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Abstract To examine variation in diet and daily ration
of the bonnethead shark, Sphyrna tiburo (Linnaeus 1758),
animals were collected from three areas in the eastern
Gulf of Mexico: northwest Florida (~29°40'N, 85°13'W),
Tampa Bay near Anclote Key (~28°10'N, 82°42.5'W),
and Florida Bay (~24°50'N, 80°48'W) from March
through September, 1998-2000. In each area, diet was
assessed by life stage (young-of-the year, juveniles, and
adults) and quantified using five indices: percent by
number (%N), percent by weight (%W), frequency of
occurrence (%O0), index of relative importance expressed
on a percent basis (%IRI), and %IRI based on diet cate-
gory (%IRIpc). Diet could not be assessed for young-of-
the-year in Tampa Bay or Florida Bay owing to low
sample size. Diet analysis showed an ontogenetic shift in
northwest Florida. Young-of-the-year stomachs from
northwest Florida (n = 68, 1 empty) contained a mix
of seagrass and crustaceans while juvenile stomachs
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(n = 82, 0 empty) contained a mix of crabs and seagrass
and adult stomachs (n =39, 1 empty) contained almost
exclusively crabs. Crabs made up the majority of both
juvenile and adult diet in Tampa Bay (n = 79, 2 empty,
and n =88, 1 empty, respectively). Juvenile stomachs
from Florida Bay (n = 72, 0 empty) contained seagrass
and a mix of crustaceans while adult stomachs contained
more shrimp and cephalopods (n = 82, 3 empty). Diets in
northwest Florida and Tampa Bay were similar. The diet
in Florida Bay was different from those in the other two
areas, consisting of fewer crabs and more cephalopods
and lobsters. Plant material was found in large quantities
in all stomachs examined from all locations (>15 %IRIpc
in 6 of the 7 life stage-area combinations, >30 %IRIpc in
4 of the 7 combinations, and 62 %IRIpc in young-of-
the-year diet in northwest Florida). Using species- and
area-specific inputs, a bioenergetic model was constructed
to estimate daily ration. Models were constructed under
two scenarios: assuming plant material was and was not
part of the diet. Overall, daily ration was significantly
different by sex, life stage, and region. The bioenergetic
model predicted increasing daily ration with decreasing
latitude and decreasing daily ration with ontogeny
regardless of the inclusion or exclusion of plant material.
These results provide evidence that bonnetheads continu-
ously exposed to warmer temperatures have elevated
metabolism and require additional energy consumption to
maintain growth and reproduction.

Introduction

It has long been postulated that many species of sharks are
top predators and, as such, are hypothesized to play a major
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role in structuring marine communities through consump-
tion (Cortés 1999; Stevens et al. 2000). The higher trophic
levels occupied by sharks in conjunction with some recent
declines in a number of their populations (Musick et al.
2000; Cortés 2004) have increased interest in investigating
the impacts that fishery removals of sharks can have on
marine ecosystems. Despite calls for an ecosystem
approach to fisheries management (NRC 1998; NMFS
1999b), there is still little quantitative information on diet,
consumption, and predator-prey interactions pertinent to
sharks (NMFS 1999a).

Quantitative diet analysis, and its use in bioenergetic
models, has become important to shark population and
ecosystem modeling (See e.g., Kitchell et al. 2002; Lowe
2002; Schindler et al. 2002; Carlson 2007; Neer et al.
2007). Although metabolic rate is regarded as the largest
and most variable component of the bioenergetic model
(Lowe 2001) and sensitivity analyses have demonstrated
that metabolism can have the greatest effect on predicted
consumption rates (Bartell et al. 1986; Essington 2003),
early attempts to develop consumption rates for sharks
through the bioenergetic approach relied on borrowing
metabolic rates from different species (e.g., Stillwell and
Kohler 1982, 1993). Technological advances have enabled
progress in estimating species-specific metabolic rates for
a variety of sharks (see review in Carlson et al. 2004).
Estimates of daily ration using species-specific physio-
logical parameters are now available for juvenile lemon
shark, Negaprion brevirostris (Cortés and Gruber 1990),
scalloped hammerhead shark, Sphyrna lewini (Lowe
2001) and sandbar shark, Carcharhinus plumbeus (Dowd
et al. 20006).

The bonnethead, Sphyrna tiburo, is a relatively small
species of shark that is common in coastal areas off the
southeastern United States and Gulf of Mexico. In some
coastal habitats, bonnetheads are the dominant shark
species and potentially occupy top-tier trophic levels
(McCandless et al. 2002). Previous studies on bonnet-
heads showed latitudinal gradients in growth, maturity,
and size of near-term embryos in the eastern Gulf of
Mexico (Parsons 1993; Carlson and Parsons 1997,
Lombardi-Carlson et al. 2003). Parsons (1993) hypothe-
sized that this variation was the result of differences in
energy consumption and metabolism along the latitudinal
gradient. To test this hypothesis, we examine the feeding
ecology and daily ration of bonnetheads in the eastern
Gulf of Mexico. Specifically, we (1) describe and
quantify the diet and feeding ecology of bonnetheads by
life stage and area (following Lombardi-Carlson et al.
2003), and (2) model consumption using a bioenergetic
approach for life stages and sexes from each area,
examining the sensitivity of the model to input
parameters.
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Methods
Specimen collection and diet analysis

Bonnetheads were collected from fishery-independent sur-
veys in three areas in the eastern US Gulf of Mexico from
March through September 1998-2000: Northwest Florida
(St Andrew Bay, Crooked Island Sound, St Joseph Bay, and
the gulf-side of St Vincent Island; ~29°40'N, 85°13'W),
Tampa Bay near Anclote Key (~28°10'N, 82°42.5'W), and
Florida Bay (~24°50'N, 80°48'W) (Fig. 1).

