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Two groups of common bottlenose dolphins (Tursiops truncatus) have been identified
within St. George Sound, Florida, USA: high site-fidelity individuals (HSF) which are
individuals sighted multiple times in the region (i.e., ≥2 months, ≥2 seasons, and ≥2
years), and low site-fidelity individuals (LSF), which are individuals sighted fewer than
2 months, in 2 different seasons among 2 different years. Our goal was to determine
whether differences in foraging behaviors were correlated with differences in sighting
frequency and overall usage of St. George Sound by the two groups. We used carbon,
nitrogen, and sulfur stable isotopes and niche hypervolume metrics to model the
foodweb of St. George Sound. Mixing model results indicated that croaker, mojarra,
pigfish, pinfish, and silverperch were the most important prey items for dolphins. The
hypervolume metrics demonstrate niche partitioning between HSFs and LSFs, with
the HSFs relying more heavily on pinfish, pigfish, and mojarra, while the LSFs relied
more on silverperch. Plankton, benthic diatoms, seagrass, and epiphytes all contributed
to secondary production within St. George Sound. This diversity of source utilization
by seagrass-associated consumers supported by a high rate of total production likely
sustains high secondary productivity despite the potential for competition in this system.
Zooplankton was the most important basal source to the system, followed by seagrass
and benthic primary production (as indicated by a sanddollar proxy). The reliance
of dolphins on seagrass-dependent prey indicates that alteration of seagrass habitat
would significantly impact the dolphin community foraging in St. George Sound and
suggests that preservation of seagrass habitat is an important component of an effective
management strategy for dolphin populations in the region.
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INTRODUCTION

either from differences in prey species selection or because of
differences in geographic home range. We have shown that the
dolphins sampled within St. George Sound most closely reflect
the isotope values of fish sampled within St. George Sound
suggesting that these dolphins were foraging primarily within St.
George Sound, in the immediate weeks before sampling (Wilson
et al., 2013a). Thus, isotopic differences between HSF and LSF
dolphins likely reflect differences in prey selection, rather than
geographic variation in prey values.
The goal of this study was to examine whether differences in
habitat use and foraging behavior exist between dolphins with
varying levels of site fidelity in St. George Sound. Based on the
relatively low resighting rates of individual dolphins observed
by Tyson et al. (2011) compared with resident populations in
other Florida estuaries (e.g., Sarasota Bay, St. Joseph Bay), and
the definition of residency provided by Rosel et al. (2011) (i.e.,
individuals spending greater than 50% of their time in an estuary
in a given year) we adopted the designation of high site fidelity
individual (HSF) rather than “resident” in this paper to describe
dolphins observed multiple times in the region (i.e., ≥2 months,
≥2 seasons, and ≥2 years). Individuals seen less frequently will be
referred to as low site fidelity individuals (LSFs). We compared
the isotope values of dolphin skin with those in fish muscle
sampled within St. George Sound coupled with photo-ID sighting
histories of the dolphins, to evaluate potential differences in the
dietary compositions of HSF and LSF dolphins in St. George
Sound. In addition to determining the dietary contributions of
prey fish species to dolphin diets, we were also interested in
determining the ultimate organic matter source(s) underlying the
St. George Sound foodweb. Applying a Bayesian isotope mixing
model (MixSIAR, Parnell et al., 2010) in a nested approach, we
constructed a three-level foodweb describing the differences in
foraging behaviors for the two sympatric dolphin groups and
quantified the underlying organic matter sources supporting the
St. George Sound foodweb. Using newly developed niche metrics
we constructed niche hypervolumes to identify how resource
use differs between dolphin types. This approach allowed us to
identify the potential bottom-up influences of dolphin foraging
in this system that will be useful for more effectively managing
dolphin populations in the region.

