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Stable isotope analysis has become a common tool for mapping trophic relationships, describing foodweb changes, and assessing ecosystem
health. Clear interpretation of stable isotopes is facilitated by understanding how environmental factors can affect isotopic values; in es-
tuarine systems, these factors may include salinity, land use, and shoreline habitat. To evaluate these factors, fish were collected from
shallow-water habitats next to hardened (bulkhead and riprap) and unhardened (beach and marsh) shorelines within five subestuaries
of the Chesapeake Bay that differed in predominant land use and salinity. This study focused on three common mid-Atlantic fish
species: mummichog, Fundulus heteroclitus, Atlantic silverside, Menidia menidia, and white perch, Morone americana. Multiple regression
analyses pointed to standard length, salinity, % of watershed as developed or crop land, and shoreline habitat type as important predictors
ford15N in all three species and ford13C in mummichog and white perch. Further analysis controlling for the effects of salinity, land use, and
fish size demonstrated that d13C and d15N were lower in tissues of fish collected next to marsh compared with hardened or beach habitat.
Habitat effects were strongest for mummichog. This study focused on overarching patterns driving stable isotope signatures in fish;
however, it also indicated potentially important interactions between nearshore habitat type and land use or salinity that deserve
further analysis. Results have implications for the scale of isotope inquiry and give justification for more detailed follow-up studies of
foodweb structure along modified and natural shorelines.
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Introduction
Development in the coastal zone is changing the ecological processes
that link land and water and degrading habitats like marshes that are
critical for growth, feeding, and reproduction of fish (Chambers,
1992). In the year 2000, 50% of the US population resided within
80 km of the coastline (US Census, 2009a), and 8.6% lived on an
area of coastal erosion concern (Crowell et al., 2010). In shallow
water systems like the Chesapeake Bay, shoreline and landscape de-
velopment can have especially negative impacts on estuarine pro-
cesses because of a high watershed area to water volume ratio.
Some Chesapeake Bay subwatersheds are up to 87% developed (Li
et al., 2007); such development increases loads of nutrients,

sediments, and other chemicals from the landscape. Furthermore,
due to the high density of waterfront residences and the natural ten-
dency of Chesapeake Bay shorelines to erode, as much as 80% of

shoreline in subestuaries is fortified with artificial structures such

as riprap, bulkheading, and docks (X. Li, unpubl.).
Shoreline development reduces nearshore shallow habitat for es-

tuarine fishes, invertebrates, and plant life (Peterson et al., 2000;

Bilkovic et al., 2006; Breitburg and Houde, 2006; Bilkovic and

Roggero, 2008; Dugan et al., 2008). These shallow areas—in particu-

lar seagrass beds, oyster reefs, and marshes—function as important

forage, nursery, and refuge grounds for many species (Ruiz et al.,

1993; Beck et al., 2001; Jackson et al., 2001). Recent studies have
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demonstrated lower diversity of birds, fishes, and invertebrates
along hardened shorelines (bulkhead and riprap) than at unhar-
dened or natural habitats (Seitz et al., 2006; Bilkovic and Roggero,
2008; Dugan et al., 2008; Sobocinski et al., 2010). Others have
shown that nearshore development activities impact feeding, repro-
duction, or movement of estuarine biota ( Weinstein and Kreeger,
2000; Romanuk and Levings, 2006; Toft et al., 2007; Balouskus
and Targett, 2012). These studies call for a more detailed under-
standing of the mechanisms by which shoreline and watershed de-
velopment affect nearshore foodwebs.

Stable isotope analysis (SIA) of carbon and nitrogen (d13C and
d15N) may help address these questions. SIA is a useful tool to
understand the trophic position of fish (Vander Zanden and
Rasmussen, 1999; Post, 2002) and has been employed to describe
the foodweb structure of estuarine ecosystems (e.g. Peterson and
Fry, 1987; Fry, 2006; Winemiller et al., 2007). Isotopic composition
of fish tissue is the result of life history, feeding, movement, and bio-
geochemical and mixing processes. Carbon sources generally have
different C isotopic ratios (d13C, expressed in per mil ‰), but con-
sumer d13C increases only 0.4‰ per trophic level (Post, 2002). d13C
is therefore interpreted as an indicator of an organism’s primary
source of carbon. For example, phytoplankton d13C increases with
increasing salinity due to changes in d13C of dissolved inorganic
carbon (Fry, 2002). d13C is also dependent on primary producer
type and is lower in C3 terrestrial plants and the invasive reed
Phragmites australis, intermediate in benthic microalgae and sea-
grass, and elevated in C4 marsh plants such as Spartina alterniflora
(Wainright et al., 2000; Carman and Fry, 2002). In contrast, d15N
is affected by metabolism and generally increases as fish grow
(Pecquerie et al., 2010). d15N in predators is higher than that of
prey by 3–4‰ per trophic level (Minagawa and Wada, 1984;
Post, 2002); therefore, individuals and species at the top of the
food chain have the greatestd15N. Furthermore, because wastewater
15N is more enriched than chemical fertilizer or atmospheric N, the
values of d15N have been used to track sources and types of nutrient
enrichment in coastal systems (McClelland et al., 1997, Peterson
et al., 2007). Moreover, isotope signatures have been used to trace
fish site fidelity and movement (Gray et al., 2004; Litvin and
Weinstein, 2004; Herzka, 2005; Fry et al., 2008; Haas et al., 2009;
Weinstein et al., 2010) and track export of organic material out of
estuaries (Litvin and Weinstein, 2004). As a result, the use of SIA
to map trophic relationships and assess the heath and function of
coastal and estuarine habitats is becoming more common.

Information on the relative effects of shoreline habitat, salinity,
and land use on stable isotopic signatures would aid in interpreting
the results of SIA in coastal marine systems. Fry (2002) suggests a
positive relationship between d13C and salinity, as well as a negative
relationship between d15N and salinity in eutrophic systems such as
the Chesapeake Bay (Kemp et al., 2005). In addition, d15N is often
elevated by processes associated with developed and agricultural
land use (Cole et al., 2004; Diebel and Vander Zanden, 2009;
Hoffman et al., 2012). It is less clear whether shoreline habitat influ-
ences stable isotopic signatures, but isotopic ratios in fish may differ
with shoreline type for several reasons. First, shoreline development
(via riprap and bulkhead) is associated with the spread of P. australis
(King et al., 2007) and the reduction in native marsh vegetation
(Silliman and Bertness, 2004) and could therefore correspond to
lower d13C. Second, hardened shorelines tend to be deeper and
might better support pelagic food pathways, which are 13C depleted
compared with benthic pathways (Pinnegar and Poluonin, 1999).
Third, food pathways in subtidal habitats next to hardened

shorelines may be altered due to reduced abundance, biomass,
size, and diversity of benthic invertebrates (Seitz et al., 2006;
Dugan et al., 2008). Shoreline-related shifts away from microphyot-
benthos may affect d15N due to trophic level enrichment; alternate-
ly, a diet with less benthic invertebrates and more zooplankton would
tend to deplete consumer d15N. Finally, fish isotopic signatures might
differ if nutrient sources at individual sites are subject to different local
mixing processes (Hoffman et al., 2012) or if specific habitat types tend
to be located closer to development or further from native vegetation.
Importantly, in order for such differences to be measured, fish would
need to feed in respective habitats for long enough to assimilate the
unique isotopic “recipe” of a specific location’s available prey, and
this would be more likely for less mobile species or from locations
with suitable food and habitat to entice residency.