In northwest Florida, sharks were collected with gillnets
of different stretch-mesh sizes (following Carlson and
Brusher 1999). In Tampa Bay and Florida Bay, sharks were
collected in the same way except using gillnets with a
single stretch mesh of 11.4 cm. For each shark sampled,
total length (TL, cm) was measured and sex and life stage
were determined. Sharks were placed on ice. Upon
returning to the laboratory, stomachs were removed, placed
in plastic bags, and frozen at —20°C until processing.

Stomachs were thawed for 1 h, opened, and rinsed with
water over a 595 pum sieve. Items found in the stomachs
were identified to the lowest possible taxon, counted,
measured for length (nearest cm), and weighed (wet
weight, nearest 0.001 g).

Diets were assessed by life stage in each area: young-of-
the-year (YOY) (i.e., age 0+; characterized by having an
open or healed, but visible, umbilical scar), juvenile
(characterized as not yet being mature) and (3) adult. Adult
males were characterized as having calcified claspers and
well-developed testes. Adult females were characterized as
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Fig. 1 Map of sampling areas. Sharks were collected in northwest
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having developed oocytes or the presence of pups. A pre-
liminary analysis on a subset of stomachs from each of the
three areas revealed that diet of males and females was not
substantially different, thus we opted not to pursue further
diet comparisons by sex.

Diet was quantified using percent by number (%N),
percent by weight (%W), and percent frequency of
occurrence (%0). Items rarely found in stomachs (e.g.,
rocks, hooks, coral, and benthos), parasites (e.g., nematode
worms), and digested material were not included in stom-
ach content analysis. Plant material was included in
stomach content analysis. When calculating %N for plant
material, one unit equaled one leaf of seagrass or one mat
of algae. The index of relative importance (IRI; Pinkas
et al. 1971) was calculated as IRI = %O (%N + %W). The
IRI for each item was divided by the total IRI for all items
to get the index of relative importance on a percent basis
(%IRI; Cortés 1997).

After a full stomach content analysis, identifiable items
found in the stomachs were grouped into eight major diet
categories (DC) to facilitate comparisons among life stages
and sites: (1) crabs, (2) shrimps, (3) lobsters, (4) crusta-
ceans other than crabs, shrimps, and lobsters (including
unidentified decapods), (5) cephalopods, (6) non-cephalo-
pod molluscs (including unidentified molluscs), (7) plant
material (including shoal grass, Halodule wrightii, turtle-
grass, Thalassia testudinum, and other plant material), and
(8) teleosts. The index of relative importance on a percent
basis was computed for the eight major diet categories
(%IRIpc) and used in all analyses.

Cumulative prey curves were constructed a posteriori
for each life stage in each area to determine whether an
adequate number of stomachs had been collected to accu-
rately describe diets (Ferry and Cailliet 1996). All
identifiable, non-excluded diet items were counted as
unique. When a cumulative prey curve reaches an
asymptote, the number of stomachs analyzed is considered
sufficient in describing dietary habits.

Ontogenetic and geographic variations in diet

Two methods were used to test for changes in diet by life
stage and area. First, dietary overlap was calculated using
Pianka’s overlap index (Ecological Methodology v5.1
software; Krebs 1999). All resources were assumed equally
abundant and resource state values were presented as
%IRIpc. Overlap index values range from 0 (no overlap) to
1.0 (complete overlap), with values >0.6 considered
“biologically significant” overlap (Pianka 1976). The
observed overlap values were then compared to a distri-
bution of expected values based on null-model simulations.
The distribution of null-model data came from 1,000

randomizations of the diet data (R3 randomization algo-
rithm; Winemiller and Pianka 1990). Simulations were
performed using EcoSim v7.42 software (Gotelli and
Entsminger 2005). The observed value was considered
statistically different from the null distribution if it was
greater than or less than the simulated index 95% of the
time (P < 0.05; Winemiller and Pianka 1990). An observed
value significantly lower than the simulation index would
suggest competition and diet partitioning. An observed
value significantly higher than the simulation index would
suggest a lack of competition or strong competition that has
not yet led to diet partitioning. Second, correspondence
analysis was used to detect trends in diet relative to loca-
tion and life stage (following Graham and Vrijenhoek
1988). In the contingency tables, life stage-area combina-
tions were entered as rows and diet categories as columns.
A Chi-square test was used to verify that the rows and
columns were independent.

Prey size-predator size analysis

To estimate changes in prey size with increasing shark size,
an absolute prey size-predator size diagram was plotted for
each area. All prey sizes used in this analysis were crus-
tacean carapace length (CL, cm) from crustacean prey
found whole in the stomachs. Quantile regression tech-
niques (Scharf et al. 2000) were used to determine the
mean (50th quantile) and upper and lower bounds (90th
and 10th quantiles) of the relation between prey size and
shark size. A frequency histogram of relative and cumu-
lative prey size-predator size ratios was also created to
examine the patterns of prey size use in each area.