Seasonal variation in bottlenose dolphin (Tursiops truncatus)
abundance has been observed in multiple study regions along
the northern Gulf of Mexico (GoM), including St. Joseph Bay,
FL (Balmer et al., 2008), Charlotte Harbor, FL (Bassos-Hull et al.,
2013), Mississippi Sound, MS (Hubard et al., 2004), Sarasota Bay,
FL (Irvine et al., 1981), and St. George Sound, FL (Tyson et al.,
2011). These variations have been attributed to prey movements,
temperature, and/or potential responses to stressors such as
harmful algal blooms (Irvine et al., 1981; Hubard et al., 2004;
Balmer et al., 2008). While relatively stable cohorts of dolphins
with long-term site-fidelity, termed resident populations (sighted
across multiple seasons and years), have been identified in GoM
regions such as Sarasota Bay (Scott et al., 1990; Wells, 2009,
2014) and St. Joseph Bay (Balmer et al., 2008), variations in
dolphin abundances have been attributed to the influx and efflux
of individuals that utilize these areas for only a short period
of time and may or may not return to a region on a seasonal
basis. Recently, similar variations in dolphin abundances have
been inferred in St. George Sound, FL from differences in site
fidelity observed among dolphins identified using photographicidentification (photo-ID) techniques (described in Tyson et al.,
2011). However, in contrast to regions such as Sarasota Bay
and St. Joseph Bay that have high rates of site fidelity within
enclosed embayments, St. George Sound appears to support a
highly transient population of dolphins, with 46% of dolphins
sighted by Tyson et al. (2011) being seen only once during a
photo-ID study conducted in the region from 2004 to 2008.
Tyson et al. (2011) suggested this may be the result of St. George
Sound offering relatively greater accessibility to the GoM than
other bays and estuaries, such as Sarasota Bay and St. Joseph
Bay, which are enclosed to a greater degree by barrier islands.
These results are comparable to those observed by Hubard et al.
(2004) in Mississippi Sound, which has a similar geography to St.
George Sound (large open water embayment with barrier islands)
and an extremely low dolphin resighting rate (catalog size, N =
515; mean sightings/dolphin = 1.57). Indeed, Tyson et al. (2011)
found that only 28% of dolphins sighted in Apalachicola Bay, a
protected waterway located just west of St. George Sound, were
seen only once although the mean (± SD) sighting rate was
similar to that in St. George Sound (2.93 ± 1.86 and 2.47 ± 1.96,
respectively).
Stable isotopes can be a useful indicator of bottlenose dolphin
foraging behavior (Rossman et al., 2013) and have proven useful
in differentiating populations of bottlenose dolphins based on
habitat types (e.g., Barros et al., 2010). They have also been
successfully used to identify fine-scale spatial and seasonal
variations in forage base among sympatric dolphin groups (e.g.,
Olin et al., 2012). Sympatric populations of bottlenose dolphins
have been shown to demonstrate distinct foraging tactics and
resource partitioning in regions such as the estuarine and coastal
waters of North Carolina and South Carolina (Gannon and
Waples, 2004; Olin et al., 2012), Florida Bay, Florida (Torres
and Read, 2009), and Galicia, Spain (Fernández et al., 2011). We
hypothesized that HSFs and LSFs would have different isotope
values reflecting their different habitat utilization patterns,
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MATERIALS AND METHODS
Organic Matter Sources
We collected primary organic matter sources, including
plankton, seagrass, seagrass epiphytes, and benthic microalgae,
from St. George Sound (Figure 1), from April 2007 through July
2009. We adhere to the definition for epiphytes suggested by
Zieman and Zieman (1989) as “any sessile organism growing
on a plant,” although epiphytes are likely largely algal in nature.
Seagrass samples were collected from May to September of 2007
and 2008, and were dominated by Syringodium sp. and Thalassia
testudinum, but Halodule wrightii was also present in small
quantities. We separated seagrass species and made composites
of the samples from each day such that only one sample per
species per collection date (spaced ∼1 month apart during the
growing season) was obtained. We include only live seagrass
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FIGURE 1 | Map of study area, St. George Sound, Gulf of Mexico. Points represent each sighting location for dolphins sighted over the study period. Colors indicate
dolphin ID as indicated in the legend. The inset map shows St. George Sound in the context of the state of Florida, USA. The green shading indicates known seagrass
coverage.

in nature). To reduce complications from sampling mixed
components (i.e., zooplankton, phytoplankton, and detritus), we
used only the top layer, predominantly zooplankton samples, in
the analyses. We divided composite samples for each day into
two subsamples, one for the carbon and nitrogen analysis and
the remainder for the sulfur analysis. We acid-washed samples
destined for the carbon and nitrogen analysis with a 10% HCl
solution and sonicated them for 30 min. After sonication, we
centrifuged the samples and decanted the acidic supernatant.
We repeated this washing procedure for a total of three times
for each sample. Although some researchers have suggested that
acidification could alter δ15 N values (Bunn et al., 1995; Logan
et al., 2008), Chanton and Lewis (1999) found no differences in
δ15 N values of plankton samples subjected to acidification and
those washed with a distilled water rinse. Thus, we were confident
that acidification of the plankton samples did not alter δ15 N
results. We then washed all samples, including those destined
for sulfur analysis, with distilled water and sonicated for 30
min, then centrifuged and removed the resulting supernatant to
remove remaining acid or sulfate contamination, respectively.
We repeated the distilled water washes three times.
We combined epiphytes to make a single epiphyte composite
for each sampling date. We then divided each composite epiphyte
sample into two aliquots, one destined for δ34 S and one for
δ13 C/δ15 N analysis. We acid-rinsed the aliquots destined for
δ13 C/δ15 N analysis and then rinsed them with distilled water. We
washed the aliquots destined for δ34 S analysis with distilled water,

blades in our analyses (no sub-sediment material; i.e., rhizomes).
We removed attached epiphytes by gently scraping the grass
blades, then rinsing the seagrass blades with distilled water. We
then acid-washed half of each seagrass sample with 10% HCl
followed by a distilled water rinse to remove seawater carbonate.
We rinsed the remaining half of each sample with distilled water
to remove seawater sulfate contamination before δ34 S analysis.
We collected plankton samples bi-monthly from June through
September 2008 and in June-July 2009 except when prevented by
inclement weather. We used 64-µm plankton tows at the surface
over visible seagrass beds for 5–15 min. We sampled only on days
when wind speed was low (e.g., <10 knots) and in Beaufort Sea
States of 2 or less to minimize sampling of resuspended bottom
material. On average, we collected 7 tows on each sampling
date. We combined all tows from a single day to make one
composite plankton sample for that day. Upon returning to
the lab, we placed tow contents under lights for up to 1 h to
draw zooplankton to the top layer and to allow non-planktonic
material to sink. We carefully extracted samples from the top
and bottom layers using clean transfer pipets and filtered through
10-µm nylon mesh. We removed a small aliquot of each and
examined it microscopically after fixation with Lugol’s (iodine)
solution. Top layer samples consisted primarily of zooplanktonic
species, in most cases copepods, although we also observed
amphipods in top layer samples. Bottom layer samples contained
a mixture of copepods, phytoplankton (including Rhizosolenia
sp.), as well as other unidentified materials (possibly detrital
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TABLE 1 | Stable isotope abundances in St. George Sound producers and consumers examined in this study.
n

Fork length (cm)

δ13 C‰

δ15 N‰

Various

4

na

−18.3 ± 0.7

6.3 ± 0.6

14.7 ± 2.0

13.1 ± 0.8

0.7 ± 0.1

0.2 ± 0.1

Mellita quinquiesperforata

14

na

−17.5 ± 1.4

6.4 ± 0.6

−2.9 ± 7.4

29.5 ± 7.9

4.5 ± 1.4

1.0 ± 0.3

Plankton

Various zooplankton

10

na

−21.9 ± 2.0

8.1 ± 1.8

13.4 ± 4.4

23.8 ± 7.8

5.1 ± 2.2

0.7 ± 0.3

Seagrass

Halodule and Syringodium spp.

