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Abstract
Trophic studies of summer flounder Paralichthys dentatus have relied on traditional stomach content analyses

to infer contributions of prey to species productivity. We applied both stable isotope and stomach content analyses
to identify prey groups that are responsible for summer flounder productivity in lower Chesapeake Bay and to
explore ontogenetic patterns in prey utilization. Summer flounder (total length = 138–682 mm; age = 0–11 years)
were collected for stomach and tissue samples (liver, blood, and muscle) during spring–summer (May–July) and fall
(November) of 2006 and 2007. Commonly consumed crustacean and fish prey species were also collected: mysid
shrimp Neomysis americana, sevenspine bay shrimp Crangon septemspinosa, mantis shrimp Squilla empusa, bay
anchovy Anchoa mitchilli, spotted hake Urophycis regia, and juvenile sciaenids. Analysis of the nitrogen stable isotope
ratio (δ15N; ratio of 15N to 14N relative to a standard) revealed that crustaceans comprised the majority (72–100%
on average) of the summer flounder diet except in spring 2006, when fish consumption was more dominant. Analysis
of corresponding stomach contents indicated a lower contribution of crustacean prey. Based on isotopes, summer
flounder tended to occupy the same trophic level as the prey fishes. The δ15N in all tissues exhibited a positive
trend with body length, indicating that larger summer flounder fed at approximately one trophic level above smaller
individuals; the positive trend also corresponded with increasing proportions of fish in summer flounder stomachs.
Our stable isotope analysis indicates that growth and production of summer flounder in lower Chesapeake Bay
are highly dependent on assimilation of mysid shrimp, sevenspine bay shrimp, and mantis shrimp—more so than
previously expected based on stomach content research.

Along the U.S. eastern seaboard, the Chesapeake Bay acts
as a primary juvenile nursery and crucial foraging habitat for
a broad fauna of coastal migratory fishes (Murdy et al. 1997),
but the prey resources that support fishery production in this
region have not been thoroughly examined with methods other
than traditional stomach content analysis. The summer flounder
Paralichthys dentatus is a seasonal inhabitant of Chesapeake
Bay that resides in the estuary from spring to fall (Able et al.
1990; Szedlmayer et al. 1992; Bonzek et al. 2008) before mi-
grating to spawning regions on the continental shelf (Packer
et al. 1999; Terceiro 2002; Able and Fahay 2010). Owing to the
economic and ecological importance of summer flounder along
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the U.S. Atlantic coast, this species has been strictly managed
(Terceiro 2002). To support management needs and multispecies
modeling efforts, summer flounder and other bay fishes have
been monitored by the Chesapeake Bay Multispecies Monitor-
ing and Assessment Program (ChesMMAP) since 2002 (Latour
et al. 2003). To date, summer flounder diet assessments from
this program (Latour et al. 2008) and trophic studies conducted
in similar environments have relied solely on stomach content
analyses (e.g., Burke 1995; Rountree and Able 1992; Link et al.
2002). These studies have documented that summer flounder
primarily consume crustaceans (e.g., mysid shrimp Neomysis
americana, sevenspine bay shrimp Crangon septemspinosa, and
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TROPHIC ECOLOGY OF SUMMER FLOUNDER 1241

mantis shrimp Squilla empusa) and small fishes (e.g., bay an-
chovy Anchoa mitchilli and sciaenids), but it remains unclear
how each prey group contributes to actual somatic growth and
production.

Stable isotopes have emerged as a valuable complement to
traditional stomach content analyses by contributing to the char-
acterization of trophic relationships and aiding in food web
modeling. Dietary studies involving stable isotope ratios (e.g.,
δ15N: the ratio of 15N to 14N relative to a standard) rely on
the fact that an organism’s tissue is synthesized from assimi-
lated organic matter and reflects the isotopic signatures of the
consumed prey (Fry 2006). The consumer’s tissue will be a
time-integrated dietary representation on a scale of weeks to
months (e.g., Buchheister and Latour 2010), unlike stomach
contents, which document feeding habits on the order of hours.
Thus, stable isotopes can elucidate the prey groups that are di-
rectly responsible for driving tissue growth and production of
consumer species (Fry 2006). This information is important for
ecosystem modeling efforts requiring quantitative information
on food web relationships over longer time periods that are
more relevant to ecosystem processes. Stable isotope analyses
do not attain the same level of taxonomic resolution afforded
by stomach content analysis, but isotope techniques are useful
for identifying broader sources of production and for differen-
tiating between benthic and pelagic trophic pathways (Fry and
Sherr 1989).

The goal of this study was to use stable isotopes in multiple
tissues of summer flounder to build upon previous ChesMMAP
stomach content analyses by providing a broader understanding
of the prey groups driving summer flounder production in
lower Chesapeake Bay. The specific objectives were to (1)
characterize and compare summer flounder food habits in the
bay’s main stem by means of both stomach content analysis
and stable isotope methods and (2) explore ontogenetic patterns
in resource use. Diet analyses conducted by Latour et al.
(2008) are expanded in the present paper by examining another
year of ChesMMAP data, but here we focus primarily on
stable isotope analyses of summer flounder diets. Despite the
prominent role of Chesapeake Bay in the life histories of many
fishes, few studies have applied stable isotope techniques to
address diets of species at higher trophic levels in this estuary
(Hoffman et al. 2007). To our knowledge, this is the first
study to use stable isotopes from multiple tissues to assess
summer flounder food habits. We demonstrate the utility of
isotopic approaches while also highlighting the assumptions
and complications associated with applying stable isotopes
to migratory fish species that inhabit dynamic estuarine
environments.