Bioenergetic model

Estimates of consumption were developed following the
balanced bioenergetic approach of Winberg (1960)
expressed as: C = (M;+ M) + (Gs + Gr) + W+ W),
where C = consumption; M, = routine metabolic rate;
M, = specific dynamic action due to energetic costs of
digestion; Gg = energy allocated to somatic growth; Gy =
energy allocated to reproduction; and Wg and W, = the
energy lost to the production of feces and urine, respec-
tively. All rates were expressed in kilocalories per day
(kcal day ). Daily ration was calculated as: DR = C/F/W,
where C = consumption (kcal day'); F = energy value of
the food source (kcal g~' wet weight); and W = mass of
the shark (g). Daily ration was then expressed as percent
body weight per day (C/F/W x 100 = %BW day ). The
mass of an individual was taken from the mean of a dis-
tribution of individuals by life stage from monthly field
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collections from each area throughout the year. Proportions
of food were taken from the %IRIpc for each life stage in
each area. The caloric values of the non-plant diet cate-
gories were taken from studies by Thayer et al. (1973) and
Steimle and Terranova (1985). The caloric value for plant
material was calculated as the average of caloric values
found in Lobel and Ogden (1981) and Tenore (1981) for
the most common plant materials found in the diet.

Bioenergetic models were constructed for sex, area, and
life stage. Because of the high proportion of plant material
in the diet and the uncertainty regarding its energetic con-
tribution, bioenergetic models were constructed both
including and excluding plant material. Species-specific
information on routine metabolism across a range of body
sizes and temperatures was taken from studies by Parsons
(1990) and Carlson and Parsons (1999). The relationship of
routine metabolism to mass was expressed as: VO, = 68.9

+ 177.8W, where VO, = oxygen consumption rate (mg
0, h™") and W = mass of the shark (g). Oxygen consump-
tion rate was converted to calories using the oxycalorific
coefficient for fish of 3.25 cal mg O, ! (Brafield and Solo-
mon 1972). Because each area is subjected to differences in
annual water temperature, metabolic rates were corrected
by assuming a Q¢ of 2.3 (Carlson and Parsons 1999).
Similarly, temperature was obtained from yearly averages
of field survey data and NOAA oceanographic buoys within
each area. Generally, a constant activity multiplier (Win-
berg 1960) is applied to estimates of standard metabolic rate
to express the increase from standard to routine/active
metabolic rate in the field (e.g. Kitchell et al. 1977; Hansen
et al. 1993). We chose not to apply an activity multiplier in
our bioenergetic model. We were confident our estimates of
metabolic rate matched field-based estimates based on
results from Parsons (1990), Parsons and Carlson (1998),
and Carlson and Parsons (2003). Specific dynamic actions
were set at 6% for YOY and 12% for adults based on Sims
and Davies (1994). Energetic loss due to feces and urine
was set at 27% of consumption based on results of Weth-
erbee and Gruber (1993).

Area-specific estimates of growth were applied based on
Lombardi-Carlson et al. (2003). Growth rates (converted to
mass) were obtained from von Bertalanffy growth functions.
The predicted growth between age classes was used to
model growth among life stages and areas. The growth of
YOY was estimated as the growth for sharks from birth to
age one. Growth for juveniles was determined for those ages
up to maturity depending on area, and growth for adults was
calculated for those ages determined to be mature to the
maximum observed age (Lombardi-Carlson et al. 2003).

To estimate the energetic investment in reproduction, we
used yearly determinations of male and female reproductive
tissues (mass). For females, the number of embryos pro-
duced each year was multiplied by the average mass of
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near-term embryos. Male reproductive investment was
determined by converting the length of each testis to mass
(based on Parsons 1993). Mass for both growth and repro-
duction was converted to kilocalories by using the energy
density of shark tissue of 1.294 kcal g~ ' (wet weight) based
on estimates for lemon shark by Cortés and Gruber (1990).
Most estimates of daily ration for sharks have been based
on point estimates despite the variability and uncertainty in
input parameters (Wetherbee and Cortés 2004). We used
Monte Carlo simulation to assess uncertainty in the model
input parameters (Bartell et al. 1986). Probability density
functions were developed to describe temperature, life-
stage specific mass of an individual throughout the year,
mass of embryos, litter size, growth, excretion, specific
dynamic action, and diet. Excretion was represented by a
triangular distribution with 27% of consumption as the
likeliest value using +10% as lower and upper bounds.
Specific dynamic action was a uniform distribution with 6
and 12% of total consumption as the lower and upper
bounds. Annual growth rates obtained from the von Berta-
lanffy growth equation parameters were assigned lognormal
distributions with coefficients of variation of 10% (Bartell
et al. 1986). Normal distributions were assigned to mass of
individuals, embryos, gonads, and environmental tempera-
ture. Diet was a custom distribution with the relative
probability of diet components represented by the %IRIpc.
The simulation process involved randomly selecting a
value from the set of input parameters from the probability
density functions and calculating daily ration. This process
was repeated 2,000 times, yielding frequency distributions,
means, and confidence intervals for parameter estimates
(calculated as the 2.5th and 97.5th percentiles). All simu-
lations were run with Microsoft Excel® spreadsheet
software equipped with risk analysis software (Crystal
Ball® 2000 Academic Edition v5.2.2, Decisioneering Inc.).
Sensitivity analysis was performed to examine the impli-
cations of the uncertainty and variability of inputs on daily
ration. Multiple-factor analysis of variance (ANOVA) was
used to test for differences in log-transformed daily ration
simulations among and within life stages, sex, and area.

