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Abstract

Blue crabs (Callinectes sapidus) and deposit- and suspension-feeding bivalves (Macoma balthicaand M. mitchelli) play
important roles in the food web of Chesapeake Bay and may serve as indicators of ecological health, particularly in small
subestuaries where conditions may be strongly linked to watershed and local factors. We sampled 19 subestuaries of
Chesapeake Bay to test hypothesized relationships of blue crabs and bivalves with salinity (a regional indicator), watershed- and
local-scale land use, and local habitat and water quality. We divided the subestuaries into five land-use categories: forested,
developed, agricultural, mixed agricultural and mixed-developed. We measured water quality, sediment class, physical habitat
and adjacent land use/land cover at each of six stations within each subestuary. Fyke nets were employed to estimate blue crab
abundance and size-structure, while cores were used to estimate bivalve densities and biomass. Classification and regression
tree (CART) analysis indicated that 51% of the variance in blue crab abundance was explained by salinity, watershed land use
and shoreline marsh habitat. Crab abundance was greatest at salinities >16 ppt, but in lower salinities crabs were most abundant
along marsh shorelines in forested and mixed land-use watersheds. Juvenile crabs <85 mm were more strongly associated with
shoreline marshes, particularly in subestuaries with forested and mixed land-use watersheds. Macoma spp. were similarly
associated with shoreline marshes but mainly in muddy bottoms at moderate-to-high salinities; however the best CART model
only explained 25% of variance in bivalve abundance. These results were consistent with our predictions that shoreline
wetlands and watershed land use may have important effects on these taxa along the estuarine salinity gradient, and are
consistent with hypotheses based on previous descriptive and experimental research linking blue crabs and deposit-feeding
bivalves to habitats rich in allochthonous detritus.
© 2005 Elsevier B.V. All rights reserved.
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ested in developing biotic indicators of ecosystem
health in estuaries (e.g., Rakocinski et al., 1997; Smith
et al., 2001; Paul et al., 2001). A common approach to
ecological assessment in estuaries is the use of
community-level attributes that can reliably distin-
guish between a population of sites classified a priori
as “reference” or “impaired”. These approaches
typically have relied on taxonomic information from
macrobenthic species assemblages to develop multi-
metric indexes of biological integrity (e.g., B-IBI;
Weisberg et al., 1997). While effective for identifying
sites with degraded benthic communities, these
indexes do not directly measure condition of many
other important components of an estuarine ecosystem
(e.g., productivity, food-web stability; Suter, 2001).
Moreover, index development, particularly in the mid-
Atlantic region of the USA, has focused primarily on
the mainstem of large estuaries or their major
tributaries. Little work has been done in nearshore
areas of smaller subestuaries, which are highly
productive and critical habitats for a variety of
important estuarine taxa (e.g., Hines et al., 1990;
Everett and Ruiz, 1993; Ruiz et al., 1993).
Numerous socioeconomic and ecological attributes
make blue crabs (Callinectes sapidus Rathbun)
potentially ideal indicators of environmental condi-
tions in estuarine ecosystems. Blue crabs are distrib-
uted throughout Chesapeake Bay and other estuaries
of the East and Gulf coasts of North America and
disperse across a wide range of salinities following
settlement in the polyhaline zone (Van Engel, 1958;
Millikin and Williams, 1984). Blue crabs support the
most important commercial fishery in mid-Atlantic
estuaries (Rugolo et al., 1998). As the dominant
benthic predator and as prey for some larger predators,
they also play a critical role in energy transfer in
estuaries (Baird and Ulanowicz, 1989). Blue crabs
feed intensively on benthic infauna, particularly
bivalves (e.g., Laughlin, 1982; Mansour, 1992; Eber-
sole and Kennedy, 1995), suggesting that the spatial
distribution of blue crabs might be tied to natural and
anthropogenic factors that affect the distribution and
abundance of bivalve prey (Seitz and Lipcius, 2001;
Seitz et al., 2003a). In addition, blue crabs may be
sensitive to anthropogenic shoreline modifications
because natural nearshore habitats such as woody
debris and marsh creeks are important for both
juveniles and molting crabs as refugia from predation

(Hines et al., 1987a,b; Everett and Ruiz, 1993; Dittel et
al., 1995; Hines and Ruiz, 1995; Ryer et al., 1997).
Finally, blue crabs are sensitive to hypoxia (e.g., Pihl
et al.,, 1991, 1992; Seitz et al., 2003b); thus, their
distribution may be directly influenced by cultural
eutrophication commonly associated with developed
and agricultural land use in watersheds.