11

na

−8.8 ± 1.6

2.0 ± 0.6

12.7 ± 3.1

32.2 ± 3.6

2.1 ± 0.4

0.6 ± 0.1

Sheepshead

Archosargus probatocephalusn.f

2

10.0–10.5

−15.6 ± 0.1

9.3 ± 0.4

11.6 ± 0.7

Mojarra

Eucinostomus gula22

10

6.9–9.0

−17.0 ± 0.8

10.1 ± 0.5

7.2 ± 1.2

Flounder

Paralichthys albigutta14

12

7.5–26.0

−15.0 ± 1.2

10.0 ± 1.1

9.6 ± 1.5

Seabass

Centropristis striata23

7

6.5–15.0

−15.9 ± 0.6

10.3 ± 0.7

10.1 ± 1.2

Snapper

Lutjanus synagris17

9

6.5–10.0

−16.3 ± 1.1

10.6 ± 0.5

Spottail pinfish

Diplodus holbrooki16

1

13.0

−17.0 ± na

10.9 ± na

Organism

Classification

Epiphytes
Sand dollar*

δ34 S‰

%C

%N

%S

9.6 ± 1.4
10.6 ± na

Pinfish

Lagodon rhomboides1

8

10.3–14.0

−17.0 ± 1.0

11.4 ± 0.6

9.7 ± 2.0

Spot

Leiostomus xanthurusn.f.

8

10.0–13.0

−16.1 ± 0.8

11.6 ± 0.9

12.0 ± 0.8

Pigfish

Orthopristis chrysoptera2

13

10.5–16.5

−16.6 ± 0.6

11.6 ± 0.8

8.5 ± 1.6

Silver perch

Bairdiella chrysoura3

18

7.0–11.5

−17.9 ± 1.5

12.2 ± 1.2

12.4 ± 1.6

Seatrout

Cynoscion arenarius11

3

5.5-21.0

−15.4 ± 2.5

11.6 ± 0.4

10.4 ± 2.0

Atlantic croaker

Micropogonias undulatusn.f.

6

14.5–16.0

−15.8 ± 0.7

10.9 ± 1.1

10.1 ± 2.6

Lizardfish

Synodus foetens26

4

18.0–25.0

−15.0 ± 1.2

11.6 ± 0.4

9.5 ± 1.9

Dolphin

Tursiops truncatus

18

na

−17.4 ± 0.8

14.5 ± 0.8

10.6 ± 1.5

Isotope values are reported as averages ± one standard deviation. These values reflect the actual measured values of the organisms of interest and were corrected for trophic level
before inputting to the MixSIAR model as discussed in the Materials and Methods section.
Superscript numbers indicate the overall abundance rank of Chordates observed in the St. George Sound, St. Marks, St. Joseph Bay, FL region by Stallings et al. (2014). n.f. indicates
the species was not reported by Stallings et al. (2014).
*Sand dollars (M. quinquiesperforata) were used as a proxy for benthic microalgae in the mixing model calculations based on recommendations from Moncreiff and Sullivan (2001).

was destined for sulfur isotope analysis, repeatedly with distilled
water.

sonicated, and then centrifuged them to remove seawater sulfate
contamination. We used forceps to carefully remove seagrass
and non-epiphytic material from each sample under a dissecting
microscope following the distilled water rinses and drying.
Although benthic microalgae have been suggested as an
important source driving secondary production in nearby
habitats (Wilson et al., 2009a), attempts to collect benthic diatoms
directly proved unsuccessful. This region is characterized by
dynamic wave and tidal action which prevents the formation of
benthic algal mats (Chanton and Lewis, 2002). Further, sediments
at our site consist of small grain size mud which inhibits the
migration of benthic diatoms (Markus Huettel pers comm. 2009).
Because we were unable to obtain pure benthic microflora
samples, we used sand dollars (Mellita quinquiesperforata) as an
isotopic proxy for benthic microalgae following the suggestion of
Moncreiff and Sullivan (2001). We collected sand dollars from
sandy areas at the seagrass bed margin in less than 3 m water
depth. We rinsed each sand dollar thoroughly upon returning
to the lab with distilled water. We only analyzed sand dollars
larger than 10 cm in diameter to ensure enough material was
available for all isotopic analyses. We used forceps and a scalpel to
carefully pry each sand dollar apart exposing the interior surfaces.
We then rinsed the inner soft tissues with distilled water and
carefully peeled the soft tissue from the carbonate structure. We
analyzed each sand dollar independently. However, we divided
each sample into two aliquots and placed them in separate 1.5
mL microcentrifuge tubes. We acid-washed the first aliquot,
which was destined for δ13 C/δ15 N analysis, and rinsed to remove
carbonate contamination. We rinsed the second aliquot, which
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Consumers
We collected fish samples by otter trawl (2.5 cm mesh, 5 m
long net) during April through November 2007–2009 directly
over visible seagrass habitat where water depths were 1–3 m.
We pulled tows at approximately 2 km h−1 for 5–15 min
each. These tow collection times were dictated by drift algae
abundance. Periods of high drift algae abundance (June-August)
cause accumulation of significant mass in the tows and therefore
tow periods had to be shortened to prevent equipment damage
and permit researchers to safely retrieve trawls. Fortunately, this
period also corresponds with high fish abundance in the seagrass
(Nelson et al., 2011) such that we typically caught large volumes
of fish despite the shorter tow times.
The fish species we collected included: pinfish (Lagodon
rhomboides), spot (Leiostomus xanthurus), silver perch
(Bairdiella chrysoura), flounder (Paralichthys sp.), mojarra
(Eucinostomus gula), black seabass (Centropristis striata), lane
snapper (Lutjanus synagris), Atlantic croaker (Micropogonias
undulatus), lizardfish (Synodus foetens), pigfish (Orthopristis
chrysoptera), and spotted seatrout (Cynoscion arenarius). We
recorded fork lengths for each fish collected before placing on ice
for transport back to shore (Table 1). Upon return to the lab, we
removed fish muscle tissue from bones and skin and then dried
the muscle at 60◦ C for up to 48 h. We then ground the dried
tissue to a fine powder using a SPEX Sampleprep mill and froze
it at −20◦ C before isotopic analysis. Because of the large number
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classification results on the training set found that the model
correctly classified 79% of the dolphins with known sighting
status to the “correct” sighting group based on the three isotope
indicators. Therefore, we used the predict function to assign the
four individuals without corresponding sighting frequencies to
the LSF or HSF group. Given the DFA results, we chose to model
these two dolphin groups separately in the subsequent foodweb
modeling.
We ran MixSIAR models on the “very long” parameter
setting to allow for adequate model convergence. Concentrationdependent percent contributions of each source were calculated
for each individual. The sources in the first MixSIAR model
run were the teleost fish species as these were the most likely
to be directly consumed by the dolphins. We obtained trophic
fractionation values incorporated in the model from literature
consensus values. Carbon isotopes were corrected to reflect a
+1.3‰per trophic level shift (McCutchan et al., 2003), sulfur
isotopes were corrected assuming a +0.5‰per trophic level shift
(McCutchan et al., 2003), and nitrogen isotopes were corrected
by +3.4‰per trophic level shift (Post, 2002). To correct for
lipid content, we incorporated uncertainties of ±1.7‰into the
carbon isotope fractionation factors used to assess dolphin source
contributions (Wilson et al., 2013b). Fish C/N ratios were less
than 4 for all samples and, therefore, did not require lipid
correction (following Post et al., 2007). Based on the results of
this MixSIAR analysis, we excluded prey items that made up less
than 10% of the diet contributions.
We used the hypervolume package (v 1.4.1, Blonder et al.,
2014) to construct multi-dimensional hypervolumes, with fish
prey contributions to the dolphins as axes, to understand the
way each group’s trophic niche changed based on their behavior
pattern. All data were z-transformed before analysis to allow for
standardized, comparable axes in n-dimensional space (Lamanna
et al., 2014). Z-score values were calculated based on the
following equation:

of fish collected, we could not analyze the isotopes for all fish
caught. If less than 8 individuals of any species were collected,
then we analyzed all individuals. By far the dominant species
in our tows were pinfish, pigfish, silver perch, and flounder. Of
these species, we chose samples haphazardly for isotopic analysis.
We obtained dolphin skin tissues in May 2004 via remote
dart biopsy as reviewed in Sinclair et al. (2015) and prepared
them for isotopic analysis as described by Wilson et al. (2012)
(Figure 1). We sent an aliquot of the skin to the Southeast
Fisheries Science Center (Lafayette, LA) for determination of sex
by molecular techniques (Rosel and Block, 1996; Rosel, 2003).
We also photographed dolphins at the time of biopsy and, when
possible, matched them to the catalog of distinctive individuals
according to the photo-ID methods described in Balmer et al.
(2008) and Tyson et al. (2011). We collected dolphin samples
during a single month (May 2004), thereby minimizing seasonal
variations (e.g., Olin et al., 2012). Although fish and organic
matter source samples were not collected concurrently with
dolphin samples, annual and seasonal variation at the site is
likely low given that investigations at the highly seasonal nearby
estuary Apalachicola Bay have revealed little temporal variation
in consumer isotope values (Chanton and Lewis, 2002). Thus
we feel that any temporal variability will have a minimal impact
on our isotopic interpretations. Although this assumption merits
further investigation.

Isotopic Analysis

We obtained carbon (δ13 C) and nitrogen (δ15 N) isotope values
using a Finnigan MAT Delta PLUS XP stable isotope ratio
mass spectrometer (IRMS) at the National High Magnetic Field
Laboratory in Tallahassee, Florida. We determined elemental
concentrations concurrently using a Finnigan MAT TC/EA hightemperature conversion elemental analyzer interfaced to the
IRMS. We sent samples to the Stable Isotope Core Laboratory,
Washington State University for determination of sulfur stable
isotope (δ34 S) and sulfur elemental analyses. In addition to
homogenous laboratory isotope standards, we analyzed (or
sent for analysis in the case of sulfur samples) duplicate
samples of select consumers, sand dollars, algae, seagrass, and
plankton samples to determine homogeneity of the samples and
consistency of results across runs (Jardine and Cunjak, 2005).
Analytical error, measured as the standard deviation of replicate
samples measured across all runs, was 0.2 and 3.0 for δ13 C and
elemental carbon percentage (respectively); 0.5 and 0.6 for δ15 N
and elemental nitrogen percentage; 0.8 and 0.2 for δ34 S and
elemental sulfur percentage.

z=

where xij is the individual value for a given axis, xj is the
global mean of that axis, across both species and all complexity
categories, and sj is the standard deviation of that axis.
Hypervolumes were created by simulating 5,000,000 points for
each behavior type/density bin subset based on the data of
that subset. The bandwidth of each constructed hypervolume
was estimated for relevant data using the Silverman estimator,
as other bandwidth estimations are sensitive to high (≥4)
dimensionality. The quantile threshold used was 0.05, so that
each hypervolume included 95% of the total probability density.
For this model run, we divided the dolphins (N = 14) into
two sighting-based groups (i.e., HSFs and LSFs) based on
observations made by Tyson et al. (2011) and the results of
the DFA.
We used a second run of the MixSIAR model to elucidate the
underlying sources of organic matter to the resultant important
prey species. In this second model run, the fish now represented
the mixtures and we used the MixSIAR model to estimate the