Results
Northwest Florida diet

A total of 191 stomachs were collected from sharks in
northwest Florida. Of those, 68 (1 empty) were from YOY,
82 (0 empty) were from juveniles, and 39 (1 empty) were
from adults (Appendix 1). Cumulative prey curves showed
general trends toward an asymptote (Appendix 2), indi-
cating that enough stomachs were sorted to adequately
describe the diet of all life stages in northwest Florida.
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For YOY, plant material was the most important of the
eight diet categories (62.1 %IRIpc), followed by crusta-
ceans (other than crabs, lobsters, and shrimp; 22.2 %IRIpc)
and crabs (13.5 %IRIpc). Shrimp and molluscs contributed
very little to the diet (2.1 %IRIpc and 0.1 %IRIpc,
respectively). All other categories were not important in
the diet (Table 1A).

Crabs were the dominant category in the diet of juve-
niles (63.1 %IRIpc). Plant material was the second-most
important diet category (26.8 %IRIpc). Crustaceans (other
than crabs, lobsters, and shrimp; 6.6 %IRIpc) were much
less important in the diet. Molluscs (other than cephalo-
pods) were a more important diet category for juveniles
(2.8 %IRIpc) than for YOY. Shrimp were of little impor-
tance in the diet (0.7 %IRIpc). All other categories were
not important (Table 1A).

Adults fed almost entirely on crabs (73.1 %IRIpc).
Crustaceans (other than crabs, lobsters, and shrimp) were
the second-most important diet category (15.1 %IRIpc).
Plant material remained important in the diet of adults (8.8
%IRIpc). Molluscs other than cephalopods also remained
important (2.9 %IRIpc). All other categories did not con-
tribute to the diet (Table 1A).

Tampa Bay diet

Stomachs sorted from Tampa Bay numbered 170. Of those,
79 (2 empty) were juveniles and 88 (1 empty) were adults
(Appendix 3). Sample size was not large enough to quan-
titatively describe the diet of YOY sharks in Tampa Bay
(n = 3). The cumulative prey curves trended toward an
asymptote (Appendix 4), showing that the number of
stomachs analyzed was likely sufficient in describing the
diet in this area.

Table 1 Stomach contents of bonnetheads based on the index of
relative importance on a percent basis for the eight major diet
categories (%IRIpc) for sharks in (A) Northwest Florida (young-of-
the-year n = 68, 1 empty; juveniles n = 82, 0 empty; adults n = 39, 1

Crabs were the most important diet category for both
juveniles and adults in Tampa Bay (46.6 %IRIpc and 49.8
%IRIpc, respectively), followed very closely by plant
material (42.4 %IRIpc and 45.2 %IRIpc, respectively). For
juveniles, crustaceans (other than crabs, lobsters, and
shrimp; 7.3 %IRIpc) and cephalopods (3.2 %IRIpc) were
important. For adults, crustaceans (other than crabs, lob-
sters, and shrimp) were important (3.2 %IRIpc); however,
cephalopods were less important (0.9 %IRIpc). For both
life stages, non-cephalopods molluscs, shrimp, and teleosts
were of little importance in the diet. One lobster (Panulirus
argus) occurred in the diet of juvenile sharks (Table 1B
and Appendix 3).

Florida Bay diet

One hundred and fifty-four stomachs were sorted from
Florida Bay. Stomachs taken from juveniles numbered 72 (0
empty) and 82 (3 empty) were from adult sharks (Appendix
5). Similar to Tampa Bay, sample size was too small to
quantitatively describe the diet of YOY sharks (n = 1). The
asymptotic trends of the cumulative prey curves were not as
evident as in the two northernmost areas (Appendix 6), thus
more stomachs may need to be collected and sorted to better
describe the diet of bonnetheads in Florida Bay.

Juvenile diet was dominated by crustaceans (other than
crabs, lobsters, and shrimp; 38.1 %IRIpc) and plant
material (30.2 %IRIpc). Crabs (11.8 %IRIpc), lobsters (7.7
%IRIpc), cephalopods (7.0 %IRIpc), and shrimp (4.3
%IRIpc) were also important categories in the diet. Cate-
gories of little dietary importance included teleosts and
non-cephalopod mollusks (Table 1C).

Adult sharks fed mostly on a mix of crustaceans (other
than crabs, lobsters, and shrimp; 29.7 %IRIpc) and

empty), (B) Tampa Bay (juveniles n = 79, 2 empty; adults n = 88, 1
empty), and (C) Florida Bay (juveniles n = 72, 0 empty; adults
n = 82, 3 empty)

Prey category (A) Northwest Florida

(B) Tampa Bay (C) Florida Bay

Young-of-the-year Juveniles Adults Juveniles Adults Juveniles Adults

Crabs 13.5 63.1 73.1 46.6 49.8 11.8 8.1
Lobsters - - >0.1 - 7.7 7.5
Shrimp 2.1 0.7 0.2 - 43 55
Other Crustaceans 222 6.6 15.1 73 32 38.1 29.7
Cephalopods - - 32 0.9 7.0 29.3
Other molluscs 0.1 2.8 2.9 0.2 0.2 0.1 -
Plant material 62.1 26.8 8.8 424 45.2 30.2 15.8
Teleosts - - 0.1 0.4 0.9 4.1

— Indicates that the prey category was not found in the stomachs
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cephalopods (29.3 %IRIpc). Plant material was not as
important in the diet of adults in Florida Bay; however, it
was still the third-most important diet category (15.8
%IRIpc). Crabs, lobsters, shrimp, and teleosts were also
important categories in the diet (8.1 %IRIpc, 7.5 %IRIpc,
and 5.5 %IRIpc, 4.1 %IRIpc, respectively). Non-cephalo-
pod mollusks remained unimportant in the diet (Table 1C).