METHODS
Sample collection.—Samples of summer flounder and prey

species for stable isotope analysis were primarily obtained by
using the ChesMMAP bottom trawl survey to complement the

routine analysis of stomach contents by the monitoring program.
The ChesMMAP survey, operated by the Virginia Institute of
Marine Science (VIMS), fishes a four-seam balloon trawl with
7.6-cm stretch mesh and monitors the main stem of Chesa-
peake Bay (for a detailed description of trawl procedures and
gear, see Hoffman et al. 2009). Samples of summer flounder
and common prey species were collected from the Virginia por-
tion of Chesapeake Bay, where summer flounder distribution
tends to be concentrated (Latour et al. 2008; Figure 1). Targeted
prey items included mysid shrimp (primarily N. americana),
sevenspine bay shrimp, mantis shrimp, bay anchovy, weakfish
Cynoscion regalis, spot Leiostomus xanthurus, Atlantic croaker
Micropogonias undulatus, and spotted hake Urophycis regia.
Sampled prey were restricted to sizes found in the stomach con-
tents of summer flounder (Table 1; Latour et al. 2008). Fishes
and mantis shrimp were collected by the ChesMMAP trawl,
whereas mysid shrimp and sevenspine bay shrimp were picked
from habitat (e.g., hydroids) caught in the net. When possible,
samples of summer flounder and prey species were collected
concurrently at the same stations, but species distributions and
gear selectivity often prevented this. Samples of smaller fishes
and invertebrates were augmented with collections from the
VIMS Juvenile Finfish and Blue Crab Trawl Survey, which uses
a smaller, finer-mesh net with a cod-end liner (for a description
of trawl procedures and gear, see Fabrizio and Tuckey 2008). In
cases where samples from the VIMS trawl survey were required,
they were obtained from similar locations and time periods as
the ChesMMAP collections. Because of difficulties in obtaining
mysid shrimp during November 2007, freshly consumed spec-
imens were collected from the stomachs of summer flounder
captured in September and October of that year (Grey et al.
2002). Any temporal or spatial discrepancies between preda-
tor and prey samples were acceptable given that (1) the goal
of the study was to look at broad-scale patterns of resource
use by summer flounder within lower Chesapeake Bay and
(2) isotopic signatures integrate consumed material over weeks
to months, incorporating similar temporal and spatial isotopic
variability.

Upon capture of summer flounder on the ChesMMAP sur-
vey, the fish were processed to determine total length (TL) and
wet weight, and otoliths were removed for later sectioning and
age determination. When multiple distinct size-classes of sum-
mer flounder were captured, subsamples from each size-group
were collected. Stomachs (up to 10 per station) were excised
and preserved in formalin for future diet analysis in the labo-
ratory. Samples of blood, muscle, and liver from a portion of
summer flounder were collected for isotopic determination of
diets to be compared with the standard stomach content analy-
ses. Whole blood (∼1 mL) was withdrawn from the caudal vein
and placed in a sterile vial, and small samples of white mus-
cle (from the ocular side above the pectoral fin) and liver were
excised and bagged individually. Samples of blood, muscle,
and liver from summer flounder were immediately frozen for
later isotope analysis. Samples of prey with smaller body sizes
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1242 BUCHHEISTER AND LATOUR

TABLE 1. Summary description of summer flounder samples and other taxa collected for stable isotope analyses, including number of samples, mean ± SD
C:N ratio, and mean ± SD length (summer flounder length-classes: small [S] < 225 mm total length [TL]; medium [M] = 225–374 mm TL; large [L] ≥ 375 mm
TL). Lengths were measured as the total length (Atlantic croaker, spotted hake, weakfish, and summer flounder), fork length (bay anchovy and spot), or carapace
length (mantis shrimp, mysid shrimp, and sevenspine bay shrimp).

Number of samples

Length- Spring Fall Spring Fall Length
Group Species Tissue class 2006 2006 2007 2007 C:N (mm)

Fish prey Atlantic croaker Muscle 6 8 3.2 ± 0.2 62 ± 15
Bay anchovy Muscle 9 8 8 9 3.4 ± 0.3 61 ± 8
Spot Muscle 8 8 6 3.4 ± 0.4 133 ± 16
Spotted hake Muscle 4 3.8 ± 0.2 155 ± 12
Weakfish Muscle 4 6 6 3.2 ± 0.2 97 ± 34

Crustacean Mantis shrimp Whole body 6 4 6 6 3.9 ± 0.3 100 ± 20
prey Mysid shrimp Whole body 2 9 9 3.7 ± 0.2 —a

Sevenspine bay shrimp Whole body 9 8 6 4 3.7 ± 0.2 29 ± 7
Predator Summer flounder Muscle S 1 3 8 3.1 ± 0.2 181 ± 27

M 6 6 5 14 3.1 ± 0.2 275 ± 34
L 7 6 3 3.1 ± 0.4 460 ± 78

Blood S 6 3.9 ± 0.1 161 ± 19
M 5 14 3.7 ± 0.1 275 ± 31
L 3 3.7 ± 0.1 424 ± 37

Liver S 7 5.1 ± 0.3 165 ± 20
M 5 14 6.3 ± 1.7 275 ± 31
L 3 10.0 ± 3.8 424 ± 37

aIndividual lengths were not measured for mysid shrimp, but sizes ranged from approximately 5 to 15 mm.

(e.g., juvenile fishes and invertebrates) were frozen whole. For
larger fish prey, pieces of white muscle were excised from the
musculature below the first dorsal fin and were frozen. Preser-
vation by freezing was selected for isotope samples because
freezing has a minimal effect on δ13C and δ15N values (Kaehler
and Pakhomov 2001; Sweeting et al. 2004). All collection pro-
tocols were approved by the Institutional Animal Care and Use
Committee at the College of William and Mary.

Collections were made during different time periods to char-
acterize seasonal dietary patterns and account for temporal vari-
ability in isotopic signatures resulting from migration or fluctu-
ations in prey isotopic signatures. Stable isotope samples were
collected in 2006 and 2007 during two seasonal periods. Sam-
ples collected in May, June, or July represented the spring and
early summer (hereafter, “spring”), while samples collected in
November represented the fall season. Largely owing to the
availability of summer flounder and their prey, more southern
stations were represented in 2006 samples than in 2007 samples
(Figure 1). Blood and liver samples were not collected from
summer flounder in 2006, and individual prey species were not
represented in every season × year combination, mostly because
of seasonal trends in species abundances (Table 1). Summer
flounder stomachs (regularly sampled by the ChesMMAP sur-
vey) were collected during all ChesMMAP cruises conducted in
March, May, July, September, and November of 2006 and 2007
(except September 2007, when a cruise was cancelled).