As part of a larger study to assess the impacts of watershed and
shoreline modification on upper trophic level species in the
Chesapeake Bay, fish were collected from shallow-water habitats
within subestuaries that differed in predominant watershed land
use. This study describes stable isotopes in fish from a subset of
these subestuaries and focused on three of the most abundant
species in estuaries of the Atlantic coast of the United States:
mummichog, Fundulus heteroclitus, Atlantic silverside Menidia
menidia, and white perch, Morone americana. All three species
are estuarine residents with limited home ranges in summer
(Atlantic silverside and mummichog: white perch: Lotrich, 1975;
Fry et al., 2008; McGrath and Austin, 2009), and individuals may
overwinter in deeper channels or out of the local subestuary
(Atlantic silverside: Conover and Ross, 1982; mummichog: Haas
et al., 2009; white perch: Mansuetti, 1961). Mummichog and
Atlantic silverside rely on marsh habitat for reproduction
(Balouskus and Targett, 2012), and studies have highlighted the
importance of Atlantic silverside as secondary producers along
marshes (Conover and Ross, 1982). Each of these species occupies
a slightly different foodweb position, and thus, differences in d13C
and d15N may be expected across species. Atlantic silverside is a
short-lived, opportunistic omnivore that feeds on phyto- and zoo-
plankton in the nearshore water column as well as on benthos
(Able and Fahay, 1998; Fry et al., 2008). The mummichog lives
up to 4 years and feeds on a variety of prey (primarily benthic)
on marsh surfaces during high tide (Kneib et al., 1980; D’Avanzo
and Valiela, 1990; Fry et al., 2008). Both species are important
prey items for larger exploited species such as adult white perch
and striped bass Morone saxatilis. White perch is a large, long-lived
(up to 16 years; Altman and Dittmer, 1962) omnivore that under-
goes an ontogenotic diet shift at �130 mm from benthic inverte-
brates to small fish (Smith et al., 1985). It feeds in shallow water
nearshore habitats, as well as on offshore habitats including oyster
beds. The ability to detect shoreline-specific differences in stable iso-
topic signatures likely differs among these three species. Turnover
rates of isotope ratios in mummichog muscle is approximately
months (Logan et al., 2006; Haas et al., 2009) and varies from
weeks to years in other fish, with longer turnover times for older
and larger fish (Weidel et al., 2011). Therefore, it was assumed that
d13C and d15N of fish caught in late summer largely reflect recent
diets within the subestuary of capture, but not necessarily at the spe-
cific habitat of collection. Stable isotopes were assumed to better
reflect local habitat for Atlantic silverside and mummichog than for
the larger, more mobile white perch. Examination of these three
species may capture differences in d13C and d15N tied to the scale
of feeding (white perch possibly feeding over larger home ranges)
as well as site vs. watershed level influences on d13C and d15N.
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The goal of this study was to test for the presence and direction of
differences in d13C and d15N at landscape (watershed land use) and
local (shoreline habitat type) scales and is unique in that it specific-
ally compared ∂13C and ∂15N of fish between marsh, beach, and har-
dened shoreline types (bulkhead and riprap). Based on prior studies,
d13C was expected to increase with salinity, and d15N was expected
to be positively related to developed and agricultural land use. To
evaluate how stable isotopic signatures may differ at small scales,
this study examined whether d13C and d15N in fish differed
between proximal unhardened and hardened shorelines (most
sites 300–1000 m apart). This study was not designed to parse out
all possible mechanisms. Instead, it considered several factors at
the level of individual fish (standard length, SL), site of capture (sal-
inity and shoreline habitat type), and subestuary watershed (the per
cent of watershed comprised of developed plus crop land, hereafter
“%dev+crop”). It was hypothesized that d15N would increase with
fish size and %dev+crop for all three species and that after control-
ling for fish size and subestuary of capture, d13C and d15N would
differ by shoreline type for less mobile species. Results presented
here have implications for the scale of isotope inquiry for resident
estuarine fish species.

Methods
Study locations
All fish were collected between August and September 2010 in drai-
nages of the mesohaline Chesapeake Bay (Figures 1 and 2).
Collections were part of a larger, ongoing study to assess the separate
and combined impacts of watershed and shoreline development on
the abundances, diversity, feeding, and health of fish and macroin-
vertebrate communities in shallow waters of the Chesapeake Bay.
Sites were selected in a factorial design, with one replicate of each
of four nearshore habitat types from each of five subestuaries that
differed in predominant watershed land use (Li et al., 2007;
Table 1 and Figure 1). In order of decreasing latitude, the subestu-
aries are: Langford Creek, agricultural watershed (64.44% cropland;
LG-AG); Stony Creek, developed watershed (51.39% developed;
SC-DEV); South River, mixed developed watershed (55.63%
forest 21.69% developed; SR-MXDEV); Rhode River, forested
watershed (60.43% forest; RR-FOR); and Honga River, other
mixed (37.81% forested, 25.15% wetland; HR-FORWET). It was
not possible to disentangle latitudinal or salinity differences from
land use, as the northernmost subestuaries in this study also had
the greatest percentage of developed and crop land. In the
Northern Chesapeake Bay, western shore watersheds are more
developed than those on the eastern shore. Eastern shore watersheds
tend to have more agriculture; the northernmost subestuary in this
study, LG-AG, is heavily impacted by various types of agriculture,
including corn and dairy (USDA, 2009). Land use attributes in Li
et al. (2007) were calculated from Landsat 7 satellite remote-sensing
imagery in the National Land Cover Dataset (NLCD, 2001; 30 m
resolution; Homer et al., 2004).

Four nearshore habitat types were sampled at the water’s edge.
These included: bulkhead (BH; vertical wooden or vinyl retaining
walls); beach (BC; sandy or coarse substrate with an absence of
large woody debris, fine organic material, or dense vegetation);
riprap (RR; shoreline armored primarily with large [.0.25 m diam-
eter] rock); and marsh (MA; stands of predominantly native emer-
gent vegetation dense enough to form a platform that is inundated at
high tides). BH and RR were selected only if the entire segment
fronted upland habitat (not marsh), and if the vertical habitat

remained inundated (at least 0.5 m) at low tide. Each sampling
area was centred within a stretch of contiguous habitat type
between 77 and 1603 m long (ignoring breaks ,3 m, e.g. docks).
Selection criteria also included that, when possible, all four
habitat types were colocated within a small distance (300 m–1
km) and not in separate arms of the subestuary. However, due to dif-
ferences in the degree of development of each subestuary (with
highly developed subestuaries lacking marsh, and less developed
subestuaries lacking bulkhead), colocating habitat types was not
always possible. Thus, the distance between habitat types was as
much as 4 km (bulkhead to marsh in the HR-FORWET).
Sampling locations within subestuaries are referred to as “sites”.