Ontogenetic and geographic variations in diet

Pianka’s overlap index was not significant for comparisons
between YOY and the other two life stages within north-
west Florida (0.57 and 0.37, respectively; Table 2—P,).
Diet overlap was high between juveniles and adults in
northwest Florida (0.96). Diet overlap was high (>0.78)
between juveniles and adults in both Tampa Bay and

Table 2 Pianka’s overlap index (P,), and Pianka’s simulated overlap
index based on 1,000 randomizations of the diet data (P,*) calculated
from the %IRIpc of bonnetheads from three locations in the eastern
Gulf of Mexico

Groups Compared P, P,*
NWEF-YOY (67)/NWF-JUV (82) 0.57 0.28
NWEF-YOY (67)/NWFE-MAT (38) 0.37 0.23
NWE-YOY (67)/TB-JUV (77) 0.80 0.29
NWE-YOY (67)/TB-MAT (87) 0.78 0.27
NWEF-YOY (67)/FB-JUV (72) 0.84 0.37
NWEF-YOY (67)/FB-MAT (79) 0.43 0.41
NWEF-JUV (82)/NWE-MAT (38) 0.96 0.25
NWEF-JUV (82)/TB-JUV (77) 0.94 0.28
NWE-JUV (82)/TB-MAT (87) 0.94 0.28
NWE-JUV (82)/FB-JUV (72) 0.51 0.35
NWE-JUV (82)/FB-MAT (79) 0.35 0.38
NWEF-MAT (38)/TB-JUV (77) 0.81 0.28
NWF-MAT (38)/TB-MAT (87) 0.81 0.22
NWF-MAT (38)/FB-JUV (72) 0.44 0.32
NWF-MAT (38)/FB-MAT (79) 0.41 0.35
TB-JUV (77)/TB-MAT (87) 0.99 0.30
TB-JUV (77)/FB-JUV (72) 0.60 0.38
TB-JUV (77)/FB-MAT (79) 0.34 0.42
TB-MAT (87)/FB-JUV (72) 0.60 0.36
TB-MAT (87)/FB-MAT (79) 0.28 0.41
FB-JUV (72)/FB-MAT (79) 0.78 0.53

Maturity states YOY young-of-the-year; JUV juveniles; MAT adults in
locations NWF Northwest Florida; 7B Tampa Bay; FB Florida Bay
are compared. Young-of-the-year in Tampa Bay and Florida Bay did
not meet criterion for dietary analysis. Number of non-empty stom-
achs analyzed is in parentheses

Overlap values (P,) in bold indicate values over 0.6 or “biological
significance.” Simulated overlap values (P,*) in bold indicate sig-
nificance at o = 0.05
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Florida Bay. All life stages in northwest Florida showed
biologically significant diet overlap with juveniles and
adults in Tampa Bay (all >0.78). Sharks in Florida Bay
showed non-significant biological diet overlap with sharks
from the more northern sites, with the exception of juve-
niles in Florida Bay and YOY in northwest Florida (0.84).
Null model analysis (simulated overlap values) mirrored
the observed biologically significant diet overlap values
(Table 2—P,*). All comparisons that were biologically
significant (P,) showed lower than expected simulated
overlap values when using the null model (P,*).

Axes 1 and 2 in the correspondence analysis accounted
for 90.0% of the total variation among diets of life stages in
all areas (24.1 and 65.9%, respectively; Fig. 2). For sharks
collected in northwest Florida, YOY grouped with plant
material and crustaceans other than crabs, lobsters, and
shrimp. Juveniles and adults in northwest Florida grouped
close to each other and closely with crabs and molluscs
other than cephalopods. Both life-stages in Tampa Bay also
grouped close to each other as well as crabs, plant material,
and molluscs other than cephalopods. Juveniles in Florida
Bay grouped close to YOY in northwest Florida and also
with shrimp, plant material, and crustaceans other than
crabs, lobsters, and shrimp. Adults in Florida Bay grouped
close to cephalopods, lobsters, shrimp, and teleosts. The
Chi-square test for life stage-area combinations and diet
category was significant (3% = 434.02; P < 0.0001; df =
42), indicating dependence.

Symmetric Plot (Axes F1 and F2: 90.0%)

2
1 p
CRAX
= ONWF-MAT] MTEL
5 MOL¥NWE-Juv] FE-MATO xCEP
3 CRU LoB
- 3 %
L TB-MATO Qg S SHR
i ST VR
2 PLA %
bNWF-YOY
1 A
-2 T T
-2 -1 0 1 2

Axis F2 (65.9%)

Fig. 2 Plot of life stage and major diet category principal compo-
nents for axis 1 and 2 of a correspondence analysis using %IRIpc data
for bonnetheads. Open circles area-life stage combination; X diet
category. NWF northwest Florida; 7B Tampa Bay; FB Florida Bay.
YOY young-of-the-year; JUV juveniles; MAT adults. CRA crab; LOB
lobster; SHR shrimp; CRU crustaceans other than crabs, shrimps,
lobsters (including unidentified decapods); CEP cephalopods; MOL
other molluscs (including unidentified molluscs); PLA plant material;
TEL teleosts
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Prey size-predator size relationships

Median, maximum, and minimum prey sizes increased
with shark size for bonnetheads in northwest Florida and
Tampa Bay (Fig. 3a, b). Absolute prey size did not increase
significantly with predator size in Florida Bay (P = 0.085;
Fig. 3¢). The maximum prey size consumed by sharks in
Florida Bay was also not significant (Fig. 3c; 90th quantile,
P = 0.113); however, the minimum prey size consumed
was (10th quantile, P = 0.037). These results are likely due
to small sample size in this area (n = 40). Only sharks in
northwest Florida continued to include small prey in their
diet with increasing size (Fig. 3A; 10th quantile,
P =1.115).

