based solely
on stomach content studies. This resulted in the same
list of potential prey species, which was supported by
more than 1 published article for each species.
Finally, the remaining potential prey species were
selected based on their length to ensure availability
for consumption among juvenile bull sharks. The
breadth of the mouth of bull sharks was estimated
based on the gape width:body length ratio measured
on dead specimens to obtain a range of prey sizes
accessible for consumption by  juvenile bull sharks
in the study area (P. Matich unpubl. data; <1601 mm
total length; see description in Section 2.3). Prey
considerably larger than gape widths of juvenile
bull sharks were not considered as potential food
items, resulting in 25 potential prey species in -
cluded in the analyses (see Section 2.5).
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Geographic region                              Number of potential prey species                     Reference
                                                            B          C          E         Ma       Mo        Te        Tu

Atlantic Ocean (Northwest)               0           0           2           1           0           2           0            Bigelow & Schroeder (1948)

Australia                                              0           1           2           0           0           9           0            Tillett et al. (2014)
                                                             1           0           1           0           2           1           1            Werry et al. (2011)

Azores                                                  0           1         UN         0           2         UN         1            Barreiros & Gadig (2011)

Brazil                                                    0           2           4           0           0          10          0            Sadowsky (1971)

Captivity                                              0           1         UN         0           1         UN         0            Janse et al. (2004)
                                                             0           0           0           0           0           2           0            Schmid & Murru (1994)

Florida (Gulf coast)                             0           1         UN         0           1          10          0            Clark & Von Schmidt (1965)
                                                             0           1           2           0           0           3           0            Nichols (1917)
                                                             0           2           3           0           0          13          0            Snelson et al. (1984)
                                                             0           0           1           0           0           2           0            Snelson & Williams (1981)

Georgia-USA & South Africa             0           1           5           2           1           2           0            Olin et al. (2013)

Gulf of Mexico (North)                       0           1           2           0           2           6           0            Branstetter (1981)

India                                                     0           1           1           1           0         UN         0            Khan et al. (2011)
                                                             0           1         UN         0           0         UN         1            Raje et al. (2007)

Indian Ocean (Southwest)                 0           0           2           0           0          16          0            Daly et al. (2013)

Indonesia                                             1           1         UN         2           0         UN         1            White et al. (2006)

Louisiana                                             0           4           0           0           0           4           0            Darnell (1958)

Maryland                                             0           0           0           0           0           7           0            Schwartz (1960)

Nicaragua                                            0           1           1           1           0          10          1            Tuma (1976)

Pacific Ocean (Eastern)                      0           1           1           0           2          16          1            Estupiñán-Montaño et al. (2017)

Reunion Island                                    0           0           1           0           3          11          0            Trystram et al. (2017)

South Africa                                        1           3          25          4           5          44          3            Cliff & Dudley (1991)

Texas Gulf Coast                                0           0           0           0           0           6           0            Matich et al. (2017)

Unknown                                             1           1          10          0           2           9           0            Nichols (1921)

Table 1. Literature used to determine potential prey species of bull sharks with geographic regions and references. UN: 
undefined family; B: bird; C: crustacean; E: elasmobranch; Ma: mammal; Mo: mollusk; Te: teleost; Tu: turtle
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2.2.  Study system

The San Antonio Bay system (28.42° N, 96.73° W) is
1 of 7 major estuaries that lie along the Texas coast-
line; it is connected to Aransas Bay by Mesquite Bay
and the Intracoastal Waterway. Matagorda Island
separates the estuary from the Gulf of Mexico
(Fig. 1). The San Antonio Bay system serves as an
important nursery for juvenile bull sharks (Froeschke
et al. 2010b). The estuary is ca. 530 km2 in area, with
an average depth of ca. 2 m, and deeper channels
reaching >10 m (Orlando et al. 1993, Roelke et al.
2017). Freshwater input from the Guadalupe (ca.
70% of inflow) and San Antonio rivers (ca. 26% of in -
flow) coupled with tidal inflow from the Gulf of Mex-
ico create a spatially and temporally dynamic salinity
gradient, which influences ecological communities
based on the species’ physiological limitations (Arm-
strong 1987, Britton & Morton 1989, Orlan do et al.
1993, Bishop et al. 2017).

Freshwater inflow peaks during spring when pre-
cipitation adjacent to the estuary and inland leads to
elevated river stages (US EPA 1999, Ward 2010).
Habitats within the estuary include seagrass beds,
oyster reefs, and mangrove shorelines that provide
suitable foraging opportunities and refuge for fishes
and invertebrates, including species in the predictive
model (Armstrong 1987, Britton & Morton 1989, Lunt
& Smee 2014). San Antonio Bay lies nearly equidis-
tant from hyposaline (Sabine Lake, Galveston Bay)
and hypersaline (Laguna Madre) estuaries of Texas,
providing a representative system to investigate how

the co-occurrence of prey species influences bull
shark diets.

2.3.  Field methods

Since 1975, fisheries-independent monitoring has
been conducted in each bay system of the Texas
coastline by the Texas Parks and Wildlife Depart-
ment (TPWD). The monitoring program includes
monofilament gill nets that are used to track temporal
variation in species abundances and size distribution
for management decisions. Starting in 1982, monitor-
ing has been standardized: 45 nets are collected per
season (spring [April−June] and fall [September−
November]) per bay system at fixed sites, with a
maximum of 3 nets per day and 5 nets per week. Gill
nets are 183 m long and 1.2 m deep, with 45.7 m sec-
tions of 76, 102, 127, and 152 mm stretched mesh, de -
ployed perpendicular to the shoreline at dusk, with
the 76 mm stretched mesh on the shoreward end.
Nets are allowed to soak overnight and are collected
at dawn (mean soak time = 13.7 h). Upon collection,
all organisms are identified and total length (in mm)
is measured for the first 19 individuals caught for
each species in each panel of the gill net. From April
to October 2018, all bull sharks found dead in gill
nets in San Antonio Bay were retained for stomach
content analysis to test the predictive model (see Sec-
tion 2.4). All bull sharks were measured to the near-
est mm total length (TL), and live sharks were
released.
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Fig. 1. (A) San Antonio Bay system (28.3540°N, 96.7601°W) in reference to (B) the Texas (USA) coastline along (C) the western
Gulf of Mexico. Triangles (spring) and circles (fall) represent capture locations of bull sharks, with light gray indicating young
of the year, dark gray indicating small juveniles, and black indicating large juveniles. Symbol size indicates the number of 

individuals caught (small symbols: n = 1; medium symbols: n = 2−5; large symbols: n = 6−10)
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2.4.   Laboratory methods

The stomachs of retained specimens were re -
moved, and contents were stored in 75% ethanol.
Stomach contents were sorted into taxonomic groups
and identified to the lowest possible level. The num-
bers of individuals in each group were counted, and
the total wet weight of each group was measured.
The index of relative importance (IRI) was then cal-
culated based on the precent weight (%W), number
(%N), and the frequency of occurrence (%O) of each
prey item (Cortés 1999, Hart et al. 2002):

IRI = %O(%N + %W) (1)

The IRI was then expressed as a percentage, with i
as each individual shark stomach:

(2)

Sharks were classified based on capture date and
size to investigate the effects of season (spring and
fall) and age-class individually due to sample size
(see Section 2.5). Because of size-based differences
in energetic needs and gape widths, sharks were se -
parated into age-classes for analysis based on growth
rates of bull sharks in the Gulf of Mexico (Werner &
Gilliam 1984, Natanson et al. 2014). Size discrimina-
tion allowed us to identify potential ontogenetic
changes in diet. Young-of-the-year (YOY, <1 yr old)
bull sharks were <900 mm TL; small juveniles (1−3 yr
old) were 900−1200 mm TL; and large juveniles (3−
5 yr old) were 1201−1600 mm TL (Froesch ke et al.
2010b, Werry et al. 2011). Sharks >1600 mm TL were
not included because of their rarity in the system
(1%; Matich et al. 2017).