Laboratory processing.—Stomach contents were sorted and
analyzed in the laboratory by following the methods of Latour
et al. (2008). Briefly, prey items found in the stomachs were
identified to the lowest possible taxon, and wet weight was
recorded to the nearest 0.001 g. For age determination, otoliths
of summer flounder were sectioned with cuts made perpendic-
ular to the sulcal groove through the nucleus by following the
method of Sipe and Chittenden (2001), and annuli were exam-
ined by two readers to assign ages.

Samples for stable isotope analysis were processed in the
laboratory. Smaller samples (∼1–2 g) of white dorsal muscle
were taken from each summer flounder and prey fish collected
in the field; for any fish prey that was collected whole, the
muscle sample was removed after fish length was measured.
Invertebrate samples were measured for carapace length and
processed whole. For mysid shrimp, multiple individuals were
aggregated to obtain sufficient mass for stable isotope analysis.
All muscle, liver, and whole-body samples were rinsed with
deionized water, dried at 50◦C, and ground with a mortar and
pestle. Blood samples were dried and ground in their storage
vials. Carbonates found in exoskeletons of the crustacean prey
were acidified with added drops of 10% HCl (Pinnegar and
Polunin 1999). Dry subsamples (1.0 ± 0.2 mg) of all tissues
were packaged in tin capsules and analyzed at the Stable Isotope
Facility, University of California–Davis, by use of a Europa
Hydra 20/20 continuous-flow isotope ratio mass spectrometer.

D
ow

nl
oa

de
d 

by
 [

C
ol

le
ge

 o
f 

W
ill

ia
m

 &
 M

ar
y]

 a
t 0

6:
20

 2
2 

Se
pt

em
be

r 
20

11
 



TROPHIC ECOLOGY OF SUMMER FLOUNDER 1243

FIGURE 1. Sampling locations within lower Chesapeake Bay, where summer flounder and their common prey types were collected. Symbol shape indicates
sampling year (squares = 2006; circles = 2007); symbol color represents season of capture (gray = spring; black = fall).

Stable isotope ratios are reported in relation to conventional
standards, that is,

δX = [(Rsample − Rstandard)/Rstandard] × 1,000, (1)

where X is either 13C or 15N, and R is the mass ratio of
the heavy to light stable isotopes (13C/12C or 15N/14N) for ei-
ther the sample or the standard. The conventional standards
used for the analyses were Pee Dee Belemnite for carbon
and air for nitrogen. The value for δX is reported in per
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1244 BUCHHEISTER AND LATOUR

mille (‰) units. Repeated measurements of a calibration stan-
dard indicated that instrument precision (SD) was 0.29‰ for
δ13C and 0.12‰ for δ15N. The mass ratio of elemental car-
bon and nitrogen (C:N) was also obtained for each analyzed
sample.

Because of the high lipid concentrations in liver, which are
known to bias δ13C values, a mathematical correction was used
to normalize the liver δ13C values because of the high lipid
concentrations in liver, which are known to bias δ13C values
(DeNiro and Epstein 1977; McConnaughey and McRoy 1979).
Each raw value of liver δ13C was converted to a lipid-adjusted
value based on measured C:N (a proxy for lipid content) by
using an empirically derived conversion equation (Buchheister
and Latour 2010). Lipid corrections were not applied to δ13C for
muscle and blood due to their relatively low C:N values (Table
1; Post et al. 2007), limited variability across individuals, and
presumably small effects on δ13C (Kiljunen et al. 2006).

Data analysis.—Diet compositions based on stomach con-
tent analyses were calculated as percent contribution by weight;
based on the methods of Latour et al. (2008), a cluster sam-
pling estimator was used to account for dietary similarity among
fish caught at the same location. Summer flounder were clas-
sified into three size-classes (small < 225 mm TL; medium =
225–374 mm TL; large ≥ 375 mm TL) to capture broad on-
togenetic changes in diet as documented in previous research
(Latour et al. 2008). Diets were calculated by year, month, and
size-class; we present only those results that were determined
with a minimum of five stomachs. For a closer correspon-
dence to summer flounder isotopic samples, analysis of Ches-
MMAP stomach content data were restricted to individuals that
were captured within Virginia waters of the lower Chesapeake
Bay.

Isotopic contributions of prey to summer flounder diets were
assessed graphically and were calculated by use of mixing
models. Prey species were separated into two broad taxonomic
groups (crustaceans and fishes) to capture the major differences
in stable isotope signatures (Phillips et al. 2005; McIntyre et al.
2006). Prey were assigned to the two taxonomic groups based
on similarity among prey isotopic signatures; this was done to
reduce the number of sources and to calculate unique solutions
in the mixing model. IsoError, a two-source mixing model that
accounts for variability in both prey and predator isotope values,
was used to calculate the mean contribution (±SE) of each prey
group to summer flounder diets (Phillips and Gregg 2001). To
apply the mixing models, we first adjusted the summer flounder
δ13C and δ15N values to account for isotopic fractionation (i.e.,
changes in isotopic values caused by physiological processing of
consumed material). Tissue- and isotope-specific fractionations
of δ13C and δ15N (represented as �13C and �15N, respectively)
were derived from growth-based turnover models of wild sum-
mer flounder that were subjected to a dietary shift experiment
in the laboratory (Buchheister and Latour 2010). Applied val-
ues of �13C were +0.71‰ for muscle, +3.27‰ for blood, and
+3.05‰ for liver; applied values of �15N were +2.53‰ for

muscle, +2.80‰ for blood, and +2.28‰ for liver. The mixing
model was applied to each summer flounder tissue from each
year, season, and length-class by using the corresponding prey
isotope values for the season and year.

A multivariate analysis of variance (MANOVA) was used to
test for significant year and season effects on the mean stable
isotope values (δ13C and δ15N) of each prey group. Assumptions
of normality and homogeneity of variance for the MANOVA
were upheld based on residual analysis, Kolmogorov–Smirnov
tests, and Levene’s tests. For each prey group, the following a
priori comparisons were made with the Wilks’ lambda statistic
at an α-level of 0.05: season effects were tested within each year,
and year effects were tested within each season. The analyses
were conducted in the Statistical Analysis System version 9.1
(SAS Institute, Cary, North Carolina).

