
fmars-08-615773 June 15, 2021 Time: 11:20 # 1

ORIGINAL RESEARCH
published: 15 June 2021

doi: 10.3389/fmars.2021.615773

Edited by:
Adrian C. Gleiss,

Murdoch University, Australia

Reviewed by:
Nahiid Stephens,

Murdoch University, Australia
Delphine Brigitte Hélène

Chabanne,
Murdoch University, Australia

*Correspondence:
Stephanie K. Adamczak

sadamcza@ucsc.edu

Specialty section:
This article was submitted to

Marine Megafauna,
a section of the journal

Frontiers in Marine Science

Received: 28 October 2020
Accepted: 27 April 2021

Published: 15 June 2021

Citation:
Adamczak SK, Holser RR,

Costa DP, Berens McCabe EJ and
Wells RS (2021) Body Composition

of Common Bottlenose Dolphins
in Sarasota Bay, Florida.

Front. Mar. Sci. 8:615773.
doi: 10.3389/fmars.2021.615773

Body Composition of Common
Bottlenose Dolphins in Sarasota Bay,
Florida
Stephanie K. Adamczak1* , Rachel R. Holser1, Daniel P. Costa1,
Elizabeth J. Berens McCabe2 and Randall S. Wells2

1 Ecology and Evolutionary Biology Department, University of California, Santa Cruz, Santa Cruz, CA, United States,
2 Chicago Zoological Society’s Sarasota Dolphin Research Program, c/o Mote Marine Laboratory, Sarasota, FL,
United States

Marine mammal body composition has been an important tool that is used as a proxy for
the health and condition of individuals within a population. Common bottlenose dolphin
(Tursiops truncatus) body composition is influenced by variations in blubber thickness
resulting from changes in temperature, prey availability, health, and life-history traits. We
examined how environmental, ontogenetic, and reproductive variables influenced the
body composition of common bottlenose dolphins in Sarasota Bay using data collected
from a long-term monitoring project by the Sarasota Dolphin Research Program (SDRP).
We found that both sea surface temperature (SST) and catch per unit effort (CPUE),
used as a proxy for prey availability, influenced body composition. There was a high
degree of seasonality in body composition, with higher values occurring in winter when
SST and CPUE were both low. Ontogeny also greatly influenced body composition,
as younger dolphins typically had thicker blubber than mature individuals. Interestingly,
young females allocated more energy to allometric growth than deposition of blubber for
body composition when compared to young males. However, as females matured and
their growth slowed, they invested more in body composition. We found no significant
difference in body composition of females of varying reproductive states, providing
further evidence of their status as true income breeders. Our work highlights that
changes in body composition result from fluctuations in environmental variables and
that energy allocation to body composition changes with ontogeny.

Keywords: bottlenose dolphin, body composition, cetacean, long-term monitoring, ontogeny

INTRODUCTION

Blubber aids marine mammals in thermoregulation, energy storage, and locomotion (Parry, 1949;
Struntz et al., 2004; Noren and Wells, 2009). This vascularized tissue, composed of adipocytes and
collagen, helps form the streamlined shape of marine mammals, while also providing insulation
against the harsh aquatic environment; a particularly important function in cetaceans, as it is their
primary insulative layer (Parry, 1949). Blubber is metabolically active and can be mobilized during
nutritional stress when energy intake falls below energy output. As a result, body composition,
defined as the ratio of blubber mass to either total body mass or lean mass, is representative of the
health and condition of an individual (Lockyer et al., 1985; Lockyer, 1986; Read, 1990; Ryg et al.,
1990; Koopman et al., 2002).
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Temperature has been shown to impact the depth and thermal
properties of blubber, as species in colder climates typically have
more insulative blubber (Worthy and Edwards, 1990; Koopman,
2007; Montie et al., 2008). This aids in heat retention and lowers
the cost of thermoregulation. Seasonal trends in blubber depth
are also observed due to fluctuations in temperature (Williams
and Friedl, 1990; Meagher et al., 2008). Temperature also has
indirect effects on blubber due to the relationship between
oceanographic features and prey availability. Features such as
thermal fronts and cold, deep-water upwelling typically increase
prey abundance via input of nutrients to the surface ocean,
thereby influencing the body composition of marine mammals
(Miller et al., 2011; Øigård et al., 2013; Braithwaite et al., 2015).