Bonnetheads in the eastern Gulf of Mexico consumed
prey that were small fractions of their total length; 95.6%
of all prey measured were less than 13% of shark TL
(Fig. 4). Almost all of the measured prey consumed in
northwest Florida was less than 10% of shark TL; however,
over one-third was less than 5% of shark TL (Fig. 4A).
Sharks in Tampa Bay consumed prey less than 10% of their
total length 87.5% of the time while consuming prey less
than 5% of their TL only 7.5% of the time (Fig. 4b). Sharks
in Florida Bay consumed a wider range of prey sizes;
77.5% of prey consumed was less than 10% shark TL and
25.0% was less than 5% shark TL (Fig. 4c).

Fig. 3 Prey size-predator size

[

Northwest Florida b

Bioenergetic model

Regardless of the inclusion of plant material, the bioener-
getic model predicted increasing daily ration estimates with
decreasing latitude and decreasing daily ration estimates
with ontogeny (Table 3A-B). In three out of seven com-
parisons, females had higher daily ration estimates than
males. Overall, YOY sharks in northwest Florida had the
highest estimates of daily ration (5.33 %BW day ' for
males and 5.46 %BW day ™' for females, including plant
material; 4.08 %BW day ' for males and 4.38 %BW
day ™! for females, excluding plant material). For juveniles,
sharks in northwest Florida had the lowest estimates of
daily ration (1.34 %BW day ' for males and 1.41 %BW
day ™! for females, including plant material; 1.29 %BW
day~! for males and 1.33 %BW day ' for females,
excluding plant material), those in Florida Bay had the
highest (2.71 %BW day ' for males and 1.68 %BW day '
for females, including plant material; 2.36 %BW day ™' for
males and 1.48 %BW day ' for females, excluding plant
material), and Tampa Bay juveniles had intermediate val-
ues (1.44 %BW day " for males and 1.72 %BW day ' for
females, including plant material; 1.22 %BW day ' for
males and 1.45 %BW day ' for females, excluding plant
material). The trend for adult sharks was the same as for
juveniles. Adults in northwest Florida had the lowest

Tampa Bay

scatter diagram for bonnetheads
(n = 108) in the eastern Gulf of 14
Mexico from a northwest
Florida, b Tampa Bay, and ¢
Florida. Lines quantile
regressions used to examine
changes in prey size eaten with
increasing shark size. Solid line
median prey size (50th
quantile). Dotted line minimum
and maximum prey sizes (10th
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Regression equations are
in Appendix 7
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estimates (0.55 %BW day ' for males and 0.37 %BW
day ' for females, both including and excluding plant
material), those in Florida Bay had the highest estimates
(1.18 %BW day ' for males and 0.75 %BW day ' for
females, including plant material; 1.11 %BW day~' for
males and 0.71 %BW day ' for females, excluding plant
material), while those in Tampa Bay were in between (0.73
%BW day ' for males and 0.60 %BW day ' for females,
including plant material; 0.63 %BW day ' for males and
0.51 %BW day ' for females, excluding plant material).
Regardless of the inclusion of plant material, there were
significant differences in daily ration for life stages and sex
between areas (3-factor ANOVAs comparing juveniles to
adults only, all P < 0.001) and life stage and sex within
areas (2-factor ANOVA:s, all P < 0.0001).

Monte Carlo simulations resulted in wide confidence
intervals around mean estimates of daily ration by sex,
size, and area (Table 3). Sensitivity analysis revealed that,
of the input parameters, uncertainty in mass of an indi-
vidual and temperature contributed the most to variation
in the estimate of daily ration (—0.83 and 0.28%,
respectively). Sensitivity analysis also indicated that the
diet of YOY bonnetheads from northwest Florida con-
tributed to the uncertainty in daily ration estimates
(—0.31%). Mass of an individual and temperature con-
tributed primarily to the estimate of metabolism. The
caloric values of the diet categories also influenced the
final estimate of daily ration.

@ Springer

Discussion

Crustaceans were common in diets of all life stages in all
areas. Sharks in the two northernmost areas consumed
mostly crabs while sharks in Florida Bay ate mostly
cephalopods and crustaceans other than crab and shrimp.
The importance of lobsters and cephalopods in the diet of
sharks in Florida Bay was the most interesting difference in
the diets among areas. Cortés et al. (1996) found that
bonnethead diet consisted almost entirely of crustaceans in
Tampa Bay and Charlotte Harbor. Parsons (1987) found
cephalopods to be the most important item in the diets of
bonnetheads in Florida Bay.