To determine the nutritional value of prey items, a
representative subset of species was analyzed for
caloric value. A small sample (0.1−0.2 mg) of muscle
was extracted from individuals of each species,
freeze-dried, homogenized, and combusted within
an oxygen bomb calorimeter (Barboza et al. 2009).
For each species, large and small body size individu-
als were sampled and analyzed, except for Atlantic
sting ray due to low sample size. Student’s t-test was
used to quantify differences in caloric value of pooled
small-bodied and large-bodied prey after normality
of data was confirmed.

2.5.  Predictive model

A BRT model was built using the ‘gbm’ library
(Ridgeway 2017) supplemented with functions from

Elith et al. (2008) in R software. BRT combines 2 algo-
rithms, i.e. regression trees and boosting. Regression
trees are decision trees that predict the value of a
variable of interest (e.g. bull shark occurrence) based
on multiple input variables (e.g. potential prey spe-
cies abundance). BRT combines large numbers of re -
latively simple tree models to mitigate the limited
predictive performance of regression trees. Boosting
improves model accuracy by using many trees to
identify relevant variables and interactions. Datasets
for juvenile bull shark occurrence were composed of
1363 observations of 28 variables, while datasets
used to analyze seasonal differences were composed
of 682 observations of 28 variables. Therefore, a tree
complexity of 5 and a learning rate of 0.003 was used
for the dataset, keeping the number of trees needed
for optimal prediction at ca. 1000 (Elith et al. 2008).
This model helps identify the importance of predic-
tive variables, effect of variables on the response,
and important interactions between variables. BRT
was used to investigate the importance of the abun-
dance of potential prey species on the occurrence of
juvenile bull sharks from gill net data. Analysis was
first conducted using the entire gill net dataset. Data
were also analyzed separately for each season to eva -
luate the impacts of temporal fluctuations. Final ly,
data were analyzed separately for each shark age-
class to highlight potential ontogenetic shifts.

Results from the BRT and stomach content analysis
were then compared to evaluate model accuracy. To
quantify the proportion of bull shark diet predicted
by the BRT model, Pearson’s correlation was used
for the diet predicted by the BRT model and results
from stomach content analysis. Pearson’s correlation
measures the linear correlation between 2 variables
(predicted and observed diet), obtained by dividing
the covariance of the 2 variables by their standard
deviations (Benesty et al. 2009). The result is a coeffi-
cient ranging from −1 to 1, where −1 indicates total
negative correlation between the variables, 0 indi-
cates no linear correlation, and 1 implies total posi-
tive linear correlation.

All analyses were conducted using RStudio (ver-
sion 1.2.1335) with R (version 3.6.0 GUI 1.70 El Capi-
tan build).

3.  RESULTS

3.1.  Literature review

Available literature identified 168 species found in
bull shark stomach contents (Table 1; Table S1 in the

IRI IRI IRIi
i

n

i∑=
=

% 100 /
1
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Supplement), and 12 were present
in San Antonio Bay survey data.
Twelve additional species were
also chosen for the model, be cause
they belong to the same families as
species found in bull shark diets
from the literature, and are present
in San Antonio Bay (Table 2). White
mullet was not used to build the
model, since only 1 individual was
captured in San Antonio Bay during
the sampling period; thus, 23 spe-
cies were considered for the model.

3.2.  Stomach contents and
caloric value

Stomach contents from 70 bull
sharks were analyzed, including
33 males and 35 females; sex was
not listed for 2 individuals. Among
these sharks, 6 were YOY, 39 were
small juveniles, and 25 were large
juveniles. Prey items were identi-
fied to the lowest taxon represent-
ing 4 groups (i.e. Chondrichthyes,
crustaceans, plants, and teleosts),
and 16 families (Table 3). The ma-
jority of sharks (n = 41) had a single
taxonomic group in their stomachs,
with 20 individuals having 2 taxo-
nomically unique food items. The
average number of prey items per
shark were similar across age-
classes (YOY: 1.5 ± 0.8 (SD); small
juveniles: 1.7 ± 0.9; large juvenile:
2.1 ± 1.2). Teleosts comprised the
greatest proportion of identifiable
stomach contents (ca. 98%), with
catfishes (ca. 42%), mullets (ca.
28%), and sciaenids (ca. 20%)
comprising the majority of diets;
clupeids comprised ca. 7%.

Diets varied seasonally, with de -
creased consumption of catfishes
and mullets in the fall, and subse-
quent increased feeding on sci-
aenids (Fig. 2). Consumption pat-
terns also varied seasonally, with
more items present and heavier
stomach contents in the fall (2.2 ±
1.3 items, 85.8 ± 119.0 g) com-
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Common name             Scientific name                       Identified   Same    Total 
                                                                                                          family  articles

Blue crab                       Callinectes sapidus                        1              2            3
Gulf stone crab             Menippe mercenaria                     0             11          11
Atlantic stingray           Hypanus sabinus                           1             11          12
Blue catfish                   Ictalurus furcatus                           0              7            7
Gafftopsail catfish        Bagre marinus                                2              5            7
Hardhead catfish          Ariopsis felis                                   3              4            7
Finescale menhaden    Brevoortia patronus                       1             10          11
Gizzard shad                Dorosoma cepedianum                 1             10          11
Gulf menhaden            Brevoortia patronus                       3              8           11
Ladyfish                        Elops saurus                                   2              0            2
Pigfish                           Orthopristis chrysoptera                0              5            5
Striped mullet               Mugil cephalus                              5              3            8
White mullet                 Mugil curema                                 0              8            8
Southern flounder        Paralichthys lethostigma               0              2            2
Atlantic croaker           Micropoonias undulatus                4              5            9
Black drum                   Pogonias cromis                             2              7            9
Red drum                      Sciaenops ocellatus                       0              9            9
Sand seatrout               Cynoscion arenarius                      0              9            9
Spot croaker                 Leiostomus xanthurus                   1              8            9
Spotted seatrout           Cynoscion nebulosus                     0              9            9
Spanish mackerel        Scomberomorus maculatus           1              9           10
Pinfish                           Lagodon rhomboides                     1              4            5
Sheepshead                  Archosargus probatocephalus      2              3            5
Silver perch                  Bairdiella chrysoura                      0              3            3