Blubber, and therefore body composition, is also heavily
influenced by age, sex, and reproductive status (Koopman et al.,
1996; McLellan et al., 2002; Dunkin et al., 2005; Beck et al., 2007;
Koopman, 2007). The ontogeny of blubber development has been
well studied in cetaceans (Struntz et al., 2004; Dunkin et al., 2005;
Noren and Wells, 2009); however, less is known about how body
composition changes throughout an animal’s lifetime (although
see McLellan et al., 2002; Mallette et al., 2016). Cetacean calves
and juveniles tend to have thicker blubber layers compared to
adults as more energy is allocated to blubber deposition at this
stage in life, likely due to an increased need for insulation as a
result of their small body size and concurrently high surface area
to volume ratio (McLellan et al., 2002; Struntz et al., 2004; Dunkin
et al., 2005; Noren and Wells, 2009; Mallette et al., 2016).

Understanding the ontogeny of blubber development has also
provided insight into how male and female marine mammals
differentially allocate resources to growth and body composition.
Male and female cetaceans and pinnipeds exhibit differences in
fatty acid composition (West et al., 1979; Aguilar and Borrell,
1990; Samuel and Worthy, 2004) and blubber deposition and
development (Ackman et al., 1975). However, the factors driving
these differences in blubber composition, morphology, and
deposition (i.e., the insulative properties of blubber) are often
difficult to tease apart due to variability in feeding ecology, energy
expenditure, and reproductive strategies between the sexes. Sex-
specific differences in body composition can be particularly
challenging to detect in income breeders who continue to feed
during gestation and lactation, and thereby respond to the
elevated metabolic costs of gestation and lactation by increasing
food consumption (Reddy et al., 1991).

We aimed to assess the abiotic, biotic, and life history stage-
related factors influencing the body composition of an income
breeding cetacean, the common bottlenose dolphin (Turiops
truncatus), using data from the Sarasota Dolphin Research
Program (SDRP) long-term monitoring effort in Sarasota Bay,
Florida. This long-term monitoring effort began in 1970 and
has resulted in detailed and high-quality data from the resident
dolphin community, including information on age, sex, life
history, and environmental features such as prey abundance and
water temperature (Wells, 2009, 2014; Berens McCabe et al.,
2010). Our objectives were to (1) assess the factors driving
body composition for the resident common bottlenose dolphin
community, (2) determine how these factors change based on
age and sex, (3) examine whether the reproductive state alters

body composition of sexually mature female dolphins, and
(4) assess the long-term trends in body composition for this
dolphin community.

MATERIALS AND METHODS

Data Collection
Common bottlenose dolphin body condition, morphometrics,
genetics, life history and health data were obtained through
periodic capture-release research (Wells et al., 2004). The shallow,
sheltered bay waters facilitated encircling small groups of selected
dolphins with a 500 m long × 4 m deep seine net. Individual
dolphins were placed in a sling, and lifted aboard a veterinary
examination vessel. The animals were weighed, measured for
standardized lengths and girths, and ultrasonic measurements
of blubber thickness were made at standardized sites. Each
individual was given a full examination, including ultrasonic
imaging of internal organs, by experienced marine mammal
veterinarians. Sex was confirmed through direct examination
of the genital region. Upon completion of sampling, dolphins
were marked with freeze brands or tagged as appropriate,
photographed, and released. While the ages of most of the
sampled dolphins were already known from observations since
birth to identifiable mothers, occasionally ages needed to be
determined from examination of growth layer groups in a tooth
extracted under local anesthesia (Hohn et al., 1989). Reproductive
status was evaluated through measurements of reproductive
hormone concentrations, through ultrasonic examination of
reproductive organs, and through observations of young calves
believed to be the first calves of identifiable females.