Modeling the St. George sound foodweb
We analyzed all stable isotope data in R (v 3.3.2, R Development
Core Team) using the packages MASS (v 7.3-47), MixSIAR (v
3.1.7, Stock et al., 2014) and hypervolume (v 1.4.1, Blonder et al.,
2014). We first used a discriminant function analysis (DFA) to
determine whether differences in sighting frequencies resulted in
isotopic differences (MASS package in R). In this analysis, the
characterization of individual dolphins as either LSF or HSF was
used as the predictor for δ13 C, δ15 N, and δ34 S withholding the
four dolphins with unknown sighting histories. The jacknifed
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the dolphin community. The four prey items were: silver perch,
mojarra, croaker, and pinfish/pigfish. These species accounted for
more than 80% of dolphin biomass based on the MixSIAR results
with each group contributing >10% to both HFS and LSF groups.
Dolphin isotope values were generally well-constrained by the
four fish groups (Figure 2).

contribution of various organic matter sources to the fish. The
end-members we used in this model run were plankton, seagrass,
epiphytes, and benthic microalgae (represented by sand dollars,
Mellita quinquiesperforata as per Moncreiff and Sullivan, 2001).
Carbon, nitrogen, and sulfur isotopes were used simultaneously
to resolve source contributions and we elected to implement a
concentration-correction. Isotope correction factors were taken
from McCutchan et al. (2003), Post (2002), and Wilson et al.
(2013b) and the isotope values of the zooplankton and sand dollar
proxies were pre-corrected by one trophic level to account for
differences in trophic level among the sources.

St. George sound foodweb
The hypervolume analysis revealed strong differences in the
niche partitioning between HSF and LSF dolphins (Figure 3).
Where HSF individuals were more reliant on mojarra, pigfish and
pinfish. While LSF dolphins were more reliant on silver perch.
MixSIAR model results were used to inform trophic linkages
from primary producers through dolphins (Figure 4). Graphs of
the proportional contribution of each source to each examined
mixture output from MixSIAR are included in the schematics for
the foodwebs leading up to each of the two dolphin groups. These
graphs show the MixSIAR estimates of the contributions of each
source to the corresponding consumer which were in agreement
with the results of the hypervolume analysis.
Dolphins designated as HSFs of St. George Sound received
the highest contributions from mojarra and silver perch in
the MixSIAR model. Similarly, the contributions of spot to
HSF dolphin diets was low or zero (Figure 4A). The LSF
dolphins, had higher contributions of silver perch than of other
species (Figure 4B). The remaining three groups made low,
fairly uniform contributions to LSF dolphin diets. Silver perch
were heavily dependent on planktonic production, while seagrass
and benthic production did not contribute to silver perch diets
(Figure 4). Similarly, group 4 fishes were heavily dependent
on seagrass and plankton; however, benthic sources made a
small, but non-zero contribution. Seagrass contributions to this
group were small or absent. Both mojarra and spot had higher
contributions of seagrass and benthic production (Figure 4),
each contributing about 15% of their diets. Fish contributions
to dolphins likely reflect direct linkages as dolphins directly
consume fish prey. However, linkages between fish and primary
production sources are of uncertain length. Fish could be directly
consuming sources (particularly epiphytes and zooplankton), but
could also be one or more trophic steps removed from primary
production sources (e.g., consuming benthic invertebrates or
smaller fish that are themselves consuming benthic diatoms).

RESULTS
Organic Matter Sources
The base of the food web (i.e., primary production) in St. George
Sound (Figure 1) was represented by four groups: plankton
(represented primarily by Acartia tonsa), benthic microalgae
(represented by sand dollars, Mellita quinquiesperforata),
seagrass (Thalassia testudinum, Syringodium spp., and Halodule
wrightii), and epiphytic algae (Table 1). Zooplankton had the
most 13 C-depleted isotope abundances of any of the sources
measured (δ13 C = −21.9‰ ± 2.0, reported as mean ± one
standard deviation here and elsewhere) (Figure 2). Nitrogen
isotopes of zooplankton averaged 8.1‰ ± 1.8 and sulfur isotopes
of zooplankton averaged 13.4‰ ± 4.4. Isotope abundances of
T. testudinum and Syringodium seagrass species were similar
(δ13 C = −9.1‰ ± 0.3, −7.0‰ ± 0.7; δ15 N = 1.8‰ ± 0.7,
2.1‰ ± 0.7; and δ34 S = 13.5‰ ± 1.7, 14.2‰ ± 2.9 for the two
species, respectively); however, while Halodule wrightii nitrogen
isotope values were similar to other seagrass species measured,
the carbon and sulfur isotope abundances were depleted
(δ13 C = −12.1‰, δ15 N = 2.1‰, δ34 S = 5.7‰) relative to T.
testudinum and Syringodium spp. Because of the similarity in
isotope abundances between T. testudinum and Syringodium and
their greater abundance during collection relative to Halodule
wrightii, we averaged isotope values for all seagrass samples to
get overall composite seagrass isotope values. The generated
seagrass composite had the most 13 C-enriched values of any of
the primary producers sampled (δ13 C = −8.8‰ ± 1.6, δ15 N =
2.0‰ ± 0.6, δ34 S = 12.7‰ ± 3.1) (Figure 2). Sand dollars (our
benthic microflora proxy) had moderate δ13 C values (−17.5‰
± 1.4) relative to other sources, but the lowest δ34 S values
observed (−2.9‰ ± 7.4). Isotope values for epiphytic algae
were intermediate relative to the other sources sampled (δ13 C
= −18.3‰ ± 0.7, δ15 N = 6.3‰ ± 0.6, δ34 S = 14.7‰ ± 2.0)
(Figure 2).