Table 2. Results of literature review showing potential bull shark prey species cho-
sen for the boosted regression tree analyses with the number of articles in which 

the species (or a species from the same family) was identified

                                                         % Occurrence       % Number     % Weight

Sediment                                                     1                           1                  <1
Vegetation                                                  7                           4                  <1
Unidentified animal matter                     24                         13                   1
Panopeidae                                                1                           1                  <1
Penaeidae                                                   4                           1                  <1
-White shrimp                                             3                           1                  <1
Portunidae (blue crab)                              1                           1                  <1
Carcharhiniformes (bonnethead)            1                           1                    6
Myliobatiformes                                        3                           2                    1
-Bluntnose stingray                                    1                           1                    1
Anguillidae                                                1                           1                  <1
Ariidae                                                       28                         20                 16
-Gafftopsail catfish                                     3                           2                    1
-Hardhead catfish                                      3                           2                    4
Clupeidae                                                  10                          6                  11
-Gizzard shad                                             6                           4                  10
-Gulf menhaden                                         1                           1                    1
Elopidae (ladyfish)                                     1                           1                    3
Megalopidae (tarpon)                                1                           1                    1
Mugilidae                                                  18                         12                 25
-Striped mullet                                           3                           2                    5
Sciaenidae                                                 15                          9                  21
-Red drum                                                   4                           2                  11
-Spotted seatrout                                        7                           5                    8
Sparidae                                                     3                           2                    1
-Pinfish                                                        1                           1                    1
-Sheepshead                                               1                           1                  <1
Unidentified teleost                                  34                         26                 13

Table 3. Results of stomach content analysis of bull sharks from San Antonio Bay, with
percent occurrence, percent number, and percent wet weight for all prey groups
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pared to the spring (1.5 ± 0.7 items, 53.9 ± 70.2 g).
Sample size for YOY sharks was low, and the diets of
this age-class were dominated by unidentifiable
fishes (ca. 97%; Fig. 2). The proportion of unidentifi-
able fishes in stomach contents decreased among
small juveniles (ca. 27%) and large juvenile (ca.
23%). Among small and large juveniles, consump-
tion of catfishes (ca. 15 and 42%) and mullets (ca. 11
and 29%) increased with age (Fig. 2). Sciaenids and
clupeids were almost exclusively eaten by small
juveniles. The average weight of stomach contents
for YOY sharks was 14.3 ± 11.6 g (SD), while small
and large juveniles had much heavier stomach con-
tents (70.3 ± 97.6 and 73.8 ± 99.2 g, respectively).

Potential prey species exhibited limited differences
in caloric value, with the exception of blue crabs,
which were less energetically rewarding than other
species analyzed (Fig. 3). Larger prey individuals

were more calorically dense (ca. 5045 cal g−1) than
smaller individuals (ca. 4850 cal g−1; t = 2.16, p = 0.04,
df = 42).

3.3.  Co-occurrence analysis

Using TPWD data from 1982 to 2017, BRT showed
that juvenile bull shark occurrence was influenced
most by the presence of spot (20.3%), gafftopsail cat-
fish (20.1%), and hardhead catfish (14.1%) in gill
nets (Fig. 4). Evaluation at the family-level revealed
that Sciaenidae had the highest co-occurrence rate
with 36.7%, followed by Ariidae (34.2%) and Elop -
idae (7.4%).

YOY bull sharks were not considered for the analy-
ses since there were not enough stomach content data
to compare diet data to co-occurrence models. Small
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Fig. 2. Index of relative importance for juvenile bull shark diets across seasons and age-classes in San Antonio Bay: young-of-
the-year (<900 mm total length, TL), small juveniles (900−1200 mm TL), and large juveniles (1201−1600 mm TL)



Mar Ecol Prog Ser 659: 127–141, 2021

juvenile bull shark occurrence was most influenced
by the presence of spot (20.1%), gafftopsail catfish
(19%), and hardhead catfish (12.1%; Fig. 5). Sciaen-
idae was most influential at the family level (39%),
followed by Ariidae (31.1%) and Clupeidae (7.3%).
Large juvenile bull shark occurrence was most influ-
enced by the presence of spot (20.5%), ladyfish
(20.1%), and spotted seatrout (11.6%; Fig. 5), with
Sciaenidae (43.2%), Elopidae (20.1%), and Ariidae
(13.2%) having the greatest influence on bull shark
occurrence.

Seasonal evaluation revealed that in spring, bull
shark occurrence was most influenced by the pres-
ence of hardhead catfish (20.4%), gafftopsail catfish
(11.2%), and gizzard shad (10.9%; Fig. 6), with Ari-
idae (31.6%), Sciaenidae (30.5%), and Clupeidae
(13.9%) having the greatest influence on bull shark
occurrence at the family level. During fall, bull shark
occurrence was mostly influenced by the presence
of ladyfish (18.5%), gafftopsail catfish (14.2%), and
hard head catfish (11.1%; Fig. 6). Ariidae (25.3%),
Sciaenidae (24.7%), and Elopidae (18.5%) were the
most important prey families for predicting bull
shark presence in gill nets in fall.
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Fig. 4. Proxy of likelihood of potential prey species abundance on juvenile bull shark occurrence in gill nets. Values in paren-
theses indicate the proportion of variability in bull shark occurrence explained by the occurrence of potential prey species;
species with proportions under 1% are not displayed. A trend line is not displayed for spot croaker due to limited occurrence 

during the sampling period

Fig. 3. Caloric value (calories per gram dry weight) of poten-
tial bull shark prey species ranked by size from smallest to
largest. Lines within boxes indicate medians, ‘×’ indicates
means, boxes indicate IQR, dots indicate raw data points,
and whiskers indicate maximum and minimum values, ex-
cept for Atlantic croaker, which had an outlier (indicated by
the dot above the box). Values above boxes indicate sample 

sizes for each species
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Fig. 5. Proxy of likelihood of potential prey species abundance on small juvenile bull shark occurrence (black) compared to 
large juvenile bull shark occurrence (grey). Other details as in Fig. 4

Fig. 6. Proxy of likelihood of potential prey species abundance on juvenile bull shark occurrence in spring (black) compared to 
fall (grey). Other details as in Fig. 4
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3.4.  Correlation test

Predicted diets of small juvenile bull sharks based
on BRT models closely matched the observed diets at
the family level, predominantly consisting of Sciaen -
idae (ca. 44%) and Ariidae (ca. 23%) among identifi-
able prey items included in co-occurrence models.
Pearson’s correlation rate between observed diets
and the BRT model was 0.778 (p = 0.008), highlight-
ing the model’s predictive abilities. Among large
juveniles, the same families were found in the pre-
dicted and the observed diets, but model suitability
differed; in the predicted diet, Ariidae represented
13.2% and Sciaenidae represented 43.2%, while in
the observed diet, they represented 41.2 and 11.8%,
respectively. Therefore, Pearson’s correlation was
low, with a correlation rate of 0.157 (p = 0.663), sug-
gesting the diets of large juveniles could not be pre-
dicted using the BRT model. For the full model (all
sharks considered across both seasons), Sciaenidae
(ca. 20%) and Ariidae (ca. 42%) were important fam-
ilies for predicted diets, as well as observed diets,
while Mugilidae were very important for the ob -
served diet (22.1%), but were underestimated in the
BRT model (3.1%). Pearson’s correlation was high
with a correlation rate of 0.749 (p = 0.008), illustrating
that much of the diet can be predicted using the full
BRT model. For spring, results of predicted and ob -
served diet were similar, with Sciaenidae, Ariidae,
and Clupeidae representing most of the diet, but the
BRT model underestimated the importance of Mugil -
idae, which represented 16.7% of the observed diet
but only 3.9% in the BRT model. Pearson’s correla-
tion coefficient was 0.681 (p = 0.020). For fall, the
predicted and the observed diets were similar, with
Ariidae, Sciaenidae, and Clupeidae representing
most of the diet. However, the BRT model overesti-
mated the importance of Elopidae, while the impor-
tance of Mugilidae was underestimated. Pearson’s
correlation was higher than for spring, with a corre-
lation rate of 0.776 (p = 0.003).