Relative prey fish abundance of the 10 most common dolphin
prey species (pinfish, Lagodon rhomboides; pigfish, Orthopristis
chrysoptera; scaled sardine,Harengula jaguana; Atlantic threadfin
herring, Opisthonema oglinum; ladyfish, Elops saurus; mullet,
Mullet spp.; sheepshead, Archosargus probatocephalus; spot
Leiostomus xanthurus; spotted seatrout, Cynoscion nebulosus; and
Gulf toadfish, Opsanus beta; Wells et al., 2013) was estimated
from systematic, seasonal purse seining in Sarasota Bay and
vicinity (Gannon et al., 2009; Berens McCabe et al., 2010). Since
2004, multispecies fisheries surveys have been conducted during
the months of June through September, and January through
March, using a 183 × 6.7-m purse seine with 2.5-cm mesh,
deployed from a 9-m flat-bottomed skiff in waters between 0.4
and 4 m in depth (Sarasota Bay’s maximum depth is 4 m),
with the focus in recent years on sampling in seagrass meadows
as an index habitat. The net sampled the entire water column,
from surface to bottom. All fishes, cephalopods, and penaeid
shrimps caught in each purse seine set were identified to species
and counted, and a subsample was measured for length and
weight. Catch per unit effort (CPUE), or the number of organisms
caught per standardized purse seine set, was used as an index of
prey availability.

Truncated Cones
Body composition was calculated as the proportion of blubber
volume to total body volume following the truncated cones
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FIGURE 1 | Girth, blubber depth, and truncated cones methods for three time periods: pre-1989 (A), 1989–2012 (B), and post-2012 (C). Solid lines indicate
placement of girth measurements, red circles indicate lateral placement of ultrasound measurements of blubber depth, blue circles indicate approximate location of
caudal biopsy of blubber depth, and dotted lines represent the breakdown of cones used in the truncated cones calculations. For the pre-1989 measurements, the
average of blubber depths a and b were averaged for cones 1 and 2, the average of blubber depths b and c were used for cone 3, and blubber depth d was used
for cone 4. For the 1989–2012 measurements, blubber depth a was used for cone 1, the average of blubber depths a and b were used for cone 2, the average of
blubber depths b and c were used for cone 3, the average of blubber depths c and d were used for cone 4, and blubber depth d was used for cone 5. For the
post-2012 measurements blubber depth a was used for cone 1, the average of blubber depths a, b, and c were used for cones 2 and 3, and the average of blubber
depths c, d, and e were used for cones 4 and 5.

method (Gales and Burton, 1987) using lengths, girths, and
ultrasound measurements of blubber depth. Blubber density
was assumed to be 1.039 kg/m3 (Dunkin et al., 2010). The
morphometric measurements taken varied across the time series,
with three distinct methods and time periods, detailed in
Figure 1.

The first method of collected morphometrics occurred prior to
1989, when only four body segments were consistently measured

for lengths and girths. Girth measurements were consistently
taken at the blowhole, axillary, anus, and tail fluke insertion,
and some individuals had measurements taken anterior to the
pectoral flipper. To estimate anterior flipper girth in individuals
missing this measurement, we used a linear regression to derive
anterior flipper girth measurements from axillary girth based
on individuals with both measurements (LM R2 = 0.9169,
p < < 0.01). Ultrasound measurements were taken at four
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FIGURE 2 | Linear regression of pre-1989 (n = 108) and post-2012 (n = 80) body composition calculation methods against 1989–2012 method. Regression
coefficients shown were used to correct data to body compositions from before and after the 1989 to 2012 time period to the 1989–2012 method.

non-corresponding locations along the animals’ length, so the
average of two appropriate locations was used for each body
segment (see Figure 1). Between 1989 and 2012, five body
segments were consistently measured at the eye, blowhole,
posterior pectoral flipper, axillary, anus, and tail fluke insertion.
Blubber depth was measured at five lateral positions along the
body with 4–11 measurements taken in a ring around the girth
of the animal at 10 cm intervals at each position. These ring
measurements were averaged to give a single value for each
lateral position. For each body segment, either a single ring
measurement or the mean of two corresponding lateral ring
measurements was used as the blubber depth (see Figure 1). For
the final method used after 2012, morphometric measurements
were the same as those taken from 1989 to 2012, however,
ultrasound measurements were only taken at 3–5 individual
points along the length of the body. Again, mean ultrasound
values at appropriate lateral locations were used to calculate
blubber depth for each segment.