DISCUSSION
Sighting Differences
Dolphins are typically considered generalist predators whose
diets are influenced primarily by locally abundant prey species
(Shane et al., 1986; Vollmer and Rosel, 2013). However,
differences in the niche hypervolumes between HSFs and LSFs
(Figure 3) do not support this conclusion for dolphins in St.
George Sound. We divided the St. George Sound dolphins a
priori into two groups: HSFs and LSFs based on photo-ID
sighting histories from Tyson et al. (2011) for all remote biopsy
sampled dolphins. Despite the small number of biopsies (n
= 18), discriminate function analysis correctly assigned 14 of
these individuals to these corresponding sighting groups based
on differences in their stable isotope content (Table 2). The

Consumers
St. George Sound fish stable isotope values were well-constrained
by the carbon and sulfur isotope values of plankton, benthic
microalgae, seagrass, and associated epiphytes (Figure 2).
Species-level isotope data for the fish and basal sources are
presented in Table 1. Isotope results for the dolphin skin are
presented in Table 2. The MixSIAR model for dolphin consumers
quantified the four primary prey types consumed by dolphins.
We then used the MixSIAR model to determine the primary
production sources that supported these prey items and therefore
Frontiers in Marine Science | www.frontiersin.org
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FIGURE 2 | δ34 S vs. δ13 C (left) and δ15 N vs. δ13 C (right) biplots of the St. George Sound ecosystem. Numbers represent fish values plotted according to groups
(average ± one standard deviation): Group 1 (1): silver perch, Group 2 (2): mojarra, Group 3 (3): spot, and Group 4 (4): pinfish, pigfish, seabass, flounder, lizardfish,
croaker, and snapper. Organic matter source value means ± one standard deviation are also plotted as P, plankton; B, benthic; S, seagrass; E, epiphytes. Whiskers
representing the standard deviation for source values are symmetrical about the mean, edges were cut-off to improve graph readability. Blue circles represent the HSF
dolphin isotope values, while ×’s represent the LSF dolphin isotope values.

TABLE 2 | Dolphins sampled in St. George Sound.
ID

Sex

δ13 C‰

δ15 N‰

δ34 S‰

# Days

# Months

# Seasons

# Years

Sighting class

BB099

M

−17.4

15.1

10.4

4

3

3

2

HSF

BB102

F

−17.4

14

9.3

NA

NA

NA

NA

HSF*

BB103

M

−15.7

14.5

10.1

7

4

3

2

HSF

BB107

M

−17.7

13.8

10.6

4

2

2

2

HSF

BB109

M

−16.1

13.2

7.5

8

3

5

5

HSF

BB110

M

−17.2

14.6

9.5

5

3

2

3

HSF
HSF

BB119

M

−18.1

13.2

9.4

3

3

2

3

BB120

M

−17.2

14.8

10.5

7

4

3

3

HSF

BB122

M

−17.5

14.4

9.8

6

4

4

5

HSF

BB129

M

−17.9

15.4

11

8

5

3

4

HSF

BB116

F

−16.6

14.2

10.4

NA

NA

NA

NA

HSF*
HSF*

BB123

F

−18.3

14.2

9.5

NA

NA

NA

NA

BB114

F

−18.4

14.6

12.6

1

1

1

1

LSF

BB117

M

−17.2

14.1

9.6

1

1

1

1

LSF

BB127

M

−17.5

14

12.2

1

1

1

1

LSF

BB124

F

−17.3

14.8

12.7

2

1

1

1

LSF

BB125

M

−16.5

15.9

12

3

2

1

3

LSF

BB113

M

−18.2

15.8

13.2

NA

NA

NA

NA

LSF*

Isotope values reflect results of skin biopsies.
*Indicates dolphins that were assigned to the sighting class using predictions from the discriminant function analysis. These animals were not photographed adequately at biopsy and
therefore it is unknown whether they were sighted again during the photo-identification surveys from Tyson et al. (2011).

areas with differing source isotopes (e.g., Olin et al., 2012) from
different prey species selection (e.g., Barros et al., 2010), or some
combination of these two factors. Previous isotopic analyses have
demonstrated that the isotope values of these dolphins were
significantly different from fish in nearby bays and reefs outside
of St. George Sound (Wilson et al., 2013b). These results were

hypervolume metrics based on the stable isotope analysis further
demonstrates niche partitioning between the HSF and LSF
groups. Because stable isotope ratios reflect dietary inputs, this
result suggests that, in addition to differences in site fidelity,
these two dolphin groups also differ in foraging habits. Isotopic
differences among groups could result from foraging in different
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FIGURE 3 | Niche hypervolume metrics indicate that HSF individuals (blue) feed more heavily on seagrass associated prey items (mojarra and pinfish/pigfish) than LSF
dolphins who prefer silverperch.

FIGURE 4 | Diagram of the St. George Sound foodweb leading to HSF (A) and LSF (B) bottlenose dolphins based on the nested MixSIAR modeling results. MixSIAR
modeling results of relative diet and source contributions were used to inform linkages between dolphins, their prey, and the ultimate primary producers that
supported those prey species. Boxes outline the 25, 75, and 95% credibility intervals of relative contributions. Fish images incorporated into this figure were obtained
from WikiCommons and the Freshwater and Marine Image Bank and are in the public domain.