Salinity (reported as the average of surface and bottom) was
taken with an YSI 600 QS sonde (YSI Inc., Yellow Springs, OH,
USA) �20 m offshore, immediately before fish capture. Also imme-
diately prior or 18–24 h following fish capture, a water sample was
collected from a depth of 0.25 m below surface and stored on ice for
24–48 h for later analysis of nutrient constituents for use in a separ-
ate, ongoing study. Total nitrogen (TN), dissolved ammonium

Figure 1. Locations of study subestuaries and their watersheds in the
mesohaline Chesapeake Bay. Subestuary abbreviations denote the river
name plus the predominant watershed land use. These are Langford
Creek, agricultural watershed (64.44% crop; LG-AG); Stony Creek,
developed watershed (51.39% developed; SC-DEV); South River, mixed
developed watershed (55.63% forest 21.69% developed; SR- MXDEV);
Rhode River, forested watershed (60.43% forest; RR-FOR); and Honga
River, other mixed (37.81% forested, 25.15% wetland; HR-FORWET).
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(NH4), and nitrate plus nitrite (N03+N02) (mg/NL) were analysed
as described in Jordan et al. (1991). Nitrogen species were not ana-
lysed for every site used in this study, thus site-specific nutrient data
could not be included in the main statistical analyses. However, data
from 2–4 sites plus up to three additional nearby sites (Figure 2)
were summarized as subestuary averages for descriptive purposes
(Table 1).

Fish processing
Each fish sample was taken on an ebb tide using a 61-m boat-set
seine. Fish were collected from the shoreline out to 15–25 m from
shore at max depths ranging from 1 to 2 m. Up to 40 individual
white perch, Atlantic silverside, and mummichog of representative
sizes were retained for further analysis from each site. Fish were
cooled in an ice bath and flash frozen on dry ice in the field and
were kept frozen for 6–9 months before dissection in the laboratory.
Fish were partially thawed, and blotted wet weight (to 0.01 g) and SL
(mm) were recorded.

From each site, 1 or 2 fish from each of 5–14 representative size
bins (5 mm for Atlantic silverside and mummichog, 10 mm bins for
white perch) were randomly selected for analysis of d13C and d 15N
stable isotopes. Isotopic ratios in white perch were analysed from a
0.025–0.5-g dorsal tissue section from above the lateral line, not in-
cluding skin. This tissue was assumed to reflect whole-fish isotopic
composition based on the findings of Schielke and Post (2010).
Isotopic ratios for silverside and mummichog were determined
from whole fish less the gut, gonads, liver, and head, which were
removed for analyses not reported here. Tissues from all three fish
were acidified for 24–48 h in 0.6 M HCL to remove carbonates
that could interfere with the instrument function, dried in a 608C
oven for a minimum of 48 h, then ground using a mortar and
pestle, and weighed into tin capsules.

Samples were run at the Smithsonian OUSS/MCI Stable Isotope
Mass Spectrometry Laboratory (Smithsonian Center for Museum
Conservation) on a Thermo Delta V Advantage mass spectrometer
in continuous flow mode coupled to a Costech 4010 Elemental
Analyzer (EA) via a Thermo Conflo IV. Standards used were
Costech Acetanilide and a urea standard, both of which are cali-
brated to USGS40 (L-glutamic acid) and USGS41 (L-glutamic
acid). Repeated measures of standards, as well as different samples
taken from the same dried fish homogenate, differed by ≤0.2 per
mil (‰) for both ∂13C and ∂15N. Samples were not corrected for
lipid content. Post et al. (2007) suggest that lipid correction is
needed when lipid content is high [C:N . 3.5; range of C:N
values in Post et al. (2007) was � 3–7] and when comparing
species with variable lipid content. Although C:N ratios in this
study were not consistently below 3.5, they were low and did not
vary greatly between species (mean/max 3.52/4.04, 3.74/4.96,
and 3.34/3.63 for Atlantic silverside, mummichog, and white
perch, respectively). Additionally, there was not a strong relation-
ship between C:N and ∂13C; R2 values of these relationships were
0.02, 0.06, and 0.00 for Atlantic silverside, mummichog, and
white perch, respectively.

Statistical analyses
Since ∂15N has been shown to increase with increasing fish size in
mummichog (Griffin and Valiela, 2001) and white perch
(Weinstein et al., 2010), it was first established whether stable
isotope ratios of each species depended on fish size. ∂13C and ∂15N
of individual fish of each species within a subestuary were regressed
against SL, ignoring habitat. Sites with ,5 fish captured were
excluded, and some subestuaries had no sites with suitable
numbers, resulting in a total of 24 regressions. Due to several signifi-
cant correlations, SL was included as a candidate covariate in more
complex models. Next, the importance of SL, watershed land use,
salinity, and nearshore habitat were evaluated using multiple
linear regression. Because nearshore habitat was an important pre-
dictor, the effects of nearshore habitat type were then isolated and
compared while controlling for fish size and landscape factors in a
residuals analysis.

Multiple linear regression analysis
Potential predictors of d13C and d15N for each species were evalu-
ated using multiple regression models. Selected independent vari-
ables included the sum of percentage of crop and developed
watershed land (%dev+crop), site-specific environmental attri-
butes (salinity and shoreline habitat), and individual fish SL
(mm). Percentages of watershed developed and crop land were
summed as one predictor because of prior evidence that urban

Figure 2. Locations of sites where fish were captured within each
subestuary. Subestuary codes are given in Figure 1. Sites of fish capture
were one of four habitat types: beach, bulkhead, marsh, or riprap. Also
shown are locations where whole water samples were collected for
nutrient analysis as part of a separate study (T. Jordan, unpubl. data).
Nutrient data were collected from 2 to 4 of the same sites as fish
collections plus additional locations, either immediately before or
within 24 h of fish sampling (except sites in RR-FOR, which did not
overlap fish locations).
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Table 1. Attributes of sampled subestuaries.