Ontogenetic diet shifts are common in sharks (see
Wetherbee and Cortés 2004, and references therein);
however, Cortés et al. (1996) concluded that bonnetheads
in Tampa Bay and Charlotte Harbor, Florida, underwent
dietary shifts depending on season and habitat but not
ontogeny. Seasonal differences in diet were not examined
in this study. Shifts in diet with ontogeny occurred only
in northwest Florida. Sharks in Tampa Bay and Florida
Bay did not show an ontogenetic shift in diet; however
we did not examine YOY stomach contents from these
areas. Diet of YOY in northwest Florida was composed
almost entirely of crustaceans, whereas both juveniles
and adults fed almost entirely on crabs. Plant material
was abundant in stomach contents in all areas and all life
stages.



Mar Biol (2007) 152:1009-1020

1017

Table 3 Life stage and sex-specific estimates of mean daily ration by
area for bonnetheads in the eastern Gulf of Mexico (A) Including
plant material and (B) Excluding plant material

Northwest Florida Tampa Bay Florida Bay

(A) Including plant material

Young-of-the-year

Male 5.33 - -

CI (1.75-12.4)

Female 5.46 - -

CI (1.44-15.0)

Juveniles

Male 1.34 1.44 2.71

CI (0.56-3.23) (0.65-2.81) (1.17-5.18)

Female 1.41 1.72 1.68

CI (0.33-4.21) (0.59-3.90) (0.90-2.94)
Adults

Male 0.55 0.73 1.18

CI (0.35-1.05) (0.32-1.49) (0.52-2.31)

Female 0.37 0.60 0.75

CI (0.20-0.86) (0.23-1.30) (0.25-1.65)
(B) Excluding plant material

Young-of-the-year

Male 4.08 - -

CI (1.49-9.09)

Female 4.38 - -

CI (1.17-11.3)

Juveniles

Male 1.29 1.22 2.36

CI (0.55-4.10) (0.66-2.11) (1.11-4.32)

Female 1.33 1.45 1.48

CI (0.31-4.00) (0.58-3.03) (0.87-2.34)
Adults

Male 0.55 0.63 1.11

CI (0.36-1.72) (0.31-1.15) (0.51-2.19)

Female 0.37 0.51 0.71

CI (0.21-1.09) (0.22-1.07) (0.25-1.48)

CI confidence intervals calculated as 2.5th and 97.5th percentiles

Geographic differences in diet are documented for many
shark species (e.g., lemon shark, N. brevirostris, Cortés and
Gruber 1990; sandbar shark, C. plumbeus, Ellis 2003;
starspotted smoothhound, Mustelus manazo, Yamaguchi
and Taniuchi 2000; Atlantic sharpnose shark, Rhizoprion-
odon terraenovae, Bethea et al. 2006). The differences in
diet with latitude found in the present study are most likely
due to prey availability and habitat differences associated
with the latitudinal gradient between temperate/subtropical
and subtropical/tropical geographic regions. For example,
prey species usually associated with temperate/subtropical
seagrass beds, sand flats, and muddy substrates (e.g.,
portunid crabs) were found more often in the diets of

sharks from northwest Florida and Tampa Bay, whereas
invertebrates usually associated with hard bottom in sub-
tropical/tropical regions (e.g. Florida spiny lobster, P.
argus, and Octopus sp.) were more common in the diets of
sharks from Florida Bay.

Bonnethead diet consists of relatively small prey. Rel-
ative frequency distributions of prey size-predator size
ratios for bonnetheads in the eastern Gulf of Mexico are
comparable to those of elasmobranch predators in the
northwestern Atlantic whose diets also consist of mostly
small, invertebrate prey (less than 20% of fish length; e.g.,
smooth dogfish, Mustelus canis, spiny dogfish, Squalus
acanthias, winter skate, Raja ocellata, and little skate, R.
erinacea, in Scharf et al. 2000). Previously reported size
ranges of blue crab, Callinectes sapidus, found in bonnet-
head stomachs from the central eastern Gulf of Mexico
were also small (0.9-6.0 cm carapace length; Cortés et al.
1996). Bonnetheads in the Gulf of Mexico are similar to
elasmobranchs from the northwestern Atlantic in that they
do not show a significant increase in the ranges of absolute
prey sizes taken with increasing predator size (Scharf et al.
2000). Unlike other small coastal shark species, the bon-
nethead wuses plate-like teeth to crush hard-shelled
invertebrates (Wilga and Motta 2000). This mode of prey
capture/handling may be more closely related to the size
rather than speed of potential prey or experience/efficiency
of the predator.

Bonnetheads have one of the lowest percentages of
empty stomachs reported for shark species. Previously
reported estimates for the bonnethead include 7% by Par-
sons (1987) and 5% by Cortés et al. (1996). In this study,
1.5% of all stomachs were empty. By comparison, Bethea
et al. (2003) reported 24, 49, and 50% empty stomachs for
juvenile blacktip, C. limbatus, finetooth, C. isodon, and
spinner sharks, C. brevipinna, respectively, collected in the
northern Gulf of Mexico. In all these studies, sharks were
collected with gillnets, likely ruling out gear bias associ-
ated with the proportion of empty stomachs (e.g., sharks
collected with longlines generally have a higher proportion
of empty stomachs; Wetherbee and Cortés 2004). The low
occurrence of empty stomachs suggests that bonnetheads
may feed more frequently than other sharks. Although
experimental estimates of feeding frequency are rare
(Wetherbee and Cortés 2004), feeding in bonnetheads
appears to be asynchronous and does not show time pref-
erence (Cortés et al. 1996).