The total body volume, which scales allometrically with mass,
was calculated using the truncated cones method by summing the
volume of each cone produced by an individual body segment.
Lean body volume was then estimated using the truncated cones
method and the girth measurements used here were estimated by
subtracting blubber depth estimates from the estimated radius of
the original girth measurement. Blubber volume was obtained by
subtracting the lean volume from total body volume, and body
composition was estimated as the ratio of blubber volume to
total body volume.

To ensure that data were comparable across the time series,
we used measurements from the 1989 to 2012 methods to
calculate body composition for the same individuals using the
pre-1989 and post-2012 methods. We then calculated regression
coefficients comparing the body composition calculated using the

1989–2012 method to pre-1989 (LM R2 = 0.735, p << 0.01)
and post-2012 (LM R2 = 0.780, p << 0.01) and used those
coefficients to correct the pre-1989 and post-2012 calculations to
the 1989–2012 method (Figure 2).

Statistics
All statistical analyses were conducted using R version 4.03 (R
Core Team, 2020) with packages “lme4” (Bates et al., 2015)
and “MuMIn” (Barton, 2009). Sea surface temperature (SST)
for models was extracted from the HadISST dataset1 using
the “rerddapXtracto” package in R2. The data consisted of
534 individuals across varying ages and reproductive statuses
(Supplementary Table 1), with 324 repeated measures of
individuals occurring throughout the long-term study. To
account for this, we repeated statistical analyses without repeated
measures to ensure that our results were robust.

We used generalized linear mixed models (GLMMs) to
determine which factors influenced body composition (Breslow
and Clayton, 1993). Fixed effects included standard body
length, sex, season, year, monthly SST, and CPUE. Northern
hemisphere seasons were used in these analyses and were
defined as follows: Winter (December, January, and February),
Spring (March, April, May), Summer (June, July, August),
and Fall (September, October, November). Monthly SST data
were extracted from HadISST Average Sea Surface Temperature
at 1◦ spatial resolution for 1986–2016. Repeated measures of
individual dolphins and year were regarded as random effects.
Age was not included in the model due to the significant
correlation between age and body length (Kendall correlation;
z = 24.12, p < 2.2 × 10−16; Supplementary Figure 1). Models

1https://climatedataguide.ucar.edu/climate-data/sst-data-hadisst-v11
2https://github.com/rmendels/rerddapXtracto
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were fit for all (n = 534), young (less than or equal to 10 years
of age, n = 254; Read et al., 1993), and mature (n = 280)
dolphins because of the importance of body length and age
in determining body composition (see “Results”). GLMMs that
incorporated CPUE as a predictor of body composition were
evaluated on a subsample of the data from 2004 onward, when
CPUE measurements first became available (n = 73 and n = 84 for
young and mature individuals, respectively). Best fit models were
selected using Akaike’s Information Criteria corrections (AICc)
following suggestions to use this method unless sample sizes are
exceedingly large (Burnham and Anderson, 1994; Wagenmakers
and Farrell, 2004). Because the GLMMs conducted here were
performed on subsamples of the full dataset the sample size for
each analysis was reduced, necessitating the use of AICc. Models
with delta AICc values less than two were compared and selected
based upon biological accuracy.

GLMMs indicated that season was a significant predictor
of body composition in dolphins (see “Results”). We aimed to
explore this relationship further using a Kruskal-Wallis one-way
analysis of variance (ANOVA). The Kruskal-Wallis ANOVA is
a non-parametric analysis that can test for variation amongst
groups (McKnight and Najab, 2010). This test was applied to
examine seasonal differences in body composition for both young
and mature dolphins (n = 254 and n = 280, respectively). A Dunn
post hoc analysis was performed to determine which groups
significantly differed. Seasonal changes in body composition were
further compared to monthly SST and seasonal CPUE from data
collected in Sarasota Bay from 2006 to 2016 in winter (collected
in January, February, and March) and summer (collected in June,
July, August, and September).