Regression analyses were used to test for significant onto-
genetic trends in summer flounder isotopic signatures and to
examine dietary shifts inferred from tissue comparisons. On-
togenetic trends in δ13C and δ15N were assessed by regress-
ing the isotopic values on fish TL. Dietary shifts that occur
within the time frame of the tissue with the slowest turnover
rate can be reflected by differences in isotopic values between
tissues (MacNeil et al. 2005; Fry 2006). For each individual,
fractionation-adjusted δ13C and δ15N values for muscle were
subtracted from fractionation-adjusted blood and liver values to
examine recent shifts in summer flounder feeding and potential
ontogenetic trends. For example, a recent dietary shift toward
feeding on prey with enriched (i.e., more-positive) δ15N would
manifest as a positive difference between liver and muscle tis-
sues owing to the faster turnover of the liver (Buchheister and
Latour 2010). Differences between tissue pairs were calculated
and plotted against fish length for both δ13C and δ15N, and re-
gression analysis was used to test for significant relationships.

RESULTS

Stomach Contents
In total, 563 fish (with nonempty stomachs; TL =

138–682 mm; age = 0–11 years) from 301 stations were an-
alyzed for stomach contents during the 2-year study period. The
prey species that were sampled for stable isotopes represented
the majority of consumed material in the stomachs of all length-
classes (86–96% in 2006; 71–91% in 2007), thus confirming
the importance of the prey species that were selected for sam-
pling. Overall, summer flounder stomach contents from both
years showed a consistent shift from crustacean prey to fish
prey with increasing predator length (Figure 2). Mysid shrimp
were the dominant prey item (contributing up to 86% of the diet
by weight) for small summer flounder, whereas larger individ-
uals had diverse diets that included greater percentages of bay
anchovy, weakfish, spot, and other fishes. Fish prey (mostly
bay anchovy) comprised a greater proportion of the diet in
2006 than in 2007 by an average of 21% (range = 7–40%) for
each month and size-class but most notably for medium-sized
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TROPHIC ECOLOGY OF SUMMER FLOUNDER 1245

FIGURE 2. Monthly mean percent diet composition (by weight) based on stomach contents of small (<225 mm total length [TL]), medium (225–374 mm TL),
and large (≥375 mm TL) summer flounder collected in (a) 2006 and (b) 2007. Fill patterns represent different prey species (s. bay shrimp = sevenspine bay
shrimp; other crust. = other crustaceans), and colors indicate prey groups (white = crustaceans; gray = fishes; black = other). Values above each bar are the
number of analyzed fish and the number of represented stations (in parentheses). Months in which fewer than five stomachs were sampled were omitted.

summer flounder (Figure 2). The contributions of individual
prey species to the diets varied by month. For example, sev-
enspine bay shrimp were particularly important in the diets
of medium-sized summer flounder in late winter and spring
(March and May), whereas mysid shrimp increased in the di-
ets of medium-sized summer flounder during summer and fall
(Figure 2).

Stable Isotopes
Fifty-nine summer flounder were analyzed for δ13C and δ15N

(Table 1); most of these individuals ranged from 138 to 478 mm
TL and from 0 to 3 years of age. However, there were three
outliers in spring 2006 (TL = 599–624 mm; age = 4–7 years).
Sampled fish included 32 females, 26 males, and 1 fish of un-
known sex. Larger individuals were predominantly females, thus
reflecting the skewed sex ratio of age-1 and older summer floun-
der in the Middle Atlantic Bight and lower Chesapeake Bay
(Morse 1981; Bonzek et al. 2008).

Aggregation of summer flounder prey into two prey groups
(crustaceans and fishes) was supported by the isotopic separa-
tion between the groups, particularly for δ15N (Figure 3). Fishes
generally exhibited δ15N values that were approximately 3‰
greater than those for crustaceans; this result conforms to the tra-
ditional assumption of an approximately 3.4‰ shift per trophic
level (Post 2002; Sweeting et al. 2007). The δ13C was not a use-
ful dietary indicator because of (1) the similarity and overlap of
prey δ13C values and (2) the high variability in summer flounder
δ13C values, which often extended beyond the constraints of
prey δ13C (e.g., Figure 3a). Consequently, the mixing models in
this study were applied by using δ15N values only.

Isotopic values of summer flounder resembled the values of
the fish prey (Figure 3), which suggests a shared nutritional
reliance on the lower prey group (i.e., crustaceans). Summer
flounder predation on fishes would have been indicated by tis-
sue δ15N values greater than those of prey fishes, but the average
δ15N values for small-, medium-, and large-sized summer floun-
der were not significantly greater than the δ15N of prey fishes
(ANOVA: P > 0.05) except in spring 2006. For fall samples
in both years, the mixing model results (based on δ15N only)
indicated that crustaceans dominated the diets of summer floun-
der, reaching 100% for some sizes (Table 2). On average, fishes
accounted for 35% or less of the total diet during fall, but SE
values for the estimates ranged from 9% to 24%, indicating that
some individuals may rely more heavily on fish prey than others.
During spring 2006, summer flounder appeared to assimilate a
greater amount of fish (54–68%). Highly depleted δ15N values
of tissues in spring 2007 prevented the use of the mixing model
for this season (Table 2), but the raw δ15N values placed small
summer flounder at a trophic level similar to that of the crus-
taceans and placed medium summer flounder at a trophic level
similar to that of the sampled fish prey (Figure 3c).

Temporal Variability in Prey Stable Isotopes
Isotopic values of prey groups were not temporally consis-

tent; rather, they exhibited seasonal patterns that differed by
year. From spring to fall in 2006, crustacean δ13C became more
depleted while δ15N became more enriched, but the opposite
pattern was observed in 2007 (Table 3). Prey fishes experi-
enced a similar depletion of δ13C and enrichment of δ15N from
spring to fall during 2006, but seasonal differences in isotope
signatures of fishes were not significant in 2007 (F = 2.69,
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1246 BUCHHEISTER AND LATOUR
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FIGURE 3. Biplots of carbon and nitrogen stable isotope ratios (δ13C and δ15N; mean ± SD) for summer flounder and other sampled species collected in (a)
spring 2006, (b) fall 2006, (c) spring 2007, and (d) fall 2007. Values for muscle are plotted for three summer flounder length-classes (gray circles = small [<225
mm total length]; gray triangles = medium [225–374 mm]; gray squares = large [≥375 mm]). For figure clarity, blood and liver values from summer flounder are
not plotted. Values for fish prey (black squares) and crustacean prey (white squares) are labeled by species (ba = bay anchovy; cr = Atlantic croaker; ha = spotted
hake; ma = mantis shrimp; my = mysid shrimp; sb = sevenspine bay shrimp; sp = spot; we = weakfish).