Deposit- and suspension-feeding tellinid bivalves
(Macoma balthica L. and M. mitchelli Dall) are also
ecologically significant taxa that may be useful
indicators of estuarine condition. Tellinid bivalves
play dominant functional roles in many marine
infaunal communities. Similar to blue crabs, these
bivalves are widely distributed across a wide range of
salinities of the mesohaline to polyhaline zones in
Chesapeake Bay (Boesch, 1972, 1973; Mountford et
al., 1977; Virnstein, 1977; Hines and Comtois, 1985;
Hines et al., 1989). Importantly, they represent a
significant proportion of infaunal biomass and are a
key energy link between inputs of allochthonous
detritus and higher trophic levels (Hines and Comtois,
1985; Baird and Ulanowicz, 1989; Hines et al., 1989;
Seitz et al., 2003a). Macoma spp. are found in greatest
abundance in muddy sediments with high concen-
trations of organic carbon (Seitz and Lipcius, 2001),
suggesting that adjacent shoreline habitat (e.g.,
marshes) may be an important factor in their
distribution. M. balthicais also sensitive to anthro-
pogenic stressors (e.g., Weisberg et al., 1997; Llans6
et al., 2002), suggesting that local and watershed land
use (e.g., extent of development or agriculture) may
also affect its distribution.

We hypothesize that species such as blue crabs and
Macoma spp. may serve as indicators of estuarine
conditions because they are functionally important in
the estuarine food web and have documented trophic
and habitat interactions that provide a mechanistic
explanation for their patterns of distribution and
abundance. Because they are distributed widely across
estuaries, however, we predict that these patterns of
abundance will be correlated with variables at differ-
ing spatial scales. To test these hypotheses, we
established a sampling design across multiple sub-
estuaries that allowed us to sample crab and bivalve
abundance and a suite of variables that are commonly
correlated with organism abundance. We analyzed
patterns in these data to test for predicted correlations
based on functional relationships and for correlations
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not predicted by our hypothesized relationships.
Given the well-known spatial and temporal variability
of estuarine systems, a challenge of our approach
derives from applying analyses of predictions of both
correlation and non-correlation across widely dis-
persed systems.

Specifically in this paper, we explore regional
(salinity), watershed (e.g., land use) and local (e.g.,
land use, water quality, habitat) correlates of abun-
dances of blue crabs and bivalves in subestuaries of
Chesapeake Bay, USA. We hypothesized that blue
crab and bivalve abundances would be greatest in (1)
subestuaries with the highest salinities, as Macoma
spp. are adapted to intermediate-to-high salinities
(e.g., Boesch, 1973; Mountford et al., 1977; Virnstein,
1977; but see Ysebaert et al., 2002) and these areas are
closer to sources of recruitment for blue crabs; (2)
subestuaries with forested watersheds, as these areas
have the lowest degree of watershed-scale human
disturbances; and (3) nearshore areas adjacent to
marsh habitats, as these areas are a key source of
allochthonous detritus for Macoma spp. and thus
should result in greater abundance of prey for blue
crabs. Although results from previous local-scale field
experiments and observational studies provide a basis
for these hypotheses, few investigations have explored
these relationships at a regional spatial scale—a scale
in which controlled experimental manipulations are
impossible. Thus, our goals were to evaluate the
generality of these hypotheses and to explore the
utility of bivalves and blue crabs as indicators of
estuarine condition across a large geographical extent.

2. Methods
2.1. Study area and selection of subestuaries

This study was conducted in 19 subestuaries of
Chesapeake Bay, the largest estuary in the USA (Fig.
1). This subset was selected from an initial population
of over 60 subestuaries based on a suite of criteria: a
defined stream network in the watershed (3rd-to-5th
order, Strachler system), a defined subestuary, shore-
line marshes and proportional estimates of land-cover/
land-use classes within watersheds (see next section).
Presence of a stream network was important because
we expected hydrologic connectivity between land in

the catchment and subestuaries to be an important
determinant of water quality and biological integrity.
Watersheds were required to have defined subestua-
ries to maximize our ability to detect linkages to
upstream watershed condition. We required subestua-
ries to have shoreline marshes because we hypothe-
sized that these habitats were important to estuarine
organisms.