We used generalized additive models (GAMs) to evaluate
the non-linear relationship between dolphin age and body
composition for all dolphins (Hastie and Tibshirani, 1987).
GAMs were applied to data for both sexes (n = 260 and n = 274
for males and females, respectively) to account for sex-specific
differences in body composition as found by GLMMs and the
number of knots was restricted to 1 to avoid overfitting the model.

To examine how reproductive state influenced body
composition in mature females of known reproductive status
(n = 127), we used a Kruskal-Wallis ANOVA followed by the
Dunn post hoc test. Analyses were run on mature females
only, and then again with mature males (n = 150) to compare
body composition in different reproductive states to body
composition of males.

To assess long-term trends in body composition we applied
a GAM to the relationship between year and body composition
for all dolphins, incorporating covariates of annually averaged
SST and annually averaged CPUE. Due to a sampling bias in
the months of data collection, with 76% of data collected in
May and June, average body composition collected in June from
1986 to 2006 and May from 2007 to 2016 were used for this
analysis. Models were fit from 1986 to 2016 (n = 409) and from
2004 to 2016 (when CPUE data were available; n = 125) to
ensure that the best fit model was not impacted by limitations
of CPUE. All combinations of monthly SST, seasonal CPUE, and
the interaction between monthly SST and seasonal CPUE were
run and the best fit model was selected using AICc.

RESULTS

GLMMs
In the GLMMs, monthly SST was an important determinant
of body composition in both young and mature dolphins,
as body composition decreased with increasing SST (Table 1,
Supplementary Table 2, and Figure 3). For young individuals,
body length, season, and sex also influenced body composition
(Table 1). When applying the model to mature individuals,
season and sex were important factors influencing body
composition. However, body length was not a predictor of
body composition (Table 1). Additionally, year impacted body
composition of mature dolphins (Table 1). Models including
CPUE (data from 2004 to 2016) mirrored the results stated above,
however, CPUE was an important predictor of body composition
for both young and mature dolphins (Table 2 and Figure 3).

Seasonality
There was a significant difference in body composition between
seasons for both young and mature dolphins (X2 = 88.75, df = 3,
p < 2.22 × 10−16 and X2 = 96.81, df = 3, p < 2.22 × 10−16,
respectively). The greatest difference in body composition in
both mature and young dolphins occurred between summer,
when body composition was the lowest, and winter, when body
composition was the highest (Figure 4). Body composition
in spring was significantly higher than body composition in
summer and significantly lower than body composition in winter
(Figure 4). Based on visual analyses, trends in body composition
appear to follow an inverse pattern with seasonal CPUE, as
body composition was highest in winter when CPUE was
lowest (Figure 4). However, seasonal CPUE were only available
for winter and summer, potentially obscuring patterns and
trends between body composition and CPUE. Lower seasonally
averaged SST co-occurred with high body composition values

TABLE 1 | Generalized linear mixed models predicting body composition of
common bottlenose dolphin (Tursiops truncatus) in Sarasota Bay, Florida with
fixed effects of body length (length), monthly SST (SST), season, sex, year
from 1986 to 2016.

Group Model df Log
likelihood

AICc 1 AIC

All Body composition ∼
Length + SST +
Season + Sex + Year
+ SST*Season

39 1487.52 −2890.70 0.00

Young Body composition ∼
Length + SST +
Season + Sex

9 747.23 −1475.80 0.00

Mature Body composition ∼
SST +
Season + Sex + Year

36 750.38 −1419.80 1.25

Models were run for all individuals (n = 534), young individuals (less than 10 years
old; n = 254) and mature individuals (greater than 10 years old; n = 280) and
repeated measures for individuals were treated as random effects. Models were
selected using Akaike’s Information Criterion correction. Monthly average sea
surface temperature (SST) data were extracted using the HadISST Average Sea
Surface Temperature dataset.