P > 0.05). Isotopic differences between seasons within a prey
group were relatively small and typically less than 1.4‰ in
magnitude; however, the SDs for group means reached 1.66‰
due to interspecies and intraspecies variability (Table 3). Iso-
tope means of prey groups also tended to vary by year, as most
multivariate ANOVA tests of interannual differences by season
yielded significant results (P < 0.05; Table 3). Only the isotopic
means of prey fishes in spring were found to be similar between
2006 and 2007.

Ontogenetic Trends in Stable Isotope Signatures
Positive relationships between δ15N and summer flounder

TL indicated an ontogenetic shift toward feeding at higher
trophic levels as the fish grew (Figure 4). This effect was most
pronounced in 2007, manifesting in all sampled tissues, and
was most evident for the spring sampling. Based on the as-
sumed δ15N fractionations of 2.3–2.8‰ for the sampled tissues
(Buchheister and Latour 2010), relatively large summer floun-
der were feeding at approximately one trophic level above small
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TROPHIC ECOLOGY OF SUMMER FLOUNDER 1247

TABLE 2. Results of mixing models examining the contribution of fish and crustacean prey to summer flounder diets (%; mean ± SE) based on the nitrogen
stable isotope ratio (δ15N; mean ± SD). Contribution to the diet was calculated for each combination of summer flounder total length (small [S] < 225 mm;
medium [M] = 225–374 mm; large [L] ≥ 375 mm) and tissue. Results for spring 2007 are not shown because all mean values were not constrained by 0% and
100%. Note that summer flounder δ15N values were adjusted for fractionation (see Methods).

Summer flounder Fish prey Crustacean prey

Time period Length-class Tissue δ15N n δ15N n % in diet δ15N n % in diet

Spring 2006 S Muscle 13.9 ± 0 1 15.1 ± 1.2 21 54 ± 6 12.4 ± 0.6 15 46 ± 6
M Muscle 14.1 ± 1.1 6 15.1 ± 1.2 21 61 ± 18 12.4 ± 0.6 15 39 ± 18
L Muscle 14.2 ± 0.5 7 15.1 ± 1.2 21 68 ± 10 12.4 ± 0.6 15 32 ± 10

Fall 2006 S Muscle 13.6 ± 0.3 3 16.5 ± 1.5 26 −6 ± 10 13.8 ± 0.6 14 106 ± 10
M Muscle 14.6 ± 1.5 6 16.5 ± 1.5 26 28 ± 24 13.8 ± 0.6 14 72 ± 24
L Muscle 14.4 ± 0.4 6 16.5 ± 1.5 26 22 ± 9 13.8 ± 0.6 14 78 ± 9

Fall 2007 M Muscle 13.7 ± 0.9 14 15.8 ± 0.8 23 25 ± 10 12.9 ± 0.9 21 75 ± 10
Liver 12.9 ± 0.9 14 15.8 ± 0.8 23 2 ± 10 12.9 ± 0.9 21 98 ± 10
Blood 13.0 ± 0.7 14 15.8 ± 0.8 23 −1 ± 11 12.9 ± 0.9 21 101 ± 11

L Muscle 14.0 ± 0.6 3 15.8 ± 0.8 23 35 ± 14 12.9 ± 0.9 21 65 ± 14
Liver 13.4 ± 0.6 3 15.8 ± 0.8 23 −28 ± 16 12.9 ± 0.9 19 128 ± 16
Blood 12.1 ± 0.6 3 15.8 ± 0.8 23 16 ± 14 12.9 ± 0.9 19 84 ± 14

summer flounder. Larger summer flounder exhibited δ15N val-
ues that were similar to or slightly greater than those of prey
fishes, and the δ15N values of some individual summer floun-
der were more than 1 SD greater than the mean for fish prey
(Figure 4). For each tissue, linear regressions of δ15N on summer
flounder TL were significant (P < 0.05) when 2007 data were
pooled. When the three fish exceeding 350 mm were excluded
from the analysis, slopes were not significantly different among
tissues (estimated slope [mean ± SE], muscle: 0.016 ± 0.003;
blood: 0.020 ± 0.002; liver: 0.015 ± 0.003). Although not pre-
sented, strong relationships between δ15N and individual mass
were also observed for fish captured in 2007. In 2006, however,
significant relationships were not observed between δ15N and
TL (or mass), possibly because small, age-0 individuals were
lacking in samples collected during spring, a season when size
and dietary differences between length-classes may be most

pronounced. Relationships between δ13C and summer flounder
TL were not observed except in 2006, when there was a slight
trend of more-enriched δ13C in the muscle tissue of larger fish
(Figure 5).

Summer Flounder Tissue Differences
Isotopic values for blood and liver were mostly depleted rel-

ative to muscle and showed some significant relationships (P <

0.05) with fish TL (Figure 6). For δ15N, blood samples were
most depleted relative to muscle for small summer flounder,
and tissue differences were diminished with increasing length
(Figure 6a). Unlike blood δ15N, liver δ15N showed a negative
relationship with fish length, although the fit of the linear regres-
sion model was poor (r2 = 0.19) and largely driven by the four
largest individuals (Figure 6a). Although most of the tissue δ15N
differences were negative (as low as −2.4‰), these values were

TABLE 3. Mean carbon and nitrogen stable isotope ratios (δ13C and δ15N; with SDs) for samples of summer flounder prey groups collected in the lower
Chesapeake Bay main stem. For each prey group, significant multivariate ANOVA (MANOVA) results (for the season effect tested within each year and the year
effect tested within each season; P < 0.05) are indicated by different letters.