4.  DISCUSSION

Coastal monitoring programs are widespread, but
applications beyond evaluating trends in species
abundances and diversity are limited based on avail-
able analytical models. The methodology presented
here provides a new quantitative framework based
on BRTs which can be expanded upon to broaden our
understanding of species-based standardized moni-
toring data. BRT models are typically used to study

the impact of environmental conditions on species
distributions and predict their occurrence (e.g. Elith
et al. 2008, Froeschke et al. 2010a). Using the same
methodology complemented with optimal foraging
theory, our study broadens the application of BRT by
investigating how prey species occurrence shapes
bull shark distributions in order to predict their diets.
While our study only evaluated the diets of juvenile
bull sharks, our framework could be used across
other taxa and other monitoring programs that col-
lect information on species abundance and body size.
It represents a path forward to studying animal diets
and food webs. In this study, diet was confirmed
using species identification from stomach content
analyses from dead specimens, but other non-lethal
techniques could have been used. Indeed, methods
like stable isotope and fatty acid analyses have
become increasingly prevalent in trophic studies;
however, lack of taxonomic resolution often limits the
inferences that can be drawn (Layman et al. 2012). If
the presented framework is used in combination with
Bayesian mixing models (e.g. Parnell et al. 2013), a
higher- resolution understanding of animal diets and
trophic connectivity within ecosystems is possible
without lethal sampling for traditional diet studies.
However, an understanding of the natural history of
the study species, including potential diet items
based on previous studies, is essential, and validation
with in situ diet sampling is suggested before wide-
spread use within an ecosystem.

4.1.  Stomach contents

This study significantly adds to our growing knowl-
edge of juvenile bull shark diets, particularly in the
western Gulf of Mexico. To our knowledge, this is the
first published study of bull shark diets in Texas, de -
spite being the most abundant shark species in the
region (Plumlee et al. 2018). Bull shark diets predom-
inantly comprised Ariidae (ca. 42%), Mugilidae (ca.
28%), and Sciaenidae (ca. 20%), which differs from
our literature review (see references in Table 1) that
indicates bull sharks predominantly prey upon Clu-
peidae (29%), Cichlidae (19%), and Ariidae (9%).
Such discrepancies are likely attributable to spatial
variability in prey communities (e.g. Beukers-Stew-
art & Jones 2004, Heithaus & Vaudo 2010), which has
been observed among other shark species. For exam-
ple, blacktip sharks Carcha rhinus limbatus, another
abundant species in Texas (Plumlee et al. 2018), pre-
dominantly consume Sciaenidae in the western Gulf
of Mexico (Plumlee & Wells 2016), while largely con-
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suming Clupeidae and Ariidae in the northern and
eastern Gulf of Mexico (Barry 2002, Heupel & Hueter
2002, Hoffmayer & Parsons 2003, Bethea et al. 2004).
Diet predictions from the literature review may also
be restricted by the limited published diet data for
 juvenile bull sharks that exclude adults and indicate
the importance of Scombridae (33%), Carcha rhin -
idae (16%), and Carangidae (16%). Only 3 published
studies have investigated juvenile bull shark diets.
Regional variability in food web structure attributed
to different environments is likely responsible for the
discrepancies between our results and these pub-
lished data considering that the studies were con-
ducted in Brazil, the southwest Indian Ocean, and
northern Australia (Sadowsky 1971, Daly et al. 2013,
Tillett et al. 2014). High prevalence of prey families
from our study may be attributed to easily identifi-
able morpho logical features (e.g. spines, gizzards,
pha ryn geal teeth; Buckland et al. 2017). However,
distinguishing features from other groups were also
(though infrequently) found (e.g. tarpon scales, bato -
id spines, decapod claws; Buckland et al. 2017), sup-
porting our findings.

Despite geographic discrepancies in prey species,
bull sharks exhibit ontogenetic diet shifts across their
geographic range, consuming larger-bodied prey as
their gape width, body size, and swimming speed
increase. Bull sharks increase their consumption of
elasmobranchs, marine reptiles, and large-bodied
teleosts as they grow in the Atlantic, Pacific, and
Indian oceans (Sadowsky 1971, Tuma 1976, Snelson
et al. 1984, Cliff & Dudley 1991, Werry et al. 2011).
Bull sharks from the San Antonio Bay system fit
this pattern. Despite the small sample size of YOY
sharks (n = 6), diets were nearly uniform, with un -
identifiable teleosts comprising more than 97% of
diets. While unable to distinguish prey species, the
lack of identifiable features and size of prey indicate
that YOY sharks feed on small, quickly digestible
fishes likely due to small gape sizes (Jobling 1981,
Scharf et al. 2000, Bethea et al. 2004). Such prey
likely  provides quickly accessible calories for accel-
erated growth among YOY bull sharks, reducing
time at risk from predators (Werner & Gilliam 1984,
Schoener 1987), which may be important considering
seasonal migrations of bull sharks out of Texas estu-
aries in winter months.

Upon reaching sizes where risk is more limited (i.e.
small and large juveniles), bull sharks apparently for-
age on more cost-efficient prey in the San Antonio
Bay system as indicated by caloric analysis, including
larger fishes (Bethea et al. 2004, Grubbs 2010). Size-
based shifts in stomach content weight supports this

hypothesis. The average weight of stomach contents
for YOY sharks was 14.3 ± 11.6 g (SD), while small
and large juveniles had much heavier stomach con-
tents (70.3 ± 97.6 and 73.8 ± 99.2 g, respectively).
Similarities in the average number of prey items per
shark across age-classes (YOY: 1.5 ± 0.8; small juve-
niles: 1.7 ± 0.9; large juveniles: 2.1 ± 1.2) suggest this
ontogenetic shift is not due to increased numbers of
prey items consumed, but rather to prey type. The
proportion of unidentifiable fishes in stomach con-
tents provides additional support, with decreased
consumption among small juveniles (ca. 27%) and
large juveniles (ca. 23%). As such, a shift in prey size
ap pears to occur after the first year of residence
within the estuary (i.e. from YOY to small juveniles).
A diet shift also occurs at ca. 1200 mm TL, when bull
sharks transition from predominately feeding on
Sciaenidae and Clupeidae, to feeding on Ariidae and
Mugilidae. In addition to larger gapes and faster
swimming speeds, ontogenetic shifts in habitat use to
more saline waters as bull sharks grow is also likely
responsible for the observed diet shift (e.g. Ortega
et al. 2009, Heupel & Simpfendorfer 2011). Conse-
quently, our findings support ecological theory that
bull shark diets reflect a combination of prey avail-
ability and predator preference among available
prey (Heithaus & Vaudo 2010).

Seasonal differences in diets were less apparent
than size-based shifts. The proportion of Ariidae and
Clupeidae in bull shark diets was higher during the
spring, while the proportion of Sciaenidae was
higher during the fall. Dietary shifts may occur in
response to changes in prey availability, prey size,
and/ or bull shark habitat use in response to environ-
mental conditions (e.g. salinity and temperature;
Bethea et al. 2004, Matich & Heithaus 2014). How-
ever, more detailed evaluations of habitat use pat-
terns of bull sharks and their prey using acoustic
tele metry or other tracking methods will be needed
to test this hypothesis (Hussey et al. 2015). Moreover,
to assess the problem of species identification when
prey items are already well digested, different tech-
niques could be used, such as DNA metabarcoding
(Casey et al. 2019) or stable isotopes (Matley et al.
2018), in order to precisely identify gut contents.