Category

LG-AG SC-DEV SR-MXDEV RR-FOR HR-WETFOR
Langford Creek Stony Creek South River Rhode River Honga River
Agricultural Developed Mixed developed Forest Other mixed: wetlands/forest

Watershed land use
% developed 0.8 51.39 21.69 8.35 3.2
% crop 64.44 2.89 5.66 7.12 11.3
% forest 21.7 40.89 55.63 60.43 37.81
% wetland 2.37 1.52 1.25 1.34 25.15
Area (km2) 110.28 19.66 171.1 38.04 443.57

Subestuary
Surface area (km2) 12.6 2.6 22.9 4.8 100.8
Latitude 39.13 39.16 38.95 38.88 38.32
Tidal range (m) 0.36 0.32 0.3 0.31 0.57
Salinity when sampled (avg) 8.41 8.73 11.6 7.73 15.46
N03+N02 (mg N/l) when sampled(avg) 21.67 9.40 0.57 17.00* 1.50
Diss. NH4 (mg N/l) when sampled (avg) 108.50 87.36 46.57 117.27* 42.50
TN (mg N/l) when sampled (avg) 1 041.96 796.32 763.26 684.33* 815.65

Shoreline
% hardened 14.13 45.12 43.95 29.16 8.65
% with P. australis 26.49 5.53 8.5 11.64 4.4
Date sampled 24 August + 2 September 2010 4 and 5 August 2010 9 and 10 August 2010 19 –20 + 24 August 2010 31 August 2010

Sub-estuary land use classifications are from Li et al. (2007). Per cent shoreline hardened is the % of shore margin covered by docks, riprap, bulkhead, marina, and other hardened structures. Per cent hardened and % with
P. australis data are from shoreline surveys done by the Virginia Institute of Marine Science Center for Coastal Resources Management (CCRM). Land use and shoreline categories do not total 100% because other
categories are not shown in this table. Nutrient data (N02+N03), dissolved NH4 and TN (mg N/l) are displayed as averages of 3–7 sites within each subestuary. Nutrient data were collected at point locations
corresponding to either sites of fish capture or nearby locations, either immediately before or 18–24 h following fish capture. *Rhode River samples were taken 24 August 2010 at three locations different from fish
samples (Figure 2) and data were integrated over the water column at each site. Nutrient samples were collected as part of an ongoing study (unpublished data personal communication from T. E. Jordan) using
analytical methods detailed in Jordan et al. (1991).
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development (McClelland et al., 1997; Cole et al, 2004; Peterson
et al., 2007; Hoffman et al., 2012) and agriculture ( Harrington
et al., 1998; Kendall, 1998; Vander Zanden et al., 2005; Anderson
and Cabana, 2006) are similarly associated with enrichment of
15N in aquatic organisms. %Dev+crop and salinity in this study
were negatively correlated (R2 ¼ 0.77); however, because these
were of particular interest, each was included in separate models.
For each dependent variable ∂13C and ∂15N, two models were eval-
uated; the first included the predictors SL, habitat, %dev+crop and
the interaction between habitat and %dev+crop; the second
included SL, habitat, salinity, and the interaction between habitat
and salinity.

SL was lognormally distributed and log-transformed to approxi-
mate a normal distribution. Significant coefficients (at / ¼ 0.05)
were evaluated for continuous variables only, using standardized
(z-scored) coefficients, which give a better indication of the relative
importance of the predictors than non-standardized coefficients
(Walsh, 1990; Bring, 1994; Landis, 2005). This approach allows
the identification of differences between shoreline habitats import-
ant to modelling isotopic values alongside other important predic-
tors, including fish size, salinity, and land use. All p-values reflected
F-statistics calculated using type III sum of squares for generalized
linear models (Proc GLM procedure) in SAS statistical software
version 9.2.

There were significant interactions between subestuary charac-
teristics (either salinity or %dev+crop) and habitat for Atlantic sil-
verside (d13C), mummichog (d13C and d15N), and white perch
(d13C and d15N; as identified in multiple regressions above and
assessed in separate ANCOVA models, see Supplementary mater-
ial). These terms indicated that the relationship between habitat
and isotopic signature varied among subestuaries. The main text
focuses on overarching patterns across subestuaries through resi-
duals analysis, described below.

Isolating the effects of shoreline habitat
To examine the effects of shoreline habitat more thoroughly, SL was
regressed withd13C andd15N within each subestuary for each species.
Next, single-factor ANOVAs indicated whether the residuals of these
regressions varied among shoreline habitat type. Pairwise compari-
sons followed using the Tukey HSD post hoc tests. By assessing the
residuals of SL/isotope value relationships within each subestuary,
any variance in the data associated with the size of the individual
fish or the subestuary of capture was removed. Removed subestuary
level factors may include the effects of crop and developed land
and salinity addressed in multiple regression analyses, as well as
other uncontrolled factors that distinguish each subestuary such as
location along the mainstem of the Chesapeake Bay, nutrient loads,
and mixing processes. These analyses were run in the R statistical
package version 2.13.2 (www.r-project.org).

Results
Fish size relationships, range of isotope values, and
differences between species
In all, 162 Atlantic silverside, 115 mummichog, and 132 white perch
were analysed for dual ∂13C, ∂15N isotopic signatures. Numbers of
fish included per species by site ranged from 1 to 18 (mean ¼ 8),
with missing values (no fish caught) for white perch at three sites
and for mummichog at six sites. Atlantic silverside were found
and analysed for isotope signatures from every site. However, sites
with fewer than five individuals captured were excluded from

statistical analyses. SL of individual fish used for analysis ranged
between 29 and 115 mm (mean 52) for Atlantic silverside, 31 and
90 mm (mean 60) for mummichog, and 30 and 228 mm (mean
139) for white perch. Size distributions and mean size by site were
not consistent across sites, especially for white perch (Table 2). Of
24 possible regressions relating ∂13C or ∂15N to individual fish size
by river and species, eight were significant (p , 0.05, Figures 3
and 4). River-specific linear relationships between white perch
isotope ratios and fish size were not significant and thus are not
included in these figures. Of the significant models, ∂13C or ∂15N
increased with SL in mummichog, but declined with SL in
Atlantic silverside (with one exception).

Variation in isotopic values among individual fish at each site was
low: standard error (s.e.) ranged from 0.34 to1.43‰ for ∂13C and
from 0.18‰ to 0.99 ‰ for ∂15N (Table 2). Variation in the isotopic
value declined only slightly for sites with a greater number of ana-
lysed fish. Site means of both ∂13C and ∂15N at individual habitats
within a subestuary were often distinct, with non-overlapping
values for mean + s.e. (Figure 5 and Table 2), demonstrating com-
bined ∂13C, ∂15N differences on spatial scales of 300–4000 m (most
sites 300–1000 m apart).

∂13C values for all individual samples were between 216 and
226‰ with site means between 217 and 224‰ (Figure 5,
Table 2). Although overall ∂13C values for each species were
similar, ∂13C was higher in white perch (220.38 + 0.14 s.e.) than
mummichog (221.04‰ + 0.15 s.e.) or Atlantic silverside
(220.95 + 0.12 s.e.). Mean ∂13C values were highest the most
saline subestuary (HR-FORWET; Figure 5, Table 2).

∂15N values for all individual samples fell between 12 and 20‰
with site means between 13 and 19‰ (Figure 5). ∂15N was lower
in mummichog (15.94‰ + 0.12 s.e.) than either white perch
(17.32 + 0.12 s.e) or Atlantic silverside (16.94 + 0.10 s.e.). Mean
∂15N values across all three species were lowest in the least developed
watershed, HR-FOR, and highest in the agricultural watershed,
LG-AG (Figure 5, Table 2). Rank order of mean ∂15N values was
the same for each species (in descending order: LG-AG, RR-FOR,
SC-DEV, SR-MXDEV, HR-FOR).