δ13C δ15N

Prey group Time period n Mean SD Mean SD MANOVA

Crustaceans Spring 2006 15 −18.66 0.41 12.41 0.59 a
Fall 2006 14 −19.28 1.15 13.81 0.58 b
Spring 2007 21 −19.17 0.61 13.95 1.11 c
Fall 2007 19 −18.17 0.93 12.95 0.90 d

Fishes Spring 2006 21 −18.63 0.73 15.11 1.23 a
Fall 2006 26 −19.97 1.66 16.48 1.53 b
Spring 2007 20 −18.29 1.34 15.04 1.14 ac
Fall 2007 23 −18.97 0.89 15.81 0.83 c
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FIGURE 4. Nitrogen stable isotope ratios (δ15N) for (a) muscle, (b) blood,
and (c) liver plotted in relation to total length (mm) for individual summer
flounder. Symbol shape represents season of capture (circles = spring; squares =
fall), and symbol color indicates year (white = 2006; black = 2007). For
reference, the mean δ15N (dashed line; with SD, dotted lines) of prey fishes
collected in fall 2007 is plotted.

particularly sensitive to the choice of applied fractionation value.
If a muscle �15N of 3.4‰ (Vander Zanden and Rasmussen
2001) had been applied instead of 2.53‰ (Buchheister and
Latour 2010) as described in Methods, the tissue δ15N differ-
ences would have been mostly centered around zero (Figure 6a).
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FIGURE 5. Carbon stable isotope ratios (δ13C) for (a) muscle, (b) blood, and
(c) liver plotted in relation to total length (mm) for individual summer flounder.
Symbol shape represents season of capture (circles = spring; squares = fall),
and symbol color indicates year (white = 2006; black = 2007).

For δ13C, blood values were consistently more than 2.9‰ de-
pleted relative to muscle values but showed a significant positive
relationship with summer flounder TL (Figure 6b). Liver δ13C
values were typically 0–2.5‰ lower than muscle δ13C values
and showed no significant relationship with length.
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FIGURE 6. Differences in nitrogen or carbon stable isotope ratio (δ15N or
δ13C) values between tissues of summer flounder as a function of fish total
length. After all tissues were adjusted for fractionation effects, the (a) δ15N
of muscle (δ15Nmus) or (b) δ13C of muscle (δ13Cmus) was subtracted from the
value obtained from the blood (shaded symbols) or liver (open symbols) of
each fish collected in spring 2007 (circles) and fall 2007 (squares). Significant
regression lines are plotted for blood (solid line) and liver (dashed line) tissues
(data pooled across seasons). The horizontal dotted line represents a difference
of zero if the δ15N fractionation value (�15N) of 3.4‰ is applied for muscle
instead of the �15N measured for summer flounder (see Methods).

DISCUSSION

Stable Isotopes versus Stomach Contents
Stable isotope and stomach content analyses presented dif-

fering results on the relative importance of crustacean and fish
prey in the diets of summer flounder; stable isotope analysis
suggested higher levels of crustacean consumption than did
stomach content analysis. Although this discrepancy is reduced
when the SEs from mixing model results are considered (SE for
dietary contribution based on δ15N was as high as ±24%), di-
etary differences were also probably influenced by the different
time periods represented by the two methodologies. Stomach
content analysis identifies prey that were recently consumed

(i.e., on the order of hours; Hyslop 1980), whereas stable iso-
topes provide a more time-integrated dietary representation on a
scale of weeks to months (MacNeil et al. 2006; Buchheister and
Latour 2010). Consequently, even if diet characterizations by
the two methods differ, they can both be accurate. For example,
higher levels of presumed fish consumption in the late summer
and fall (based on stomach contents) may be reflected weakly
in isotopic signatures because juvenile growth rates (and thus
isotopic assimilation) are reduced by October and November
relative to spring and summer (Powell 1982; Rountree and Able
1992).

The discrepancy between methodologies could also result
from underrepresentation of mysid shrimp in stomach contents
because of differences in prey digestibility, evacuation rates,
and periodicity in prey availability (Hyslop 1980). Relative
to fish prey or to crustacean prey with more-robust exoskele-
tons (e.g., sevenspine bay shrimp and mantis shrimp), mysid
shrimp possess a small size, a high surface-to-volume ratio,
and a thin exoskeleton, all of which can facilitate digestion
and evacuation (Lankford and Targett 1997; Andersen 1999).
In addition, consumption of mysid shrimp by summer floun-
der, whose eyes are well adapted for visual foraging in low light
(Horodysky et al. 2010), is probably greater at night, when mysid
shrimp migrate out of benthic refuges and into the water column
(Hulburt 1957; Herman 1963). Consequently, the daytime sam-
pling by ChesMMAP may have captured summer flounder at
times when crustacean prey were not as available to the preda-
tors or when a large proportion of prey consumed at dusk and
night had already been evacuated from the gut.

Ontogenetic Patterns in Summer Flounder Feeding
Both the stable isotope and stomach content analyses con-

firmed that summer flounder undergo an ontogenetic transi-
tion to prey resources at higher trophic levels as predator size
increases. In accordance with general size-based predation the-
ories (Werner and Hall 1974; Scharf et al. 2000), ontoge-
netic changes in summer flounder feeding have previously been
demonstrated for different life stages by using stomach contents
(Burke 1995; Link et al. 2002; Latour et al. 2008); however,
ours is the first study to show such trends for summer flounder
by use of stable isotope analysis. The size-based trend in δ15N
was strongly driven by small fish (<225 mm TL) collected dur-
ing spring 2007, supporting the size cutoffs presented by Latour
et al. (2008). The 225-mm size may represent a morphological
point of transition at which gape width or swimming speed aids
in capture of the piscine prey that occupy higher trophic levels.