Watershed boundaries were used within a geo-
graphic information system (GIS) to estimate propor-
tions of land cover/land use based on classes resolved
in the National Land Cover Database (NLCD, 30-m
raster coverage). Watersheds were classified into one
of five land-use categories based on the predominant
distributions of land-use proportions in the Chesa-
peake Bay region: (1) forested (=60% forest+forested
wetland cover and <15% development), (2) developed
(=50% commercial+residential cover either in whole
watershed or concentrated in the lower portion of
watershed adjacent to subestuary), (3) agricultural
(=50% rowcrop+pasture/field cover), (4) mixed-
developed (=15% and <50% developed cover) and
(5) mixed-agricultural (=20% and <50% agricultural
cover, and <60% forest cover). Very few watersheds
had an even mix of forested, developed and agricul-
tural cover; rather, land cover tended to span a
gradient from forested-to-developed or forested-to-
agricultural. Thus, “mixed” categories were represen-
tative of intermediate levels of development and
agriculture relative to watersheds with the greatest
amount of remaining forest cover.

Land-use patterns along Chesapeake Bay are
spatially contagious. Developed land is primarily
located in the upper bay on the western shore and in
a very localized area of the lower bay. Agriculture,
while widely distributed overall, is most intensive on
the eastern shore of the bay in Maryland. Remaining
forested areas are located primarily in the middle and
southern bay on the western shore. Thus, given these
spatial patterns, it was not feasible to select water-
sheds so that each land-use class was randomly
distributed along the north-to-south salinity gradient
in the bay. We recognized this as a problem and a
limitation of this and any other study on effects of
watershed land use on estuaries in this region.
However, to minimize this problem to the extent
possible, we chose subestuaries that resulted in the
greatest spatial distribution of land-use classes across
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Fig. 1. Map of Chesapeake Bay, USA showing the locations and watershed land-use classes of the 19 subestuaries selected for this study.

the region (Fig. 1). Except for the mixed-developed
class, which had three subestuaries, the remaining
land-use classes each had four subestuaries (Fig. 1).

2.2. Sampling

We focused our sampling on shallow, nearshore
habitats to increase our ability to detect associations

between local shoreline habitat and blue crabs and
bivalves. We defined sampling stations to be a 100-m
long segment of shoreline, a size large enough to fully
characterize local-scale habitat but not so large as to
necessarily integrate heterogeneous shoreline seg-
ments. We sampled six stations per subestuary based
on results of autosimilarity analyses (e.g., Cao et al.,
2002) using pilot-study fish and benthic data from 14
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Rhode River stations. These results indicated that
sampling of six stations was the most efficient level of
effort to characterize blue crab and bivalve abundance
for comparisons at the subestuary scale. It was deemed
impractical to sample more than six stations when the
primary goal was to maximize the extent of sampling
at a broad spatial scale. Moreover, we planned to test
for local-scale relationships; thus, individual sampling
stations, rather than averages among stations within
subestuaries, were used as observations.

Sampling stations were located using a stratified-
random approach. Because many subestuaries differed
markedly in the types and relative amounts shoreline
land cover, we used the proportion of shoreline land
cover within subestuaries used as a weighting factor
for stratification. For example, a subestuary with 60%
wetland, 20% forest, 15% developed and 5% agri-
culture would have resulted in selection of 4 wetland,
1 forested, 1 developed and 0 agricultural stations. To
calculate the weights, we summarized areal propor-
tions of land cover within 30 m of the subestuary
shoreline. We chose this distance because it was the
same width as the pixel resolution in the land-cover
dataset and represented the land cover that was most
closely associated with the land—water interface. We
also focused on the upper reaches of each subestuary
(upper quarter to half, depending upon size and
morphology of subestuary) to maximize our ability
to detect linkages to upstream watershed condition,
which otherwise may have been swamped by the
influence of the bay if stations were located farther
down the subestuary (Han, 1974; Gallegos et al.,
1992). Once land-cover strata were identified and
weights were calculated, individual stations were
located adjacent to appropriate land-cover classes
using a random subset of shoreline segments.

The geographical position of stations was deter-
mined within the GIS and field navigation was
accomplished using a global positioning system
(GPS). On occasion, stations were not suitable for
sampling due to a variety of factors, such as differ-
ences between observed shoreline land cover and that
predicted by the NLCD. In these cases, alternative
stations identified prior to sampling were used.