Multiple regression
Multiple regression models evaluated the influences of fish size (SL),
shoreline habitat, watershed land use (%dev+crop), and the inter-
action between salinity or %dev+crop and shoreline habitat. Due to
high negative correlation between salinity and %dev+crop (R2 ¼

0.77), two sets of multiple regression models were run including
these two predictors separately. Salinity was positively correlated
with d13C values in Atlantic silverside and white perch and negative-
ly correlated with d15N for all three species. Conversely, %dev +
crop was negatively correlated with d13C in Atlantic silverside and
white perch and was positively correlated with d15N for all three
species. Shoreline habitat was an important predictor of d13C and
d15N values in mummichog and white perch in models including
either salinity or %dev+crop (Table 3). Shoreline habitat was not
a significant predictor of d13C in Atlantic silverside for models
and was marginally non-significant in the model for Atlantic silver-
side d15N that included salinity. Notably, the interaction between
habitat and salinity (or habitat and %dev+crop) was significant
for models for both d15N and d13C in all three species except d13C
in Atlantic silverside. This suggests that habitat effects may differ
among subestuaries, and further analysis was required to expose
overarching patterns.

Isolating shoreline effects
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Effects of shoreline habitat were isolated by examining patterns
in the residuals of the relationship between SL and d13C or
d15N. Residuals were calculated for each species within each subes-
tuary, effectively removing variance associated with body size or in-
dividual subestuary characteristics (which could reflect the effects of
crop and developed land highlighted above, as well as location on the
mainstem of the Chesapeake Bay, average salinity, nutrient loads,
etc.). Shoreline habitat was a significant predictor of Atlantic silver-
side d15N (p ¼ 0.036), mummichog d15N (p , 0.001), and
mummichog d13C (p ¼ 0.007) after removing the effects of fish
size and river. Habitat was not an important predictor of d13C or
d15N in white perch, suggesting that significant habitat effects in
the white perch multiple regression models were due solely to inter-
actions between habitat and subestuary characteristics. The Tukey

HSD post hoc comparisons showed that Atlantic silverside d15N
was lower from marsh than from riprap or beach; mummichog
d15N was lower from marsh than riprap, bulkhead, or beach; and
that mummichog d13C was lower from marsh than riprap
(Figure 6).

Discussion
This study specifically compared ∂13C and ∂15N of fish between
marsh, beach, bulkhead, and riprap from five subestuaries of the
mesohaline Chesapeake Bay and documented that stable isotopes
in fish tissue differed between fish collected at marsh and other
shoreline habitats. Subestuaries represented a range of watershed
landscape uses and included various percentages of developed
land (residential, urban, and commercial development), forests,

Table 2. Sample size, mean, and s.e. of SL (mm), ∂13c and ∂15N of Atlantic silverside, mummichog, and white perch.

Subestuary Habitat n

SL (mm) ∂∂∂∂∂13C (‰) ∂∂∂∂∂15N (‰)

Mean s.e. Mean s.e. Mean s.e.

Atlantic silverside
LG-AG BC 10 48.4 2.93 221.8 0.34 18.66 0.26

BH 7 52.71 3.91 221.9 0.3 17.75 0.07
MA 10 51.2 3.37 222.15 0.3 18.9 0.08
RR 8 58.13 5.71 221.92 0.22 18.34 0.22

SC-DEV BC 8 48.63 4.1 219.73 0.43 16.95 0.18
BH 8 75.75 9.18 220.51 0.3 16.54 0.33
MA 8 46.5 4.84 219.36 0.2 17.65 0.07
RR 9 59.22 6.95 220.19 0.41 17.46 0.29

SR-MXDEV BC 7 46 4.56 222.46 0.37 17.06 0.2
BH 7 42.43 4.14 223.51 0.34 16.85 0.07
MA 7 45.71 5.05 223.82 0.54 15.89 0.17
RR 5 45.8 3.17 222.9 0.35 16.8 0.1

RR-FOR BC 10 45.1 2.94 221.46 0.16 17.92 0.17
BH 7 60.71 3.99 220.72 0.28 17.59 0.27
MA 7 48.86 4.43 222.51 0.43 17.09 0.15
RR 9 53 2.91 221.35 0.22 17.78 0.18

HR-FORWET BC 11 49.18 2.26 219.08 0.1 15.05 0.07
BH 8 56.38 4.25 219.52 0.18 14.97 0.14
MA 7 52.71 1.21 217.95 0.46 14.04 0.33
RR 9 58 3.38 218.09 0.32 14.74 0.15

Mummichog
SC-DEV MA 18 54.22 3.04 220.49 0.18 16.19 0.21

RR 16 62.69 2.75 219.69 0.15 17.33 0.11
SR-MXDEV BC 10 66.2 2.35 221.86 0.25 16.03 0.15

BH 7 68.43 3.63 221.81 0.43 15.31 0.16
MA 17 48.82 3.04 222.07 0.19 13.79 0.2
RR 13 60.62 2.35 221.1 0.23 15.47 0.08

RR-FOR BH 7 78.43 2.42 220.63 0.44 17.26 0.1
MA 16 57.06 3.58 221.88 0.28 16.01 0.13

White perch
LG-AG BC 11 120.36 11.39 221.28 0.25 18.48 0.14

BH 12 113.67 12.55 221.39 0.2 17.54 0.19
MA 11 130.18 11.63 221.19 0.13 18.19 0.17
RR 12 131.83 13.26 221.09 0.19 18.12 0.16

SC-DEV BC 12 100.58 13.24 220.14 0.22 17.37 0.26
BH 12 136.36 12.47 220.13 0.26 17.73 0.2
MA 10 127.6 18.26 220.34 0.18 17.54 0.07
RR 13 116.08 13.42 220.46 0.17 17.48 0.12

SR-MXDEV BH 11 149.36 15.28 220.94 0.23 16.76 0.17
MA 7 165.29 13.59 221.29 0.17 16.01 0.38

HR-FORWET MA 6 192.5 9.44 217.11 0.28 14.72 0.14
RR 7 189.86 5.64 217.07 0.34 15.31 0.36

Delta values of C and N are in per mil (‰) notation. Fish were not captured from every site sampled, resulting in an unbalanced data structure. Data are only
shown for sites where ≥5 fish were captured.
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and agriculture. The analyses employed allowed evaluation of the
effects of habitat type at small scales while considering or controlling
for individual fish size and subestuary scale factors. In agreement
with other studies, land use, salinity, fish size, and proximity to
marsh habitat were found to be important predictors of isotope
ratios in fish. Based on residuals analysis, shoreline habitat was a sig-
nificant predictor of Atlantic silverside d15N as well as mummichog
d15N and d13C. In all three cases, marshes were depleted relative to
other habitats (e.g. individuals collected at marshes were consistent-
ly below the best-fit regression lines of fish size and isotopic value
from each of the five subestuaries). Because individual sites
(habitat types within a subestuary) were typically located only
300–1000 m apart, these results have implications for the appropri-
ate scale of investigation for isotope studies in fish.