4.2.  Predictive model

The BRT model accurately predicted the most
abundant prey families in bull shark diets (Sciae ni -
dae, 36.7%; Ariidae, 34.2%), but failed to predict less
common species. The presented modeling frame-
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work may currently be most effective for predicting
consumption of the most abundant prey taxa avail-
able to predators. Therefore, the model may be more
ef fi ci ent for predicting generalist diets compared to
specialists that feed on rare prey species. Impor-
tantly, the BRT model relies on accurate abundance
estimates of potential prey species. Thus, the dietary
importance of mullets was underestimated by the
model, because they were rarely found in gill nets,
which may be due to their schooling behavior in
deeper waters beyond the monitoring efficacy of gill
nets (Marais 1981). Therefore, incorporating spatially
and temporally overlapping sampling methods be -
yond nearshore waters with trawling data could alle-
viate such hindrances in future models and im prove
predictive capacity. BRT models have previously
been used to not only predict species occurrence
(Elith et al. 2008, Froeschke et al. 2010a) but also
habitat preferences (Compton et al. 2012) and repro-
ductive success (Buston & Elith 2011). This study
adds to the utility of BRT in predicting diets using
co-occurrence data, highlighting its efficiency and
adaptability to numerous datasets and research
questions.

The high Pearson’s correlation rates for all models
(0.681−0.778) except for large juveniles (0.157), illus-
trate the predictive accuracy of BRT based solely on
co-occurrence data of the predator (i.e. bull sharks)
and potential prey based on published studies from
other regions (Table 1). Published diet data were
predominantly from sub-adults and mature sharks
and adapted to the model for juveniles, exhibiting
the flexibility of our approach despite data limita-
tions from published sources. Incorporating region-
specific diet data would likely vastly improve predic-
tive power of the model, and its utility for monitoring
changes in diet responsive to prey community com-
position in futures studies. Such an approach could
re duce economic and ecological costs of long-term
trophic studies by assessing variability in predator−
prey co-occurrence and routinely subsampling pre -
dators for diet analysis rather than euthanizing large
numbers of animals. Data could be used to assess
BRT model accuracy in predicting potential diet
shifts and aid in conservation and management ef -
forts of vulnerable predators, including many shark
species.

Understanding food webs is of great importance
for monitoring ecosystems because of the impacts
caused by trophic disruptions (Heithaus et al. 2008,
Estes et al. 2013). The application of monitoring data
and available literature as presented in our study
represents a potential method for diet and food-web

studies, but refinement will be needed based on
questions of interest and availability of data. BRT
results suggested only small differences between
small and large juveniles despite clear ontogenetic
shifts to higher trophic level prey as bull sharks grow
based on in situ diet sampling, corroborating results
from previous studies in the Atlantic, Pacific, and
Indian Oceans (Sadowsky 1971, Tuma 1976, Snelson
et al. 1984, Cliff & Dudley 1991, Werry et al. 2011,
Daly et al. 2013). Therefore, while our model needs
improvement to distinguish prey species suitable for
different size classes, it could accurately predict the
diet of a population without separating size classes,
leaving out rare feeding events that reduce model
accuracy. A low correlation coefficient for large juve-
niles was also likely due to data limitations; twice as
many small juvenile bull sharks (n = 532) were sam-
pled in gill nets than large juveniles (n = 264), which
may have limited model efficiency. Moreover, ener-
getic needs for small and large juveniles are differ-
ent, leading to differences in the caloric values and
quantity of prey items eaten (Bethea et al. 2004). This
was not considered in the BRT as low differences
found between species were not significant en ough
to modify BRT parameters.

5.  CONCLUSIONS

The BRT model proved to accurately predict bull
shark diets in San Antonio Bay across most contexts
using preexisting data from the literature review, sug-
gesting the potential for future applications to reduce
stressful or harmful sampling (Mandelman & Skomal
2009). Model refinement should be considered, in-
cluding improved size-specific prey communities and
additional data for rare species, highlighted by dis-
crepancies in predicted and sampled diets of large ju-
veniles. However, the model was constructed such
that it can be transposed to other ecosystems, includ-
ing areas where greater insight into the impacts of
predator populations on commercial species may im-
prove management practices. Bull sharks are often
described as dietary generalists, and fisheries man-
agers may express concern about predation on re -
creationally (e.g. red drum) and commercially (e.g.
menhaden) important species. However, our results
suggest that sciaenids and clupeids represent a rela-
tively small proportion of diets (ca. 27%) compared to
other prey groups (catfishes, mullets; ca. 70%). The
small number of prey groups that comprised bull
shark diets suggest some dietary preferences. How-
ever, ontogenetic and seasonal variability indicate
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flexibility in foraging on euryhaline prey, which is
promising for management agencies considering the
implications of growing human resource needs (Béné
et al. 2015, FAO 2016, Glamann et al. 2017).

Acknowledgements. Sample analysis was funded by the
United States Fish and Wildlife Service through the TPWD
State Wildlife Grant program (TX-T-177-R-1). All catch data
were provided by the TPWD. All shark samples were pro-
vided by the TPWD San Antonio Bay. We thank the Texas
Research Institute for Environmental Studies for providing
logistical support in preparation of the manuscript, and
Matthew Hamilton for dissecting sampled sharks. This is the
tenth publication for the Coastal Marine Ecology Program.

LITERATURE CITED

Armstrong NE (1987) The ecology of open-bay bottoms of
Texas:  a community profile. Biol Rep U S Fish Wildl Serv
85: 7−12

Barboza PS, Parker KL, Hume ID (2009) Energy:  carbon as a
fuel and a tissue constituent. In:  Barboza PS, Parker KL,
Hume ID (eds) Integrative wildlife nutrition. Springer,
Berlin, p 209−255

Barreiros JP, Gadig OB (2011) Catálogo ilustrado dos
tubarões e raias dos Açores. Instituto Açoriano de Cul-
tura, Angra do Heroismo

Barry KP (2002) Feeding habits of blacktip sharks, Carcha -
rhinus limbatus, and Atlantic sharpnose sharks, Rhizo -
prionodon terraenovae, in Louisiana coastal waters. MSc
thesis, Louisiana State University, Baton Rouge, LA

Béné C, Barange M, Subasinghe R, Pinstrup-Andersen P,
Merino G, Hemre GI, Williams M (2015) Feeding 9 bil-
lion by 2050 − putting fish back on the menu. Food Secur
7: 261−274

Benesty J, Chen J, Huang Y, Cohen I (2009) Noise reduc-
tion in speech processing. Springer Topics in Signal Pro-
cessing, Vol 2. Springer, Berlin

Bethea DM, Buckel JA, Carlson JK (2004) Foraging ecology
of the early life stages of four sympatric shark species.
Mar Ecol Prog Ser 268: 245−264

Beukers-Stewart BD, Jones GP (2004) The influence of prey
abundance on the feeding ecology of two piscivorous
species of coral reef fish. J Exp Mar Biol Ecol 299: 155−184