In the field, we characterized shoreline land use,
bank condition and habitat at each station (Table 1).
Shoreline land use was defined the land cover within
30 m of the shoreline in width. When emergent

Table 1
Description of the variables used as predictors of blue crab and
bivalve abundance

Variable Type Values
Land-use class, C Forested, developed,
watershed agriculture, mixed-developed,

mixed-agriculture

Shoreline land-use/ N 0-100%

land-cover®

Forest buffer N 0-100%

Marsh buffer N 0-100%

Marsh size O 0 (none), 1 (>0 and <0.5 ha),
2 (0.5-5 ha), 3 (>5 ha)

Marsh creeks C present/absent

Woody debris (¢} 0 (none), 1 (present),
2 (abundant)

Bottom slope (0] 1 (low), 2 (moderate),
3 (high)

SAV abundance (0] 0 (absent), 2 (rare), 3 (sparse),
4 (moderate), 5 (dense)

Riprap or bulkhead N 0-100%

Recreational structures N 0-9

Water depth® N 0.4-39 m

Dissolved oxygen, bottom® N 0.11-15.85 mg/l

Water temperature, bottom® N 26.9-32.1 °C

Salinity, bottom® N 0.3-23.8 ppt

Sediment class® C mud, muddy sand, sand,

coarse sand, peat

The type of variable is denoted by N=numerical, O=ordinal or
C=categorical.

* Forest, pasture/field, rowcrop, total agriculture (pasture/field+
rowcrop), residential, commercial, total developed (residential+
commercial) and marsh. Each land-use/land-cover class was treated
as a separate explanatory variable.

" Estimated within each station at the two locations used for
collecting Macoma spp. samples. Values represented an average of
two measurements/station.

wetland (hereafter, marsh) and forested land-cover
classes were <10 m in width, they were defined as
buffers. We visually estimated the percentage of each
100-m station occupied by land-use classes and
shoreline buffer classes. Habitat assessment included
estimates of marsh size (ha), which were obtained in
the field for small marshes or via the NLCD for large
wetlands. Marsh size estimates were converted to
ordinal size classes (Table 1) because marshes varied
markedly in size and, in some cases, were contiguous
along a very large portion (>1000 m) of the
subestuary shoreline; thus, the absolute size of large
marshes was difficult to express in a meaningful
manner relative to a 100-m sampling station. The
number of marsh creeks along each 100-m station
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boundary also was measured as an indicator of marsh-
subestuary connectivity. Very few stations had >1
marsh creek; thus, this variable was expressed as
presence or absence or marsh creeks.

Characterization of nearshore underwater habitat
included the enumeration of woody debris snags as a
potential indicator of refugia for molting and juvenile
blue crabs (Everett and Ruiz, 1993; Ryer et al., 1997).
Because woody debris was often difficult to see in
turbid water and was relatively amorphous (i.e.,
difficult to count as discrete units), we converted
counts to ordinal abundance classes (Table 1). Sub-
merged aquatic vegetation (SAV) relative abundance
was documented using a combination of visual
surveys and benthic grabs. Nearshore bottom slope,
an ordinal variable expected to potentially influence
blue crab distributions (Ruiz et al., 1993) and provide
habitat for bivalves (Table 1), was estimated using
multiple water-depth measurements along a transect
moving away from shore to a distance of approx-
imately 50 m. Percentage of shoreline as riprap or
bulkhead and the number and type of recreational
structures (docks, piers, boat ramp, boat house) within
each station were also estimated as indicators of
habitat alteration.

Water depth (m) and surface and bottom water
temperature, salinity and dissolved oxygen (DO) were
measured approximately 50 m from shore at two
locations within the boundaries of the 100-m shoreline
segment. Sediment samples were collected using a
Petite Ponar grab and each was classified into one of
five types based on grain size and abundance of coarse
particulate organic matter: (1) mud, (2) muddy sand,
(3) sand, (4) coarse sand/gravel and (5) peat (Table 1).

Abundance and size structure of blue crabs were
estimated using fyke nets. A pair of nets (0.9x1.2 m
frame, 3-m wings, one 5-mm and 20-mm mesh net)
was set at each station. Nets were set lead-to-lead (15.2
m combined length), parallel to shore along a depth
contour of 0.4-0.8 m, depending upon tides. Distance
from shore was ranged from 10—50 m, depending upon
steepness of the bottom slope. Nets were deployed for
24 h at each station and retrieved. All crabs were
enumerated, measured (carapace width, mm) and
released. A total of 114 stations were sampled from
the 19 subestuaries (6 stations/subestuary).