Fish size and isotope ratios
Relationships between SL and both ∂13C and ∂15N varied among
subestuaries; correlations were negative in some subestuaries and
positive in others. Literature indicates that tissue typically
becomes enriched in 15N as fish grow and eat larger prey, with a

3.5‰ increase in ∂15N corresponding to a shift of one trophic
level (Currin et al., 2003). However, Atlantic silverside∂15N declined
with increasing fish size in two subestuaries. Recent history of where
the fish has lived can affect how ∂15N values change with size. For
example, Griffin and Valiela (2001) hypothesized that large
Atlantic silversides returning to rivers with high anthropogenic N
loads may carry a lower ∂15N signature from offshore waters.
Migrations from overwintering sites are unlikely to explain negative
correlations between size and ∂15N observed in this study; however,
because fish were collected in late summer and were primarily com-
prised of young-of-year Atlantic silversides (unpublished
length-at-age data, M. Kornis). Instead, negative correlations
between ∂15N and Atlantic silverside SL may indicate a diet shift
towards food less enriched in 15N. Effluent from wastewater treat-
ment facilities located on or near four subestuaries (RR-FOR,
SR-MXDEV, SC-DEV, and LG-AG) could influence this pattern,
but further sampling and experiments would be required to test
this hypothesis. Depletion of ∂13C with size (seen for Atlantic silver-
side in LG-AG and SC-DEV, and mummichog in SR-MXDEV)
could also indicate a size-related diet shift from Spartina spp. to
phytoplankton carbon sources, or a shift towards P. australis,
which is lighter in ∂13C than Spartina spp. or benthic algae
(Wainright et al., 2000; Weis, 2005) and is associated with watershed
development (Bart et al., 2006; King et al., 2007). Correct identifica-
tion of mechanisms responsible for the observed relationships
between fish size and stable isotopes will require further sampling
and experiments.

Salinity and land use effects on isotope ratios
Landscape-level influences are important because they alter the
background or baseline of isotope ratios that then are transformed
within local foodwebs. Because salinity and per cent of watershed
as developed or crop (%dev+crop) were negatively correlated,

Figure 3. Regressions of ∂13C (a, c, e, g, and i) or ∂15N (b, d, f, h, and j) vs.
SL (mm) for Atlantic silverside by subestuary: LG-AG (a and b), SC-DEV
(c and d), SR-MXDEV (e and f), RR-FOR (g and h), and HR- FORWET (i
and j). Regression lines, R2, and p-values are shown only where p , 0.05.

Figure 4. Regressions of ∂13C (a, c, and e) or ∂15N (b, d, and f) vs. SL
(mm) for mummichog by subestuary: SC-DEV (a and b), SR-MXDEV (c
and d), RR-FOR (e and f). Regression lines, R2, and p-values are shown
where significant (p , 0.05).
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they cannot be disentangled and were evaluated in separate models
and the results of all four models were presented for each of three
species. Nonetheless, past evidence suggests that land use is likely
the primary driver of ∂15N in this study, whereas both salinity and
land use likely drive ∂13C (as discussed below).

Multiple regression analysis showed d15N values of all species
were positively correlated with the sum of developed and crop
land and negatively correlated with salinity (Table 3). Negative rela-
tionships between salinity and ∂15N are probably coincidental, as
there was an increasing influence of anthropogenic N in upstream,
less saline locations. This hypothesis is substantiated by post hoc
regressions showing strong relationships between ∂15N of each
species and log-transformed dissolved NH4 and TN (for Atlantic sil-
verside, mummichog, and white perch: p ¼ 0.001, 0.01, and 0.001
and R2 ¼ 0.69, 0.69, and 0.73). Although negative relationships

between ∂15N and salinity have previously been reported from eu-
trophic estuarine systems, negative patterns were strongest over a
salinity gradient from 15 to 35 PSU; ∂15N values were relatively
stable over the range of salinities observed in this study (8.4–15.5
PSU, Table 1; Fry, 2002). Conversely, human land use (urban devel-
opment and agriculture) can be associated with factors that increase
denitrification, which causes enrichment of 15N. A multitude of
studies document a relationship between urban development or
wastewater effluent and ∂15N in varied organisms within coastal
(McClelland et al., 1997; Cole et al., 2004) and freshwater
(Peterson et al., 2007; Hoffman et al., 2012) systems. For example,
McClelland et al. (1997) found elevated ∂15N in fish from drainages
to Waquoit Bay, Massachusetts, were associated with sewage nitro-
gen inputs, which are often elevated in urban watersheds (Cole et al.,
2004). The impact of agricultural N on isotope ratios in aquatic
foodwebs is less well understood. Elevated∂15N values are frequently
reported from aquatic systems with agricultural watersheds
(Harrington et al., 1998; Vander Zanden et al., 2005; Anderson
and Cabana, 2006), but there is debate regarding whether this
pattern derives from organic fertilizer (manure) or inorganic fertil-
izer. Organic fertilizer is more enriched in 15N than inorganic fertil-
izer (Kendall, 1998) and several studies have reported strong
relationships between livestock abundance and 15N enrichment
(Vander Zanden et al., 2005; Anderson and Cabana, 2006).
However, denitrification of inorganic fertilizer N may also contrib-
ute 15N enrichment (Kendall, 1998), and a recent study by Diebel
and Vander Zanden (2009) found that the denitrification of inor-
ganic N (rather than N from manure) was the dominant driver of
∂15N variability in invertebrates of Wisconsin streams. Regardless
of the root cause of 15N enrichment, data presented here also
suggest that agricultural practices, as well as development, may
have a strong effect on elevating 15N in fish.

Relationships between land use and ∂13C are more complicated
and likely involve correlations with salinity as well as interactions
with vegetation type such as P. australis that are influenced by water-
shed development. The multiple regression models highlighted sal-
inity as a significant positive predictor of ∂13C for Atlantic silverside
and white perch. This agrees with many other studies stating ∂13C is
higher at downstream, more saline locations due to geochemical
processes related to the mixing of freshwater and seawater (Hunt,
1966; Fry, 2002). Lower ∂13C in SC-Dev and LG-AG may also
reflect greater pelagic influence (related to hardened shorelines
and reduced Spartina spp. marshes) or prevalence of P. australis
(Table 1). For example, Weinstein et al. (2000) found that white
perch collected in upestuary, low salinity (,10PSU) reaches of
Delaware Bay were 13C depleted relative to downstream sites and
suggested that this was due to a shift in diets supported by P. australis
upestuary to diets supported by Spartina spp. and microalgae down-
estuary. Significant salinity effects in multiple regression models
reflected differences among subestuaries (variance of 7.1) rather
than within subestuaries (average variance of 0.22). Salinity and
habitat type were not correlated, and the salinity differences (,1
PSU) observed among shoreline habitats within subestuaries were
likely too small to affect ∂13C values.