over on the order of about 70 days (Hicks et al., 1985) and
some studies suggest that isotopic turnover in dolphin skin may
be on the order of 10–20 days (Browning et al., 2014). Thus,

consistent with the hypothesis that both HSFs and LSFs were
foraging primarily within the sound during the immediate weeks
before sampling (Wilson et al., 2013a) as dolphin skin turns
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the isotopic differences between these two groups were not the
result of foraging in different areas, but more likely arose from
differences in prey species selection. Such instances of resource
partitioning among sympatric groups of cetaceans (Parra, 2006;
Friedlaender et al., 2009; Gross et al., 2009; Kiszka et al., 2011)
and even between groups of dolphins (Torres and Read, 2009;
Fernández et al., 2011; Olin et al., 2012) are relatively common
and may provide a mechanism to limit competition in habitats or
periods of low prey abundance (Torres and Read, 2009).
Pinfish are the numerically dominant species of fish in St.
George Sound, more abundant by an order of magnitude than
the second and third most common species, pigfish and silver
perch, respectively (Stallings and Koenig, 2011). However, pinfish
and pigfish were not the greatest contributor to the diets of either
HSF or LSF dolphins (Figure 4). Instead, silver perch, the third
most abundant species in St. George Sound (Stallings and Koenig,
2011), were a large contributor in both of these groups, and
HSFs actually received the greatest contributions from mojarra
which make up less than 1% of the teleost population in the St.
George Sound seagrass (Stallings and Koenig, 2011). Recently, it
has been shown that Sarasota Bay dolphins may actively select
soniferous prey and avoid non-soniferous species (Barros and
Wells, 1998; Berens McCabe et al., 2010). Dolphins may passively
listen for fish vocalizations to initially detect prey species and
employ active echolocation only after potential prey has already
been detected through passive means (Gannon et al., 2005).
This strategy may reduce the energetic expenditure associated
with echolocation or lower the possibility of echolocation signals
alerting prey to the dolphins’ presence (Gannon et al., 2005).
Silver perch, along with toadfish (Opsanus beta), were the
two most frequently identified soniferous fish species during
acoustic surveys conducted concurrent with the collection of
these dolphin samples (Rycyk, 2007). Thus it is possible that silver
perch are more easily detected by passive listening strategies than
more abundant species such as pinfish, therefore accounting for
their disproportionate contribution (relative to their numerical
abundance) to dolphin diets in St. George Sound.
Sonifery does not fully account for the differences however,
because pigfish are also soniferous and thus should be better
represented in dolphin diets if passive listening is the only
control on prey selection in HSF diets. Although, besides being
soniferous, silver perch in the Florida Big Bend region seem
to prefer shallow waters with low seagrass cover, while pigfish
were more abundant in shallow sites with higher seagrass cover
(Stallings and Koenig, 2011). Thus, if seagrass is providing an
acoustic refuge (sensu Wilson et al., 2013) this could explain the
higher abundance of silver perch relative to pigfish in dolphin
diets in the region. However, mojarra, the largest contributor
to HSF diets, are not generally considered to be spontaneously
soniferous at all (Fish and Mowbray, 1970; Berens McCabe et al.,
2010). In fact, Gerreids, the family of mojarra, were actively
avoided by dolphins in Sarasota Bay, potentially because they are
not easily detected by passive listening (Berens McCabe et al.,
2010). Thus, the high contribution of mojarra to HSF diets in
St. George Sound is surprising. It is possible that mojarra have
similar isotope values to some species that were not caught in our
tows.

Frontiers in Marine Science | www.frontiersin.org

On the other hand, some studies have suggested mojarra may
contribute to bottlenose dolphin diets (Barros and Odell, 1990;
Shane, 1990), and mojarra may be an energetically attractive prey
item because they have about 50% more lipid by weight than
either pinfish or pigfish (Juanes et al., 2013); they would provide
an incentive for individuals to specialize in foraging strategies
that successfully capitalize on energy dense mojarra (e.g., Spitz
et al., 2010). It is often assumed that dolphins feed primarily
in seagrass beds where fish are most abundant. However, recent
studies suggest that seagrass may actually attenuate echolocation
and fish vocalizations by scattering sound energy, creating an
acoustic refuge (Wilson et al., 2013) which inhibits both active
and passive means of acoustically detecting prey. In areas where
seagrass is abundant, dolphins may prefer to forage either outside
or on the edge of seagrass beds (Allen et al., 2001; Nowacek, 2005)
where acoustic detection is more efficient. Mojarra occur more
frequently over areas with sparser seagrass cover (Randall, 1967)
possibly making them easier to detect (either visually or via active
echolocation) than more abundant species acoustically “hidden”
within the seagrass. In Florida Bay, sympatric subpopulations
of dolphins frequent different habitat types where they can
most effectively utilize the different foraging tactics they have
developed (Torres and Read, 2009). Thus, HSFs that spend a
large proportion of their time in St. George Sound may know
where mojarra like to congregate or may otherwise be able to
capture mojarra more efficiently than LSFs. While LSF dolphins,
who are less familiar with St. George Sound and may not have
adapted strategies to feed in acoustically efficient areas, may find
the spontaneously acoustically-active silver perch easier to detect
and capture.
Up until now we have focused on foraging theory explanations
for the observed dietary differences; however, the differences
could instead stem from behavioral or social differences.
Bottlenose dolphins employ many different foraging strategies
of which many are learned behaviors. Because of the remote
nature of the biopsy sampling, age could not be determined
exactly, however, groups with calves were actively avoided during
biopsy collection so that animals included in this study were
likely receiving the bulk of their diet from foraging. Dolphins
may feed alone or in groups, during day or night (Barros
and Wells, 1998). Some appear to have very small preferred
foraging areas near structure (e.g., a particular bridge) while
others have been observed to forage over wide home ranges
(Barros and Wells, 1998). Such specialized foraging techniques
may be based on individual learning and experience (Berens
McCabe et al., 2010) and therefore diets within a population
may vary substantially. Some learned foraging behaviors appear
to be passed from mother to offspring and allow dolphins
to specialize on a particular prey item that might otherwise
appear to be undesirable. For example, while most fish prey
are swallowed whole, dolphins have been known to prey on
catfish by severing the head, swallowing just the body, and
discarding the noxious barb along with the head (Gunter,
1942; Ronje et al., 2017). In this study we cannot evaluate to
what extent such learned behavior might have contributed to
dolphin prey choice, but it is conceivable that dolphins from
two different populations may have developed different feeding
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however, we did not find significant correlations between isotope
values and length in the fish we sampled. This is similar to results
reported at other sites (Wilson et al., 2009b; Olin et al., 2011)
and may be due to the small sample sizes (Galvan et al., 2010) or
the range of fish lengths that are sampled during trawling efforts
which do not capture the smallest size classes where ontogenetic
dietary changes may be most dramatic (Wilson et al., 2009b).
Since dolphins likely prefer prey >7 cm long (Barros and Odell,
1990; Barros and Wells, 1998), any such ontogenetic diet changes
associated with post-larval settling in prey species are likely to
have a minimal impact to our findings.
Adams (1976) suggested that diversity of source utilization
and specialization into feeding niches (i.e., trophic guilds)
explained the high productivity (in terms of fish biomass) of
eelgrass communities. Likewise, isotopic comparisons suggest
that a diversity of sources is utilized by consumers in the St.
George Sound seagrass community (Figure 2). St. George Sound
consumer isotope values were consistent with contributions
from all four sources (surface plankton, epiphytes, seagrass, and
benthic microalgae; Figure 2). Diversity of source utilization
could explain how so many highly abundant species are able to
coexist within St. George Sound. We suggest that the plurality
of available sources result in a high rate of total production to
sustain the diverse and abundant foodweb in St. George Sound
despite the potential for competition.
St. George Sound is located in the Big Bed region of Florida
which is home to the second largest contiguous seagrass meadow
in Florida and subsequently one of the largest seagrass meadows
in the world (Zieman and Zieman, 1989; Hale et al., 2004;
Stallings and Koenig, 2011). Though it also remains one of the
least disturbed seagrass meadows in the world (Stallings et al.,
2015), the seagrass meadow in this region is considered “poor and
declining” by Florida’s Wildlife Legacy Initiative’s Comprehensive
Wildlife Conservation Strategy in part because increased nutrient
loading has led to declining light levels and subsequent seagrass
retreat from deeper waters (Hale et al., 2004). The dependence
of the St. George Sound community on seagrass and associated
epiphytes suggests that alteration of that seagrass habitat could
have catastrophic consequences for this ecosystem (Zieman and
Zieman, 1989). Such effects are likely far-reaching as it has
been demonstrated that these fish also subsidize an important
offshore grouper fishery via the annual egress (Nelson et al.,
2011). It is estimated that this region supports an annual cohort
of approximately 1.5 billion pinfish (Stallings and Koenig, 2011),
which move each fall to offshore reefs where nearly all of them are
consumed, supplying an estimated 18-25% of the nitrogen needs
of offshore grouper species (Nelson et al., 2013). In addition to
subsidizing offshore reef fish, fish species associated with seagrass
habitats likely make up the bulk of nearshore dolphin diets
(Berens McCabe et al., 2010). While dolphins may preferentially
forage at the edge of seagrass habitats (Allen et al., 2001; Wilson
et al., 2013), our results demonstrate that the diet of all dolphins
occupying St. George Sound is ultimately tied to seagrass and
associated epiphyte production (see also Nelson et al., 2013;
Wilson et al., 2013). The identification of this link is important
for assessing the potential impacts of ecosystem change in this
region. The reliance of dolphins on seagrass-dependent prey