Bigelow H, Schroeder W (1948) Sharks. Mem Sears Found
Mar Res 1: 59−544

Bishop KA, McClelland JW, Dunton KH (2017) Freshwater
contributions and nitrogen sources in a south Texas estu-
arine ecosystem:  a time-integrated perspective from sta-
ble isotopic ratios in the eastern oyster (Crassostrea vir-
ginica). Estuaries Coasts 40: 1314−1324

Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM,
Hulsey CD, Forister ML (2003) The ecology of individuals: 
incidence and implications of individual specialization.
Am Nat 161: 1−28

Bottom DL, Jones KK (1990) Species composition, distribu-
tion, and invertebrate prey of fish assemblages in the
Columbia River Estuary. Prog Oceanogr 25: 243−270

Branstetter S (1981) Biological notes on the sharks of the
north central Gulf of Mexico. Contrib Mar Sci 24: 13−34

Britton JC, Morton B (1989) Shore ecology of the Gulf of
Mexico. University of Texas Press, Austin, TX

Buckland A, Baker R, Loneragan N, Sheaves M (2017) Stan-
dardising fish stomach content analysis:  the importance
of prey condition. Fish Res 196: 126−140

Buston PM, Elith J (2011) Determinants of reproductive suc-
cess in dominant pairs of clownfish:  a boosted regression
tree analysis. J Anim Ecol 80: 528−538

Casey JM, Meyer CP, Morat F, Brandl SJ, Planes S, Parra -
vicini V (2019) Reconstructing hyperdiverse food webs: 
gut content metabarcoding as a tool to disentangle
trophic interactions on coral reefs. Methods Ecol Evol 10: 
1157−1170

Clark E, Von Schmidt K (1965) Sharks of the central Gulf
coast of Florida. Bull Mar Sci 15: 13−83

Cliff G, Dudley SFJ (1991) Sharks caught in the protective
gill nets off Natal, South Africa. 4. The bull shark Carcha -
rhinus leucas Valenciennes. S Afr J Mar Sci 10: 253−270

Compton TJ, Morrison MA, Leathwick JR, Carbines GD
(2012) Ontogenetic habitat associations of a demersal fish
species, Pagrus auratus, identified using boosted regres-
sion trees. Mar Ecol Prog Ser 462: 219−230

Cortés E (1999) Standardized diet compositions and trophic
levels of sharks. ICES J Mar Sci 56: 707−717

Daly R, Froneman PW, Smale MJ (2013) Comparative feed-
ing ecology of bull sharks (Carcharhinus leucas) in the
coastal waters of the southwest Indian Ocean inferred
from stable isotope analysis. PLOS ONE 8: e78229

Darnell R (1958) Food habits of fishes and larger inverte-
brates of Lake Pontchartrain, Louisiana, an estuarine
community. Publ Inst Mar Sci 5: 353−416

Elith J, Leathwick JR, Hastie T (2008) A working guide to
boosted regression trees. J Anim Ecol 77: 802−813

Espinoza M, Matley J, Heupel MR, Tobin AJ, Fisk AT,
Simpfen  dorfer CA (2019) Multi-tissue stable isotope
analysis reveals resource partitioning and trophic rela-
tionships of large reef-associated predators. Mar Ecol Prog
Ser 615: 159−176

Estes JA, Steneck RS, Lindberg DR (2013) Exploring the
consequences of species interactions through the assem-
bly and disassembly of food webs:  a Pacific−Atlantic
comparison. Bull Mar Sci 89: 11−29 

Estupiñán-Montaño C, Estupiñán-Ortiz JF, Cedeño-
Figueroa LG, Galván-Magaña F, Polo-Silva CJ (2017)
Diet of the bull shark, Carcharhinus leucas, and the tiger
shark, Galeocerdo cuvier, in the eastern Pacific Ocean.
Turk J Zool 41: 1111−1117

FAO (2016) The state if world fisheries and aquaculture
2016. Contributing to food security and nutrition for all.
Food and Agriculture Organization, Rome

Flint RW (1985) Long-term estuarine variability and associ-
ated biological response. Estuaries 8: 158−169

Froeschke J, Stunz GW, Wildhaber ML (2010a) Environ-
mental influences on the occurrence of coastal sharks in
estuarine waters. Mar Ecol Prog Ser 407: 279−292

Froeschke JT, Stunz GW, Sterba-Boatwright B, Wildhaber
ML (2010b) An empirical test of the ‘shark nursery area
concept’ in Texas bays using a long-term fisheries-
 independent data set. Aquat Biol 11: 65−76

Glamann J, Hanspach J, Abson DJ, Collier N, Fischer J (2017)
The intersection of food security and biodiversity conser-
vation:  a review. Reg Environ Change 17: 1303−1313

Grubbs RD (2010) Ontogenetic shifts in movements and
habitat use. In:  Carrier JC, Musick JA, Heithaus MR
(eds) Sharks and their relatives. II. Biodiversity, adaptive
physio logy, and conservation. CRC Press, Boca Raton,
FL, p 319−350

139

https://doi.org/10.1007/s12571-015-0427-z
https://doi.org/10.1007/978-3-642-00296-0_5
https://doi.org/10.3354/meps268245
https://doi.org/10.1016/j.jembe.2003.08.015
https://doi.org/10.1007/s12237-017-0227-0
https://doi.org/10.1086/343878
https://doi.org/10.1016/0079-6611(90)90009-Q
https://doi.org/10.1016/j.fishres.2017.08.003
https://doi.org/10.1111/j.1365-2656.2011.01803.x
https://doi.org/10.1111/2041-210X.13206
https://doi.org/10.2989/02577619109504636
https://doi.org/10.1007/s10113-015-0873-3
https://doi.org/10.3354/ab00290
https://doi.org/10.3354/meps08546
https://doi.org/10.2307/1351865
https://doi.org/10.3906/zoo-1610-31
https://doi.org/10.5343/bms.2011.1122
https://doi.org/10.3354/meps12915
https://doi.org/10.1111/j.1365-2656.2008.01390.x
https://doi.org/10.1371/journal.pone.0078229
https://doi.org/10.1006/jmsc.1999.0489
https://doi.org/10.3354/meps09790


Mar Ecol Prog Ser 659: 127–141, 2021

Hart RK, Calver MC, Dickman CR (2002) The index of rela-
tive importance:  an alternative approach to reducing
bias in descriptive studies of animal diets. Wildl Res 29: 
415−421

Heithaus MR, Dill LM (2002) Food availability and tiger
shark predation risk influence bottlenose dolphin habitat
use. Ecology 83: 480−491

Heithaus MR, Vaudo JJ (2010) Predator−prey interactions.
In:  Carrier JC, Musick JA, Heithaus MR (eds) Biology of
sharks and their relatives, 2nd edn. CRC Press, Boca
Raton, FL, p 505−546

Heithaus MR, Frid A, Wirsing AJ, Worm B (2008) Predicting
ecological consequences of marine top predator de -
clines. Trends Ecol Evol 23: 202−210

Heupel MR, Hueter RE (2002) Importance of prey density in
relation to the movement patterns of juvenile blacktip
sharks (Carcharhinus limbatur) within a coastal nursery
area. Mar Freshw Res 53: 543−550

Heupel MR, Simpfendorfer CA (2008) Movement and distri-
bution of young bull sharks Carcharhinus leucas in a
variable estuarine environment. Aquat Biol 1: 277−289