Meal size and food type may also be related to the low
percentage of empty stomachs found in bonnetheads.
Gastric evacuation time increased by as much as 50% when
meal size was increased by a factor of 8.4 for scalloped
hammerhead sharks, S. lewini (Bush and Holland 2002).
Bonnetheads in this study typically had abundant food in
the stomach and were most often observed with whole prey
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items rather than pieces. Food type and its organic com-
position (i.e., digestibility) influence the rate at which food
is ingested and leaves the stomach, and consequently
affects the degree of vacuity of the stomach. The diet of
bonnetheads is dominated by crustaceans, particularly
crabs, in most areas. Crabs generally take longer to digest
than cephalopods because they have a chitinous exoskele-
ton. In turn, both crabs and octopi take longer to digest than
fish (Jackson et al. 1992). In a study on the sandbar shark,
C. plumbeus, Medved et al. (1988) found gastric evacua-
tion took 20 h longer when sharks were fed crab than when
sharks were fed fish. Berens (2005) showed a 5-6 h lag in
digestion time for gag, Mycteroperca microlepis, when fed
crustaceans versus fish prey.

Determining consumption and daily ration through the
bioenergetic approach can be problematic due to the reli-
ability of the estimates of growth and metabolism (Ney
1993). However, the major inputs used in this model were
derived from bonnethead-specific experiments and life
history information. Daily ration estimates for bonnetheads
using this bioenergetic model were similar to previous
values obtained using gastric evacuation laboratory
experiments and examination of stomach contents of
sharks caught in the wild. Tyminski et al. (1999) reported
estimates of daily ration for bonnetheads collected off
Tampa Bay of 2.2-4.3 %BW day™'. Sensitivity analysis in
the present study indicated that all bioenergetic models for
bonnetheads were most sensitive to parameters that deter-
mined metabolic rate (i.e., mass of an individual and
temperature). These results reinforce previous analyses that
demonstrated the parameters determining metabolic rate
(e.g., swimming speed) have the greatest effect on pre-
dicted consumption rates (Bartell et al. 1986; Essington
2003).

Bonnetheads in the eastern Gulf of Mexico display lat-
itudinal variation in life history traits; growth rate,
maximum size, and age-at-maturity were found to increase
with an increase in latitude of 5° (Lombardi-Carlson et al.
2003). This trend is thought to be the result of local phe-
notypic responses to environmental conditions rather than
differences in mitochondrial DNA (Lombardi-Carlson
et al. 2003). The opposite trend was found for estimates of
consumption. Regardless of whether or not we assumed
plant material was part of the diet, juvenile and adult
bonnetheads in northwest Florida had the lowest estimate
of daily ration and those in Florida Bay had the highest.
Parsons (1993) originally hypothesized that bonnetheads
continuously exposed to warmer temperatures, such as
those in Florida Bay, would have elevated standard
metabolism that would incur additional energy consump-
tion requirements to maintain growth and reproduction.
Bonnetheads that continuously occupy warmer waters on a
yearly basis may also use more of their consumed energy
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for maintenance rather than for somatic growth and
reproduction, leading to lower growth rates and reproduc-
tive output over their entire lifespan. The results from the
bioenergetic models in this study tend to support this
hypothesis. In an individual-based bioenergetic model,
Neer et al. (2007) determined cownose rays, Rhinoptera
bonasus, consume approximately 11% more energy per
day in warmer water temperature scenarios to compensate
for the increased metabolic costs. This was further reflected
in decreases in growth rates under those conditions. Faster
individual growth rates predicted for the cooler water
scenarios allowed individuals to attain a larger size more
quickly, which, with weight-dependent mortality, led to
greater survival at the population level (Neer et al. 2007).

Plant material was often the second-most important diet
category in life stages across sites, making up more than 15
%IRIpc in six of the seven life stage-area combinations,
more than 30 %IRIpc in 4 of the 7 combinations, and 62
%IRIpc in YOY diet in northwest Florida. In the past, plant
material in bonnethead diet was considered incidental to
prey capture and dismissed as reflective of benthic feeding
habits (Cortés et al. 1996). Undigested plant material was
rarely observed in the intestine or spiral valve of bonnet-
heads in this study and observations of newly captive
(<8 h) bonnetheads in aquaria showed no evidence of plant
material in the feces (J.K. Carlson pers. observ.). Even if it
is ingested incidentally, these observations could indicate
that plant material is being broken down and possibly
assimilated. Carbohydrases and lipases that may aid in the
digestion of plant material have been identified in pan-
creatic secretions from several elasmobranchs (Sullivan
1907; Babkin 1929, review in Cortés et al. 2007).

Evidence of herbivory in marine teleosts is well docu-
mented. For example, seagrass is common in the diet of
parrotfish, Sparisoma radians (Lobel and Ogden 1981;
Goecker et al. 2005), pinfish, Lagodon rhomboides,
(Weinstein et al. 1982), and halfbeaks, Hyporhamphus sp.
(Klumpp and Nichols 1983). Montgomery and Targett
(1992) found that pinfish assimilate a significant proportion
of the eelgrass, Zostera marina, they consume. Whether or
not bonnetheads assimilate plant material is unknown;
however, daily ration was higher when plant material was
assumed to be part of the diet. More research is necessary
to fully evaluate the role plant material plays in the overall
nutrition of the bonnethead.
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