Although significant associations between stable isotopic values,
salinity, and land cover are reported by this study, subestuaries may
differ in ways not easily described by these broad-scale predictors.
Potentially relevant differences among subestuaries include the
amount and distribution of sewage effluent point sources, the
density of septic tanks, the amount of animal manure and inorganic
N fertilizer in the watershed, the extent of water mixing with the

Figure 5. ∂13C and ∂15N for Atlantic silverside (a), mummichog (b),
and white perch (c) at four shoreline types (sites) within each of five
study subestuaries. Datapoints are mean + 1 s.e. for 1–18 individuals
sampled per site. Sites with ,5 individuals are shown here, however,
were excluded from statistical analyses. See Figure 1 for subestuary
codes and locations.
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main body of the Chesapeake, and the degree of denitrification at-
tributable to anoxic or hypoxic water. These factors often interact
in complex ways. For example, nearshore waters in some locations
in the Chesapeake Bay periodically experience diel anoxia or
hypoxia during summer, and both water mixing (Breitburg, 1990)
and anthropogenic nutrient enrichment (Breitburg et al., 2009)
have been shown to affect the frequency and severity of these
events. In addition, variation in d15N and d13C may also differ by
subestuary location independent of land use, due to differences in
mixing and subestuary morphology (Hoeinghaus et al., 2011;
Hoffman et al., 2012). Parsing out the factor or factors behind the
correlations between land use, salinity, and stable isotopic signature
are beyond the scope of this study.

Small-scale habitat effects on isotope ratios
A central focus of this study was to assess whether ∂13C and ∂15N of
fish differ with respect to four specific near shore habitat types. After
controlling for the effects of fish size, land use, and salinity, ∂15N was
lower in mummichogs and Atlantic silversides from marsh shore-
lines compared with beach, riprap, and bulkhead (mummichog
only) over very small spatial scales (most sites within 300–1000 m
of each other). Mummichog ∂13C was also lower from marsh com-
pared with riprap habitat. These differences are likely attributable to
a habitat effect because the residuals approach controlled for the
effects of fish size and subestuary-specific features (including land
use and salinity). Marsh-specific differences are consistent with pre-
vious studies, demonstrating that vegetation can contribute to
small-scale variation in fish isotopic signatures. For example,
Weinstein et al. (2000) documented differences in carbon sourced
from P. australis vs. Spartina spp. marshes, whereas Weinstein

et al. (2010) found elevated ∂13C and ∂15N in white perch collected
from a Phragmites-dominated marsh relative to open water 1–2 km
distant. Small-scale variation in stable isotopes is not always attrib-
utable to vegetation, however; Green et al. (2012) found significantly
different ∂13C and ∂15N in five fish species between saltmarshes 0.9–
2.2 km distant in England despite comparable vegetation and diets
among sites and attributed this to differences in local environmental
conditions and short-term site fidelity. Small-scale (,2 km) vari-
ation in stable isotopes has also been documented near point
source effluents (Galloway et al., 2003) or along gradients running
down river or estuarine corridors (Gray et al., 2004; Harrod et al.,
2005; Hoffman et al., 2010). The growing body of evidence support-
ing small-scale variation in fish isotopic signatures has implications
for foodweb mapping and for identifying short distance movements
of fish (Durbec et al., 2010; Fry and Chumchal, 2011). Small-scale
variation in isotopic signatures may also indicate a change in eco-
logical function, e.g. changes in diet due to predator behaviour or
prey availability, changes in predominant primary producers, or
changes to local biogeochemistry and baseline isotopic signatures.

There are several potential explanations for differences in isotop-
ic signatures from fish with respect to shoreline habitat. First, fish in
each habitat may feed at different trophic levels. Shoreline modifica-
tion can affect the composition of benthic invertebrate communities
and their predators (Seitz et al., 2006) and can also affect interactions
between fauna by affecting the availability of shallow water refuge
habitat (Ruiz et al., 1993; Toft et al., 2007). Alternatively, isotopic
ratios of food items at each habitat type may be measurably distinct
because the base of the foodweb is different (macroalgae vs. phyto-
plankton), local biogeochemistry is different (i.e. nitrogen additions
from sewage vs. natural sources, or different rates of dentrification),

Table 3. Coefficients of important predictors of d13C and d15N.

d13C d15N

Salinity % Developed 1 Cropland Salinity % Developed 1 Cropland

Atlantic silverside
SL 20.11 (p ¼ 0.0389) 20.16 (p ¼ 0.0127)
Habitat (p ¼ 0.0669)
% Developed + Cropland 20.35 (p ¼ 0.0111) + 0.62 (p , 0.0001)
Habitat:%Dev+Crop (p ¼ 0.0082)
Salinity + 0.50 (p , 0.0001) 20.69 (p , 0.0001)
Habitat:salinity (p , 0.0001)

Mummichog
SL + 0.17 (p ¼ 0.0514) + 0.19 (p ¼ 0.0292) + 0.16 (p ¼ 0.0562) + 0.18 (p ¼ 0.0471)
Habitat (p ¼ 0.0112) (p ¼ 0.0031) (p ¼ 0.0345) (p ¼ 0.0064)
% Developed + Cropland
Habitat:%Dev+Crop (p ¼ 0.0051) (p , 0.0001)
Salinity 21.37 (p ¼ 0.0163)
Habitat:salinity (p ¼ 0.0079) (p ¼ 0.0002)

White Perch
SL 20.11 (p ¼ 0.0735)
Habitat (p , 0.0001) (p , 0.0001) (p ¼ 0.0111) (p ¼ 0.0008)
% Developed + Cropland 21.36 (p , 0.0001) + 1.15 (p , 0.0001)
Habitat:%Dev+Crop (p , 0.0001) (p , 0.0001)
Salinity + 0.99 (p , 0.0001) 20.81 (p , 0.0001)
Habitat:salinity (p , 0.0001) (p , 0.0001)

Each column represents a distinct multiple regression model, with either d13C or d15N as the dependent variable. Because salinity and land use were highly
correlated, two models for each dependent variable were considered; the first included the predictor sum of %watershed classified as either developed or
cropland (%dev+crop) and the habitat:%dev+crop interaction; the second included predictor salinity and the habitat:salinity interaction. Standardized
(z-scored) regression coefficients were used, and the absolute value of each coefficient relative to others in the same model can be cautiously interpreted as an
indicator of effect size. Significant predictors (at / ¼ 0.05) are given in bold type. Predictors with p-values between 0.05 and 0.1 may still be important and are
shown in plain type.
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prey items feed at different trophic levels, or any combination of the
above.