For spring 2007, the use of the mixing model to corrobo-
rate the strong relationship between summer flounder size and
δ15N was prevented by δ15N values that were depleted relative
to prey samples. According to δ15N values in this season, small
individuals occupied a trophic level that was more consistent
with the sampled invertebrates and did not feed on fishes. How-
ever, contrary to the implications of this information, stomach
content analyses provide no evidence that summer flounder (of
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1250 BUCHHEISTER AND LATOUR

the sizes examined here) feed on smaller zooplankton (e.g.,
copepods; Grimes et al. 1989; Rountree and Able 1992; Latour
et al. 2008). Consequently, the prey sampled in spring 2007
may not have been isotopically representative of consumed or-
ganisms because of regional or temporal variability in δ15N. For
example, small shifts in basal organic matter sources or small
changes in the δ15N of primary producers can be transferred
up the food web, altering the isotopic signatures of organisms
at lower trophic levels more strongly (Horrigan et al. 1990;
Montoya et al. 1990; Perga and Gerdeaux 2005; Hoffman et al.
2007). This possibility was supported by the unusually small
separation (1.09‰) in δ15N between the crustacean and fish
prey groups and the higher variability in crustacean δ15N during
spring 2007.

Stable Isotopes of Multiple Tissues
Analysis of multiple tissues with varying turnover rates was

important for this study given the life history of summer flounder
and the temporal variability in prey stable isotopes. Age-0 and
adult summer flounder migrate into lower Chesapeake Bay from
offshore spawning locations in the spring (March–April) to uti-
lize the productive estuarine habitat (Able et al. 1990; Packer et
al. 1999). From late spring to fall, juveniles use a variety of habi-
tats (e.g., estuarine marsh creeks, seagrass beds, mud flats, and
open bay areas; Packer et al. 1999), and growth rates remain high
through the summer (Powell 1982; Malloy and Targett 1994).
During this time, summer flounder can show a high degree of
site fidelity or can move several kilometers among estuarine lo-
cations (Szedlmayer and Able 1993; Able and Fahay 2010; M.
Henderson, Virginia Institute of Marine Science, unpublished
data). Adults and juveniles migrate out of Chesapeake Bay in
the fall (approximately October–December). Muscle tissue has
a slow turnover rate and would equilibrate to a fish’s diet after
about 5 months (Buchheister and Latour 2010). Consequently,
the muscle isotopic values measured in spring for medium- and
large-sized fish (age > 0) could reflect prey consumption that
occurred while the fish were offshore. In addition, both δ15N and
δ13C of primary producers and lower trophic levels can vary spa-
tially and temporally in Chesapeake Bay (Montoya et al. 1990;
Zimmerman and Canuel 2001; Hagy 2002). Such variability
can complicate interpretation of isotopic data for muscle tis-
sue, especially for any summer flounder that are more mobile
within the bay. Unlike muscle, liver and blood would approach
equilibrium with a dietary signal in approximately 20 d (liver)
or 75 d (blood; Buchheister and Latour 2010). In our study,
analysis of tissues with faster turnover rates helped to minimize
any bias resulting from fish movements or from isotopic het-
erogeneity of prey. The relatively consistent conclusions drawn
from the different tissues analyzed indicate that the fish did
not move between habitats with drastically different isotopic
characteristics.

All three tissues captured the same ontogenetic trend of in-
creasing δ15N with increasing size while also producing diet
estimates that emphasized crustacean assimilation. Given the

positive relationship between δ15N and length, we expected to
see enriched δ15N values for the tissues with faster turnover rates
(blood and liver) relative to muscle, which would better repre-
sent an individual’s more recent consumption at higher trophic
levels (Fry 2006). Instead, the δ15N values for blood and liver
were depleted relative to muscle. This pattern could indicate
recent nutritional augmentation from lower-trophic-level crus-
tacean prey (opposing the general trend from stomach contents)
or perhaps an overall depletion in δ15N across the local prey
community (O’Reilly et al. 2002). However, we argue that the
expected positive ontogenetic signal within an individual’s tis-
sues was probably obscured by fractionation assumptions and
by isotopic variability of the sampled organisms. This possibil-
ity was supported by the sensitivity of the δ15N tissue differences
to the choice of applied fractionation values, especially consid-
ering the small isotopic differences that we were trying to detect
between tissues (Figure 6). However, the positive trend for blood
δ15N (irrespective of the absolute values) suggests that relatively
large summer flounder have recently shifted to prey types that
are less depleted than the summer flounder’s long-term diet,
which would be consistent with increased consumption of fish.
Higher variability in liver δ15N may have masked such a signal
in that tissue.

Tissue differences in δ13C were probably also influenced
by fractionation assumptions. Although the depleted blood and
liver δ13C values could potentially indicate more recent feeding
on δ13C-depleted prey, this pattern was not supported as strongly
by δ13C values for liver tissue, which has the fastest turnover
rate (Figure 6b). The relative consistency in the phenomenon of
depleted blood δ13C across seasons and sizes—in conjunction
with the weaker signal in the liver tissue—suggests that the
applied fractionation for blood may have contributed some bias
to these δ13C results.

Sources of Error
The fractionation values applied here contributed to some

error in the results, but the major conclusions were not altered.
As recommended for stable isotope applications (Gannes et al.
1997), we applied δ13C and δ15N fractionations that were empir-
ically determined (Buchheister and Latour 2010) for the same
species, same tissues, and similar body sizes as were used in
this study. However, fractionation values can also vary by diet
(Gorokhova and Hansson 1999), dietary protein content (Kelly
and Martinez del Rio 2010), feeding mode (Vander Zanden and
Rasmussen 2001), growth rate (Trueman et al. 2005), and tis-
sue composition (Kelly and Martinez del Rio 2010; Pecquerie
et al. 2010). Additionally, laboratory fractionations tend to be
larger than field-derived values (Vander Zanden and Rasmussen
2001), as appeared to be the case with the δ13C in summer
flounder blood. Errors in the applied fractionations would also
affect mixing model estimates, particularly since isotopic sep-
aration between prey groups was small (Vander Zanden and
Rasmussen 2001). However, unlike δ13C fractionations, the
δ15N fractionation estimates used in the mixing models did not
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TROPHIC ECOLOGY OF SUMMER FLOUNDER 1251

deviate as greatly from previous research (Post 2002; Sweeting
et al. 2007), and mixing model results for δ15N were relatively
similar across tissues. More importantly, the fractionations did
not change the major conclusions because the unadjusted sum-
mer flounder δ13C and δ15N values coincided with those of the
other sampled fishes, indicating that summer flounder and other
fishes fed at a similar trophic level and utilized similar prey.