Heupel MR, Simpfendorfer CA (2011) Estuarine nursery
areas provide a low-mortality environment for young
bull sharks Carcharhinus leucas. Mar Ecol Prog Ser 433: 
237−244

Heupel MR, Kanno S, Martins APB, Simpfendorfer CA (2018)
Advances in understanding the roles and benefits of nurs-
ery areas for elasmobranch populations. Mar Freshw Res
70: 897−907

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate
change on the world’s marine ecosystems. Science 328: 
1523−1528

Hoffman JC, Bronk DA, Olney JE (2007) Contribution of
allochthonous carbon to American shad production in
the Mattaponi River, Virginia, using stable isotopes.
Estuaries Coasts 30: 1034−1048

Hoffmayer ER, Parsons GR (2003) Food habits of three shark
species from the Mississippi Sound in the northern Gulf
of Mexico. Southeast Nat 2: 271−280

Hunter MD, Price PW (1992) Playing chutes and ladders:  het-
erogeneity and the relative roles of bottom-up and top-
down forces in natural communities. Ecology 73: 724−732

Hussey NE, Kessel ST, Aarestrup K, Cooke SJ and others
(2015) Aquatic animal telemetry:  a panoramic window
into the underwater world. Science 348: 1255642

Janse M, Firchau B, Mohan P (2004) Elasmobranch nutri-
tion, food handling, and feeding techniques. In:  Smith M,
Warmolts D, Thoney D, Hueter R (eds) Elasmobranch
husbandry manual:  captive care of sharks, rays, and their
relatives. Special publication. Ohio Biological Survey,
Columbus, OH, p 183−200

Jobling M (1981) Mathematical models of gastric emptying
and the estimation of daily rates of food consumption for
fish. J Fish Biol 19: 245−257

Johnson S, Domínguez-García V, Donetti L, Muñoz MA
(2014) Trophic coherence determines food-web stability.
Proc Natl Acad Sci USA 111: 17923−17928

Khan M, Panda S, Pattnaik AK, Guru BC, Kar CS, Subudhi
M, Samal R (2011) Shark attacks on Irrawaddy dolphin in
Chilika lagoon, India. J Mar Biol Assoc India 53: 27−34

Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer
CM and others (2012) Applying stable isotopes to exam-
ine food-web structure:  an overview of analytical tools.
Biol Rev Camb Philos Soc 87: 545−562

Lunt J, Smee DL (2014) Turbidity influences trophic inter -

actions in estuaries. Limnol Oceanogr 59: 2002−2012
MacArthur RH, Pianka ER (1966) On optimal use of a patchy

environment. Am Nat 100: 603−609
Mandelman JW, Skomal GB (2009) Differential sensitivity to

capture stress assessed by blood acid−base status in five
carcharhinid sharks. J Comp Physiol B 179: 267−277

Marais JFK (1981) Seasonal abundance, distribution, and
catch per unit effort using gill-nets, of fishes in the Sun-
days estuary. Afr Zool 16: 144−150

Matich P, Heithaus MR (2014) Multi-tissue stable isotope
analysis and acoustic telemetry reveal seasonal variabil-
ity in the trophic interactions of juvenile bull sharks in a
coastal estuary. J Anim Ecol 83: 199−213

Matich P, Mohan JA, Plumlee JD, TinHan T, Wells RJD,
Fisher M (2017) Factors shaping the co-occurrence of
two juvenile shark species along the Texas Gulf Coast.
Mar Biol 164: 141

Matley JK, Maes GE, Devloo-Delva F, Huerlimann R and
others (2018) Integrating complementary methods to
improve diet analysis in fishery-targeted species. Ecol
Evol 8: 9503−9515

Mills LS, Soulé ME, Doak DF (1993) The keystone-species
concept in ecology and conservation. BioScience 43: 
219−224

Myers RA, Baum JK, Shepherd TD, Powers SP, Peterson CH
(2007) Cascading effects of the loss of apex predatory
sharks from a coastal ocean. Science 315: 1846−1850

Natanson LJ, Adams DH, Winton MV, Maurer JR (2014) Age
and growth of the bull shark in the western North
Atlantic. Trans Am Fish Soc 143: 732−743

Navia AF, Cortés E, Mejia-Falla PA (2010) Topological
analysis of the ecological importance of elasmobranch
fishes:  a food web study on the Gulf of Tortugas, Colum-
bia. Ecol Model 221: 2918−2926

Nichols JT (1917) Ichthyological notes from a cruise off
Southwest Florida with description of Gobiesox yuma.
Bull Am Mus Nat Hist 37: 873−877

Nichols JT (1921) What sharks really eat. Bull Am Mus Nat
Hist 21: 272−278

Olin JA, Hussey NE, Grgicak-Mannion A, Fritts MW, Wint-
ner SP, Fisk AT (2013) Variable δ15N diet-tissue discrimi-
nation factors among sharks:  implications for trophic
position, diet and food web models. PLOS ONE 8: e77567

Orlando SP Jr, Klein CJ, Bontempo DA, Holliday SE, Pirhalla
DE, Dennis KC, Keeter-Scott K (1993) Salinity character-
istics of Gulf of Mexico estuaries. National Oceanic and
Atmospheric Administration, Office of Ocean Resources
Conservation and Assessment, Silver Spring, MD

Ortega LA, Heupel MR, Van Beynen P, Motta PJ (2009)
Movement patterns and water quality preferences of
juvenile bull sharks (Carcharhinus leucas) in a Florida
estuary. Environ Biol Fishes 84: 361−373

Parnell AC, Phillips DL, Bearhop S, Semmens BX and others
(2013) Bayesian stable isotope mixing models. Environ-
metrics 24: 387−399

Petchey OL, Beckerman AP, Riede JO, Warren PH (2008)
Size, foraging, and food web structure. Proc Natl Acad
Sci USA 105: 4191−4196

Plumlee JD, Wells RJD (2016) Feeding ecology of three
coastal shark species in the northwest Gulf of Mexico.
Mar Ecol Prog Ser 550: 163−174

Plumlee JD, Dance KM, Matich P, Mohan JA, Richards TM,
TinHan TC, Wells RJD (2018) Community structure of
elasmobranchs in estuaries along the northwest Gulf of
Mexico. Estuar Coast Shelf Sci 204: 103−113

140

https://doi.org/10.1071/WR02009
https://doi.org/10.2307/2680029
https://doi.org/10.1016/j.tree.2008.01.003
https://doi.org/10.1071/MF01132
https://doi.org/10.3354/ab00030
https://doi.org/10.3354/meps09191
https://doi.org/10.1071/MF18081
https://doi.org/10.1126/science.1189930
https://doi.org/10.1007/BF02841394
https://doi.org/10.1656/1528-7092(2003)002%5b0271%3AFHOTSS%5d2.0.CO%3B2
https://doi.org/10.2307/1940152
https://doi.org/10.1126/science.1255642
https://doi.org/10.1111/j.1095-8649.1981.tb05829.x
https://doi.org/10.1073/pnas.1409077111
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1016/j.ecss.2018.02.023
https://doi.org/10.3354/meps11723
https://doi.org/10.1073/pnas.0710672105
https://doi.org/10.1007/s10641-009-9442-2
https://doi.org/10.1371/journal.pone.0077567
https://doi.org/10.1016/j.ecolmodel.2010.09.006
https://doi.org/10.1080/00028487.2014.892537
https://doi.org/10.1126/science.1138657
https://doi.org/10.2307/1312122
https://doi.org/10.1002/ece3.4456
https://doi.org/10.1007/s00227-017-3173-2
https://doi.org/10.1111/1365-2656.12106
https://doi.org/10.1080/02541858.1983.11447821
https://doi.org/10.1007/s00360-008-0306-4
https://doi.org/10.1086/282454
https://doi.org/10.4319/lo.2014.59.6.2002