strategies and preferences based on previous experience and
group knowledge.
More research is warranted to determine if HSFs and LSFs
employ acoustically different foraging strategies, forage more
frequently at the edge of seagrass areas, or exhibit different
foraging strategies and whether such behavioral differences are
correlated with prey choice.

Organic Matter Sources
The MixSIAR model was also used to evaluate potential organic
matter sources (plankton, benthic production, epiphytes, and
seagrass) to the fish occupying St. George Sound. The relative
contributions of these sources varied among the four fish groups,
but plankton was the major contributor to many of the St.
George Sound consumers, including silver perch, which, in turn,
was an important prey species for both groups of dolphins
(Figure 3). Epiphytes are themselves only transiently available,
most abundant during the warmer months of the year when
seagrass coverage is greatest and nearly absent during the winter
months at this latitude (Virnstein and Carbonara, 1985; Iverson
and Bittaker, 1986; Fourqurean et al., 2001). Similarly, many of
the teleost species that inhabit the seagrass during the warm
summer months undergo an annual egress (Nelson et al., 2011,
2013). Larval stages of many species settle in the seagrass bed
early in the year (Nelson, 1998), grow to maturity during the
highly productive summer months, and then move offshore
to spawn, most never returning, instead being consumed by
offshore species (Nelson et al., 2011, 2013). In this way, the
seagrass community experiences a nearly complete turnover
every year, with more than 90% of individual fish found in
the seagrass being young-of-the-year (Nelson, 2002; Stallings
and Koenig, 2011). While HSF dolphins appear to be taking
advantage of the high productivity in this system throughout
most of the year, LSFs may be capitalizing on the boom-and-bust
cycle of seagrass and epiphyte production by moving into the bay
when productivity is high. We speculate that the LSF dolphins
may follow the egress of fish offshore in the late fall/early winter
or may travel to distant sites that we have yet to identify.
Although the relative contributions vary among species and
perhaps even individuals, the distribution of fish isotope values
and modeling results suggest that seagrass (both directly through
blades and indirectly as a substrate for epiphyte growth), is a
necessary contributing source to at least some of the St. George
Sound consumers (Figures 2, 3), highlighting the importance
of seagrass as an organic matter source itself and not just
as physical shelter or a substrate for epiphyte growth. Earlier
studies have observed no significant change in carbon or sulfur
stable isotope composition during seagrass blade decomposition
(Thayer et al., 1978; Schwinghamer et al., 1983; Chanton, 1997),
thus it was not possible to distinguish between grazing on
live seagrass material and detrital seagrass contributions in this
study. However, our isotope results suggest that seagrasses are an
important component either directly or indirectly to many of the
abundant fish species occupying the St. George Sound seagrass
bed.
Many seagrass species experience ontogenetic shifts in diet
that could complicate our isotopic analysis (e.g., Stoner, 1980),
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