Although there is some evidence for small-scale (,1 km) differ-
ences in all three study species, habitat-level differences were most
evident in mummichog, a species known for fidelity to marsh
habitat. Mummichog isotope ratios differed not only across subes-
tuaries (substantiated by significant interactions between subestu-
ary factors and habitat), but also between nearshore habitat types
in predictable ways regardless of larger landscape factors (evinced
by residuals analysis). Many studies have shown that mummichog
are more resident than migratory (e.g. Sweeney et al., 1998; Fry
et al., 2008); however, Haas et al. (2009) found that mummichog
in a New England estuary likely made intra-seasonal migrations of
6–10 km. In the current study, individual measurements of
mummichog isotope ratios did not vary much within a site (stand-
ard errors between 0.08 and 0.44). The turnover rate of stable iso-
topes in mummichog muscle tissue is �2 months (Logan et al.,
2006; Haas et al., 2009). The current analysis used mummichog
muscle and bone tissue; thus, isotope ratios in these mummichog
samples are expected to integrate feeding history over ≥2 months.
This, along with statistical differences in isotope signatures by

nearshore habitat type may point to mummichog site fidelity in
the subestuaries studied here. Alternatively, prolonged feeding on
a food item common to different habitat segments (i.e. spatially
separated marshes) could explain differences attributed to individ-
ual sites of capture.

There is also a moderate amount of evidence for habitat-level dif-
ferences in Atlantic silverside ∂15N. Multiple regression models of
Atlantic silverside ∂15N included significant interactions between
habitat and either salinity and %dev+crop. Residuals analysis sug-
gested that Atlantic silverside ∂15N is lower on marsh compared with
riprap and beach. Interestingly, Atlantic silverside ∂13C did not
differ significantly among habitats, which may suggest that the
carbon source of Atlantic silverside forage was consistent across
habitats. In contrast, there is little evidence for generalized
habitat-related patterns in white perch isotopic signature
(Figure 6). Indeed, hardened shoreline types tend to be colocated
due to development patterns, and fish movement and dietary
mixing between these two habitats is plausible for a species like
white perch. Nonetheless, McGrath and Austin (2009) demon-
strated that white perch from the York River, VA, retained small
home ranges of 0.11 km22, during summer, especially along
marshes. Fish need to feed in a given area long enough relative to
tissue turnover time to acquire the local isotopic fingerprint
(Layman et al., 2007). Isotope turnover rates are expected to be
longer in older and larger fish (Weidel et al., 2011), and white
perch may occupy their relatively small summer home ranges for
too short a time frame, for local conditions to be reflected in iso-
topes.

Regardles of fish species, tissue isotope ratios were not shown to
differ between riprap, bulkhead, and beach habitat in the residuals
analysis. This could mean that these shoreline types offer similar
food and nutrient resources or that fish transition quickly
between all three habitats as explained above. A related study (M.
Kornis, unpubl. data) in the same and additional subestuaries of
the Chesapeake Bay, Atlantic silverside was found overwhelmingly
at beach habitat. Therefore, for this species, beach is not simply a
transition between bulkhead and riprap. The results presented
here may reflect how marsh habitat is fundamentally different
from other habitat types; beach, riprap, and bulkhead are associated
with similar basal food sources (indicated by ∂13C) and nutrient
and/or trophic level (indicated by ∂15N) processes that are
notably different from those along marshes.

Limitations
The data presented here point to landscape effects on baseline
isotope ratios (as summarized by multiple regression analysis) as
well as depletion of d13C and d15N from certain species at
marshes vs. other shoreline types. A more thorough assessment of
potential drivers would require knowledge of site-specific isotopic
signatures of primary food sources (Post, 2002; Layman et al.,
2012) and a better understanding of how local mixing processes
affect nutrient sources at specific shoreline reaches within a subestu-
ary (Hoffman et al., 2012). Data were not available for these assess-
ments, and thus this study is limited to speculation regarding the
mechanisms of identified patterns.

Additionally, the data used in this study were unbalanced, with
missing values (no fish caught) for white perch at three sites and
for mummichog at six sites. The unbalanced nature of our data
reflects habitat preferences of fish species as well as interannual vari-
ation in recruitment. The dataset does limit the strength of analyses
involving mummichog and white perch, since not all habitat types

Figure 6. Boxplots of standardized means of ∂13C and ∂15N for Atlantic
silverside, mummichog, and white perch at four shoreline types. Data
used are residual values of the ∂13C or ∂15N vs. SL (mm) relationship
within a subestuary, summarized by habitat type over all five
subestuaries. Tukey HSD post hoc comparisons showed that Atlantic
silverside ∂15N was lower from marsh than from riprap or beach;
mummichog ∂15N was lower from marsh than riprap, bulkhead, or
beach and that mummichog ∂13C was lower from marsh than riprap.
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were represented in all subestuaries. As described above, this study is
also limited in its ability to disentangle factors contributing to differ-
ences observed among subestuaries. Additional replication across
habitat types and land use gradients would have strengthened the
study design and ability to discriminate differences between
habitat types, as well as interactions between watershed land use
and shoreline habitat types and is the focus of ongoing work.
Estuary-specific details, such as interactions between habitat and
subestuary, are not addressed in this paper to emphasize overarch-
ing patterns but the interested reader can access these results avail-
able in the ICESJMS online version of the paper.

Conclusions
Clear interpretation of stable isotopes in estuarine foodwebs
requires an understanding how salinity, land use, site fidelity, and
shoreline habitat affect isotopic values of consumers. This study
found that ∂13C and ∂15N ratios in fish tissues within Chesapeake
Bay subestuaries differed with respect to landscape factors and
also differed by nearshore habitat type. These data indicate that
isotope ratios in white perch differ between watersheds, while iso-
topes in mummichog, Atlantic silverside, differ over small (300–
1000 meters) distances as well as between watersheds. The data
largely point to differences in stable isotopes fingerprints of
mummichog and Atlantic silverside collected from marshes relative
to beach or hardened structures. This concurs with literature docu-
menting differences in stable isotopes of fish from marshes relative
to other habitats; however, this may be the first study to specifically
compare stable isotopes in fish along marshes, beach, and hardened
habitat. Also consistent with other literature, ∂15N was elevated in
watersheds with greater urban and agricultural land use.
Differences between individual subestuaries may be potentially im-
portant. Future work should more fully address interactions of
watershed- and small-scale modifications on estuarine foodwebs,
such as the tendency for highly developed watersheds to also
contain long stretches of hardened shoreline, and predominance
of invasive P. australis relative to native vegetation on marshes
(Bart et al., 2006; King et al., 2007). Inquiry into isotopic differences
within consumers along shorelines may be clarified by controlling
for site fidelity, which could be accomplished by examining macro-
invertebrates rather than fish. More detailed stable isotope studies,
including development of mixing models, may also help assess
trophic functioning of small-scale habitats along unhardened and
hardened shorelines.

Supplementary material
Supplementary material is available at the ICESJMS online version
of the paper. The supplement includes additional attributes (such
as length of habitat type) of specific sampling locations within sub-
estuaries and results of the ANCOVA analysis highlighting interac-
tions between fish size, habitat, and subestuary.
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