Frontiers in Marine Science | www.frontiersin.org 5 June 2021 | Volume 8 | Article 615773

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-615773 June 15, 2021 Time: 11:20 # 6

Adamczak et al. Bottlenose Dolphin Body Composition

FIGURE 3 | Comparison of the relationship between monthly sea surface temperature (SST) and body composition (n = 254 and n = 280 for young and mature
individuals, respectively) (A) and CPUE and body composition (n = 73 and n = 84 for young and mature individuals, respectively) (B) for common bottlenose dolphins
(Tursiops truncatus) in Sarasota Bay. Monthly SST data were extracted from HadISST Average Sea Surface Temperature at 1◦ spatial resolution.

and vice versa; however, there did not appear to be a direct
inverse relationship between seasonally averaged SST and body
composition (Figure 4).

Age
Both male and female dolphins demonstrated statistically
significant negative relationships between age and body
composition; however, there was a better fit for males than
females (GAMs: R2 = 0.39, p < 2.22 × 10−16 for males and
R2 = 0.05, p = 0.001 for females; Figure 5). There was a high
degree of variability in the relationship tested for females,
resulting in poor model fit.

Reproductive State
We found no significant difference in female’s body composition
in different reproductive states (Figure 6). However, when
re-running the Kruskal-Wallis test including reproductively
active males, both pregnant and lactating mature females had
significantly higher body composition than that of mature
males, while mature females that were simultaneously pregnant
and lactating had a body composition similar to that of
males (Figure 6).

Long-Term Trends
The best fit GAM for long-term trends in body composition
incorporated annually averaged SST and described 55.2% of the
deviance in the data (Table 2 and Figure 7). Adding annually
averaged CPUE to the 1986–2016 and 2004–2016 models did not
affect their output. Peaks in body composition occurred during
a brief period from 1997 to 1999, and during a sudden spike
in 2005. Although body composition appeared to increase over
time, this is likely not a result of increasing water temperatures, as

annual averages of SST in Sarasota Bay have remained relatively
constant (Supplementary Figure 2).

DISCUSSION

Dolphin body composition is strongly linked to SST and seasonal
changes in temperature. While the factors influencing body
composition of common bottlenose dolphins varied by age and
sex, SST was a significant variable in determining long-term
trends in body composition and greatly affected the available

TABLE 2 | Generalized linear mixed models predicting body composition of
common bottlenose dolphin (Tursiops truncatus) in Sarasota Bay, Florida with
fixed effects of body length (length), monthly SST (SST), catch per unit effort
(CPUE), season, sex, and year from 2004 to 2016.

Group Model df Log
likelihood

AICc 1 AIC

All Body composition ∼
Length + CPUE + SST +
Season+CPUE*Season+
SST*Season

13 453.073 −877.6 0.00

Young Body composition ∼
Length + CPUE + SST +
Season + Sex

9 221.487 −422.4 0.00

Mature Body composition ∼
CPUE + Season + Sex +
Year

17 259.128 −474.1 0.00

Models were run for all individuals (n = 157), young individuals (less than 10 years
old; n = 73) and mature individuals (greater than or equal to 10 years old; n = 84)
and repeated measures for individuals were treated as random effects. Models
were selected using Akaike’s Information Criterion correction. Monthly average sea
surface temperature (SST) data were extracted using the HadISST Average Sea
Surface Temperature dataset.
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FIGURE 4 | Body composition for young and mature (n = 254 and n = 280, respectively) common bottlenose dolphins (Tursiops truncatus) in Sarasota Bay by
season from data collected from 1986 to 2016 (A) and monthly sea surface temperature (SST) and catch per unit effort (CPUE) in Sarasota Bay average by season
during the years 1986–2016, 2003–2016, and 2006–2016, respectively (B). Significance from Dunn test results are indicated by one asterisk (p < 0.05), two
asterisks (p < 0.001), and three asterisks (p < 0.0001). Monthly SST data were extracted from HadISST Average Sea Surface Temperature at 1◦ spatial resolution.
CPUE data were collected from seine trawls in winter and spring in Sarasota Bay.