Cottrant et al.: Predicting juvenile bull shark diets

Raje SG, Sivakami S, Mohan Raj G, Manoj Kumar PP, Raju
A, Joshi KK (2007) An Atlas on the elasmobranch fishery
resources of India. CMFRI Special Publication 95: 37−39

Ridgeway G (2017) Generalized boosted regression models.
R package version 2.1.3. https:// mran. microsoft. com/
snapshot/ 2017-12-11/ web/ packages/ gbm/ index. html

Roelke DL, Li HP, Miller-DeBoer CJ, Gable GM, Davos SE
(2017) Regional shifts in phytoplankton succession and
primary productivity in the San Antonio Bay System
(USA) in response to diminished freshwater inflows. Mar
Freshw Res 68: 131−145

Rooney N, McCann KS, Gellner G, Moore JC (2006) Struc-
tural asymmetry and the stability of diverse food webs.
Nature 442: 265−269

Rosenblatt AE, Heithaus MR, Mather ME, Matich P, Nifong
JC, Ripple WJ, Silliman BR (2013) The roles of large top
predators in coastal ecosystems:  new insights from long-
term ecological research. Oceanography 26: 156−167 

Sadowsky V (1971) Notes on the bull shark Carcharhinus
leucas in the lagoon region of Cananéia, Brazil. Bol Inst
Oceanogr 20: 71−78

Scharf FS, Juanes F, Rountree RA (2000) Predator size−prey
size relationships of marine fish predators:  interspecific
variation and effects of ontogeny and body size on
trophic-niche breadth. Mar Ecol Prog Ser 208: 229−248

Scherber C, Eisenhauer N, Weisser WW, Schmid B and oth-
ers (2010) Bottom-up effects of plant diversity on multi-
trophic interactions in a biodiversity experiment. Nature
468: 553−556

Schmid TH, Murru FL (1994) Bioenergetics of the bull shark,
Carcharhinus leucas, maintained in captivity. Zoo Biol
13: 177−185

Schoener TW (1987) A brief history of optimal foraging eco -
logy. In:  Kamil AC, Krebs JR, Pulliam HR (eds) Foraging
behavior. Spinger, Boston, MA, p 5−67

Schwartz FJ (1960) Additional comments on adult bull
sharks Carcharhinus leucas (Müller and Henle), from
Chesa peake Bay, Maryland. Chesap Sci 1: 68−71

Simpfendorfer CA, Freitas GG, Wiley TR, Heupel MR (2005)
Distribution and habitat partitioning of immature bull
sharks (Carcharhinus leucas) in a Southwest Florida
Estuary. Estuaries Coasts 28: 78−85

Snelson FF, Williams SE (1981) Notes on the occurrence, dis-
tribution, and biology of elasmobranch fishes in the
Indian River lagoon system, Florida. Estuaries 4: 110−120

Snelson FF, Mulligan TJ, Williams SE (1984) Food habits,
occurrence, and population structure of the bull shark,

Carcharhinus leucas, in Florida coastal lagoons. Bull Mar
Sci 34: 71−80

Spares AD, Stokesbury MJW, O’Dor RK, Dick TA (2012)
Temperature, salinity and prey availability shape the
marine migration of Arctic char, Salvelinus alpinus, in a
macrotidal estuary. Mar Biol 159: 1633−1646

Taylor DL, Eggleston DB (2000) Effects of hypoxia on an
estuarine predator−prey interaction:  foraging behavior
and mutual interference in the blue crab Callinectes
sapidus and the infaunal clam prey Mya arenaria. Mar
Ecol Prog Ser 196: 221−237

Thomerson JE, Thorson TB, Hempel RL (1977) The bull
shark, Carcharhinus leucas, from the upper Mississippi
River near Alton, Illinois. Copeia 1977: 166−168

Tillett BJ, Meekan MG, Field IC (2014) Dietary overlap and
partitioning among three sympatric carcharhinid sharks.
Endang Species Res 25: 283−293

Trystram C, Rogers KM, Soria M, Jaquemet S (2017) Feed-
ing patterns of two sympatric shark predators in coastal
ecosystems of an oceanic island. Can J Fish Aquat Sci 74: 
216−227

Tuma RE (1976) An investigation of the feeding habits of the
bull shark, Carcharhinus leucas, in the Lake Nicaragua−
Rio San Juan System. In:  Thorson TB (ed) Investigations
of the ichthyofauna of Nicaraguan lakes. School of Life
Sciences, University of Nebraska-Lincoln, Lincoln, NE,
p 533−538

US EPA (1999) Ecological condition of estuaries in the Gulf
of Mexico. EPA 620-R-98−004. US Environmental Pro-
tection Agency, Office of Research and Development,
National Health and Environmental Effects Research
Laboratory, Gulf Ecology Division, Gulf Breeze, FL

Van Veen FJF (2009) Food webs. Curr Biol 19: R281−R283
Ward GH (2010) Inflows to San Antonio Bay. Texas Water

Development Board Interagency Contract 0900010973.
TWDB, Austin, TX

Werner EE, Gilliam JF (1984) The ontogenetic niche and
species interactions in size-structured populations. Annu
Rev Ecol Syst 15: 393−425

Werry JM, Lee SY, Otway NM, Hu Y, Sumpton W (2011) A
multi-faceted approach for quantifying the estuarine−
nearshore transition in the life cycle of the bull shark,
Carcharhinus leucas. Mar Freshw Res 62: 1421−1431

White WT, Last PR, Stevens JD, Yearsley GK, Fahmi, Dhar-
madi (2006) Economically important sharks and rays of
Indonesia. Australian Centre for International Agricul-
tural Research Monograph Series 124. ACIAR, Canberra

141

Editorial responsibility: Jake Rice, 
Ottawa, Ontario, Canada

Reviewed by: 3 anonymous referees

Submitted: June 10, 2020
Accepted: November 6, 2020
Proofs received from author(s): January 19, 2021

https://doi.org/10.1071/MF15223
https://doi.org/10.1038/nature04887
https://doi.org/10.5670/oceanog.2013.59
https://doi.org/10.1590/S0373-55241971000200002
https://doi.org/10.3354/meps208229
https://doi.org/10.1038/nature09492
https://doi.org/10.1002/zoo.1430130209
https://doi.org/10.1007/978-1-4613-1839-2_1
https://doi.org/10.2307/1350539
https://doi.org/10.1071/MF11136
https://doi.org/10.1146/annurev.es.15.110184.002141
https://doi.org/10.1016/j.cub.2009.01.026
https://doi.org/10.1139/cjfas-2016-0105
https://doi.org/10.3354/esr00615
https://doi.org/10.2307/1443522
https://doi.org/10.3354/meps196221
https://doi.org/10.1007/s00227-012-1949-y
https://doi.org/10.2307/1351673
https://doi.org/10.1007/BF02732755