Isotopic routing is another potential source of error in mixing
model estimates (Martinez del Rio et al. 2009). Dietary compo-
nents that are isotopically distinct can be allocated or “routed”
unequally among a consumer’s tissues such that mixing model
results from individual tissues may provide biased results (e.g.,
Kelly and Martinez del Rio 2010). However, biases introduced
by isotopic routing would be minimal for summer flounder given
their carnivorous diets; isotopic routing is more problematic for
omnivores, which consume materials that differ markedly with
respect to protein composition (Martinez del Rio et al. 2009).

Isotopic signatures of the crustacean and fish groups exhib-
ited temporal variability, as can be expected in large, dynamic es-
tuaries such as Chesapeake Bay (Cifuentes et al. 1988; Montoya
et al. 1990; Cloern et al. 2002). Seasonal and annual differences
(typically < 1.4‰) within prey groups were probably mediated
through bottom-up effects (Peterson and Fry 1987; Cloern et al.
2002) and were also influenced by natural fluctuations of species
abundances in the bay, which generated seasonal differences in
the representative species that were actually sampled (Murdy
et al. 1997; Able and Fahay 2010). However, the similarity in
dietary evaluations among tissues with fast and slow turnover
rates suggests that such variability would not compromise the
documented importance of crustaceans in the diets of summer
flounder.

Lower Chesapeake Bay Food Web
Carbon isotope signatures for the sampled species in this

study corresponded with mixed organic matter sources to the
food web of lower Chesapeake Bay. The value of δ13C, which
is commonly used to identify sources of primary production
(Peterson and Fry 1987), ranged from approximately −22‰
to −16‰ at our main-stem stations. These values could result
from mixed consumption of carbon from marine phytoplank-
ton (∼ −21‰), benthic microalgae (∼ −17‰), and possibly
C4 marsh grasses (∼ −13‰) or seagrasses (∼ −10‰; Fry and
Sherr 1989). The δ13C values of summer flounder were interme-
diate between these organic matter sources, indicating that both
pelagic (i.e., phytoplankton) and benthic organic matter sources
are important for summer flounder production. Although many
sampling locations were several kilometers away from coastal
wetlands and samples were collected at depths where benthic
photosynthesis would be light limited (Kemp et al. 2005), sum-
mer flounder can be highly mobile and are known to use shallow
habitats where benthic primary production is greater (Rountree
and Able 1992; Packer et al. 1999; Fabrizio et al. 2007). Incor-
poration of dead phytoplankton and other detritus into a longer
benthic food chain may also help to explain some of the more-

enriched δ13C values that were measured for summer flounder
and other species (e.g., spot and mantis shrimp) that are more
strongly coupled to benthic food sources, in contrast to pelagic
species (e.g., bay anchovy; Fry and Sherr 1989). Generally, the
sampled species demonstrated a high degree of overlap in δ13C
values and relied on mixed organic matter sources, making car-
bon a poor dietary tracer for summer flounder in the main stem
of the lower Chesapeake Bay.

Compared with δ13C, values of δ15N yielded better isotopic
differentiation among sampled species in this study and sup-
ported the relative trophic positions of these groups in a gener-
alized Chesapeake Bay food web (Baird and Ulanowicz 1989;
Hagy 2002). Excluding the data from spring 2007, prey fishes
exhibited δ15N values that were on average 2.7–2.9‰ greater
than those of the crustacean group, which equates to a differ-
ence of approximately one trophic level (Sweeting et al. 2007).
These results corroborate stomach content studies showing the
predominance of mesozooplankton (particularly mysid shrimp)
in the diets of bay anchovy (Hartman et al. 2004), juvenile weak-
fish (R.J.L., unpublished data), and spotted hake (Steimle et al.
2000). Spot and Atlantic croakers are more strongly associated
with benthic habitats, and a greater contribution of amphipods,
copepods, and annelids to their diets may explain their tendency
to exhibit δ15N values that were intermediate between those of
crustaceans and the other, more-pelagic fishes (Stickney et al.
1975; Nemerson and Able 2004). The δ15N values for our sam-
pled prey (and their corresponding trophic level; A.B., unpub-
lished data) also agreed with available isotopic and trophic level
data for these species in Chesapeake Bay and similar environ-
ments (Hagy 2002; Litvin and Weinstein 2003; Hoffman et al.
2007; Douglass 2008). This agreement helps to validate the ac-
curacy of the summer flounder results, for which comparable
stable isotope data do not exist.

CONCLUSIONS
Within the lower Chesapeake Bay main stem, stable isotope

analysis of multiple summer flounder tissues revealed a strong
dietary reliance on crustacean prey, including mysid shrimp,
mantis shrimp, and sevenspine bay shrimp. Although some in-
dividual summer flounder appeared to assimilate appreciable
amounts of fish prey, calculated mean contributions (based on
δ15N) of the crustacean group to summer flounder diets ranged
from 65% to over 100% during the fall, indicating that the ma-
jority of assimilated tissue was generated from crustacean food
sources. Consequently, the crustacean prey can play an impor-
tant role in energy transfer as a critical food web link for juvenile
and young adult summer flounder. Given their preponderance
in summer flounder stomachs, mysid shrimp in particular may
be the most important prey driving summer flounder productiv-
ity (Latour et al. 2008; this study). Fish prey also contributed
to tissue growth and metabolism in summer flounder, espe-
cially larger individuals, but dietary contributions by fish exhib-
ited annual variability. Summer flounder δ15N values generally
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1252 BUCHHEISTER AND LATOUR

mirrored the values for other small fishes (bay anchovy and
juvenile sciaenids), which suggests that these species occupied
a similar trophic level in the food web of lower Chesapeake
Bay. Isotopic results were in general agreement with the re-
sults of stomach content analysis, although the importance of
crustaceans may have been underrepresented in stomach con-
tents, particularly those of larger summer flounder. Overall,
we support recommendations that stable isotope methods are
best when applied in conjunction with additional techniques in
diet studies (Cloern et al. 2002; Fry 2006). The use of stom-
ach content and stable isotope analyses combined provided
both taxonomic specificity and integrative information on as-
similation. Together, these methods characterized the diets of
summer flounder more comprehensively and can be of greater
benefit to resource managers, ecosystem modelers, and other
researchers.
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