energy stores of the Sarasota Bay common bottlenose dolphins.
This pattern is common to marine mammals, as their blubber
thickness and other characteristics typically vary in response
to seasonal changes in water temperature (Beck et al., 1993;
Kastelein et al., 1997; Meagher et al., 2008; Montie et al., 2008).
Modifications in blubber thickness are especially important for
dolphins as they rely solely on blubber for insulation, are
unable to haul-out and use land as a thermal refuge, and
are small in size when compared to other marine mammals,
making them more vulnerable to heat loss in cold waters
(Parry, 1949; Hokkanen, 1990; Ryg et al., 1993; Mauck et al.,
2003; Beentjes, 2006). Water temperature impacts both the
morphology and deposition of blubber in dolphins, as colder

environments often result in larger adipocyte size (Montie et al.,
2008), thicker blubber layers (Noren and Wells, 2009), and
greater stratification in blubber layers (Koopman, 2007). As such,
dolphin body composition is strongly linked to SST and seasonal
changes in temperature.

CPUE also influenced the body composition of both young
and mature dolphins. Although GLMM results indicate that SST
is an important factor driving changes in body composition for
dolphins in Sarasota Bay, CPUE was still a significant predictor
of body composition when included in GLMMs (Supplementary
Table 3). CPUE influenced the body composition of both
young and mature dolphins. In the present study, CPUE
was only available for winter and summer, which may have
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FIGURE 5 | Fitted generalized additive model with 95% confidence interval for the relationship between age and body composition for female and male (n = 260 and
n = 274, respectively) common bottlenose dolphins (Tursiops truncatus) in Sarasota Bay. Number of knots was restricted to one.

FIGURE 6 | Body composition of mature female (n = 127) common bottlenose dolphins (Tursiops truncatus) of differing reproductive status and adult male (n = 150)
common bottlenose dolphins in Sarasota Bay. Significance from Dunn test results are indicated by two asterisks (p < 0.001) and three asterisks (p < 0.0001).

decreased the strength of the relationship between CPUE and
body composition. Additionally, the effect of CPUE on body
composition may be lagged and the seasonal CPUE averages used
here may have been too coarse when paired with the fine-scale
body composition values used in the GLMMs.

Body composition values were highest in winter, which
coincided with low water temperatures but also low prey
availability (Figure 4). Winter metabolic rates are typically
lower for both male and female dolphins in Sarasota Bay when
compared to other seasons, which may decrease the need to
forage during the colder months of winter, decreasing the effects
of low prey availability (Costa et al., 1993). This is particularly
true for females, which decrease feeding rates in winter (Waples,
1995). The decreased metabolic rate of dolphins in winter
may aid in maintaining high body composition, allowing for

more insulation when water temperatures decrease. There may
also be lagged effects of seasonal prey availability on the body
composition of Sarasota Bay dolphins, as dolphins eat fish with
higher lipid content in the fall, perhaps in preparation for
the winter (Waples, 1995). Prey quality and availability control
the fatty acid composition and thickness of blubber in marine
mammals (Kirch et al., 2000; Bradshaw et al., 2003; Miller et al.,
2011), so the higher fat content of fish consumed in the fall
may heavily contribute to increased body composition in the
following season. Our results mirror those of other studies that
have documented the importance of seasonal trends in blubber
quality, quantity, and composition (Aguilar and Borrell, 1990;
Samuel and Worthy, 2004; Noren and Wells, 2009). Although our
results suggest strong seasonal patterns in body composition, the
seasonal bias in the present dataset toward spring and summer
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FIGURE 7 | Fitted generalized additive model with 95% confidence interval for long term trends in body composition for male and female common bottlenose
dolphins (Tursiops truncatus) of all ages in Sarasota Bay between 1986 and 2016 (n = 480). Analyses were restricted to May and June to reduce effects of seasonal
sampling bias.

warrants further inquiry into the association between season and
seasonally driven features, such as SST and CPUE, on the body
composition of Sarasota Bay common bottlenose dolphins.

Long-term trends in body composition were strongly linked to
annually averaged SST (Figure 7). Although body composition
values appeared to increase throughout the study’s duration,
this is likely due to changes over time from summer to spring
health assessments, when water was cooler, rather than due to
shifts in annual SST in Sarasota Bay. Although SST has been
rising globally as a result of climate change, temperatures in the
eastern Gulf of Mexico have slightly decreased within the past
few decades (Lluch-Cota et al., 2013), and temperatures have
remained static in Sarasota Bay (Supplementary Figure 2). As
a result, body composition of dolphins in Sarasota Bay may
not be impacted by climate change at the present moment.
However, this dolphin community may be vulnerable to changes
to oceanography resulting from climate change in the future as
a result of their high site-fidelity, which may make it difficult for
them to find a thermal refuge once water temperatures change
(Wells, 2010). As a result, continued monitoring is critical to
determine future SST trends in this region as body composition
is heavily dependent upon this metric.

Ontogenetic patterns in body composition revealed that
mature dolphins were leaner, and body composition was less
variable as dolphins reached maturity (Figure 5). Mature
dolphins are larger with lower surface area to volume ratios,
which would improve their capacity to retain heat, reducing the
need for thicker blubber (Worthy and Edwards, 1990; Noren
and Wells, 2009; Adamczak et al., 2020). In contrast, as young
dolphins are smaller, they have thicker, more insulative blubber
to compensate for the additional thermoregulatory costs of being
small (McLellan et al., 2002; Dunkin et al., 2005; Koopman, 2007;
Montie et al., 2008; Noren and Wells, 2009).

In Sarasota Bay, young dolphins demonstrated sex-specific
differences in resource allocation. Young females invest more
heavily in growth than blubber deposition, yielding a trade-
off between depositing blubber and reaching asymptotic length
(Cockroft and Ross, 1990; Read et al., 1993; Calzada et al., 1997).
The discrepancy in energy allocation early in life between females
and males may result from the different reproductive strategies
between the sexes and earlier sexual maturation of females
(Read et al., 1993). Common bottlenose dolphins in Sarasota
Bay typically have a promiscuous mating system, in which males
prioritize competition for access to females and females prioritize
maternal investment (Wells et al., 1987; Murphy et al., 2005).
As a result of the differing strategies between the sexes, females
prioritize early somatic growth and sexual maturation at the cost
of body condition compared to males of the same age, allowing
them to maximize fitness.

Reproductive costs are exceedingly high for females across
marine mammal species (Fedak and Anderson, 1982; Oftedal,
1985; Yasui and Gaskin, 1986; Reddy et al., 1991; West
et al., 2007; Hückstädt et al., 2018), necessitating elevated
body composition values. In marine mammals, the energy
density of fetal tissues approximately doubles during gestation,
increasing pregnancy costs through time (Lockyer, 1987), and
female energy consumption increases by nearly 150% during
lactation (Oftedal, 1985; Worthy, 2001). Despite the elevated
costs associated with reproduction, we found no significant
difference in body composition between the reproductive states
of females (Figure 6). As income breeders, female dolphins
continue to forage while lactating, which may offset any potential
declines in body composition. Both pregnant and lactating
female dolphins increase prey intake and nutritional content of
prey, which likely allows them to maintain body composition
despite the high costs associated with these reproductive states
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(Bernard and Hohn, 1989; Reddy et al., 1991; Malinowski and
Herzing, 2015).

Body composition was highly variable across all ages of mature
females, but was not predicted by reproductive status. Female
dolphins in Sarasota Bay limit competition by specializing on
different prey types, decreasing overlap in diets between females
(Rossman et al., 2015). This prey specialization may influence a
female’s body composition and lead to high variability in these
values, as prey selection can influence the composition and
morphology of blubber in dolphins (Smith and Worthy, 2006).

CONCLUSION

Our results suggest that both SST and CPUE influence the
body composition of Sarasota Bay dolphins. There is evidence
that CPUE is a strong predictor of body composition, however,
the long-term monitoring effort of the SDRP must continue to
further elucidate the significance of these relationships. Further,
this study suggests that young female and male dolphins in
Sarasota Bay differentially allocate resources to growth and body
composition. We found that reproductive state did not alter
the body composition of female dolphins, providing further
evidence of their status as true income breeders. This research was
made possible by long-term monitoring of the resident dolphin
community in Sarasota Bay, and highlights the importance of
continuing this effort to better understand the factors influencing
body composition.
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