We estimated density and biomass of bivalves
using core samplers (10-cm diameter). Four cores

were collected at each station. Cores were collected to
a minimum depth of 30 cm, corresponding to the
maximum burrowing depth of Macoma spp. (Hines
and Comtois, 1985). Cores were washed using a 2-
mm sieve and composited to form a single sample for
each station. A total of 109 stations were sampled for
bivalves from the 19 subestuaries (five stations were
not sampled due to impenetrable substrates). All live
Macoma spp. were enumerated and shell length (SL,
anterior to posterior) was measured with calipers
accurate to 0.1 mm. Biomass (AFDW) was estimated
using a length-mass regression equation developed for
each species (S. Grap, unpublished data). All sam-
pling occurred from 1 July to 3 September 2002, a
widely used index period for ecological assessment in
Chesapeake Bay (e.g., Weisberg et al., 1997). The
sequence in which watersheds were sampled was
determined randomly.

2.3. Data analysis

Density (no./m?) and biomass (mg AFDW/m?)
were estimated for each Macoma species (M. balthica
and M. mitchelli) and for all Macoma spp. at each
station. Abundance of juvenile (<85 mm CW) and
total blue crabs was expressed as the number of crabs
per station based on pooling both counts made from
the pair of fyke nets.

Preliminary examination of the Macoma spp.
and blue crab data revealed relationships to many
predictor variables that were strongly nonlinear,
heteroscedastic and often involved higher-order inter-
actions—all common properties of complex ecological
data. These properties are particularly common
when explanatory variables are spatially hierarchical
(Urban, 1987). Additionally, we had a combination of
numerical, ordinal and categorical predictors that were
not well suited for traditional statistical approaches.
Thus, to identify the best correlates of blue crab and
bivalve abundance, we used classification and re-
gression tree (CART) analysis, an approach ideally
suited for complex ecological data with hierarchical
structure (Breiman et al., 1984; De’ Ath and Fabricius,
2000).

CART explains variation of a single response
variable using one or more predictor variables.
Response variables can either be categorical (classi-
fication tree) or numerical (regression tree). Explan-
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atory variables can be numerical, ordinal and catego-
rical. CART works by recursively partitioning data
into two mutually exclusive groups by selecting a
predictor variable that best explains variation in the
response variable. The process is repeated until the
tree can no longer be grown based on a set of stopping
rules and cross-validation of the model. The goal is to
explain as much variation (+°) in the response variable
as possible while minimizing the size of the tree. This
is analogous to incorporating explanatory variables
into multiple regression. However, CART has been
shown to have numerous advantages over linear
regression approaches, including (1) making very
few assumptions about the properties of the data, (2)
the detection of change in both the mean and variance
of response variables and (3) superior ability to reveal
higher-order interactions (De’ Ath and Fabricius,
2000; Olden and Jackson, 2002).

We built a separate CART model for each
abundance variable for Macoma spp. and blue crabs.
Our models were regression trees because the
response variables were numerical. Observations were
individual stations because stations reflected local-
scale conditions and each was characterized by a
unique set of explanatory measurements. For models
that identified watershed land-use class as predictor,
we reran the model with individual watersheds as a
class variable (n=19 classes, 6 observations/class) to
evaluate whether the apparent land-use effect was
driven by observations within just one or two water-
sheds within a land-use class. In addition to the
environmental explanatory variables, we included
Macoma spp. variables as predictors in the blue crab
models, and vice-versa.

Prior to analysis, CART requires that the user
define a minimum number of observations permitted
within the “leaves” (terminal groups nested within
“branches of the tree”) and the branches of the tree.
We required that terminal groups and branches have
no fewer than 10 and 20 observations, respectively
(except for models that incorporated individual water-
sheds as predictors for diagnosing the validity of a
watershed land-use effect (terminal group minimum
size=6 observations), and for blue crabs <85 mm (7
observations) (see Results for explanation).

We cross-validated each CART model to determine
the most appropriate size of the tree (i.e., number of
explanatory variables included in the model) and

whether the tree could be used to explain variation in
data not used to build the model (De’ Ath and
Fabricius, 2000). Cross-validation was conducted by
randomly partitioning the data into 10 groups of equal
or similar size and creating a cross-validation regres-
sion tree with only nine of the 10 groups. This cross-
validation tree was subsequently used to predict
response-variable data from each of the stations
remaining in the tenth group. The process is repeated
10 times so that each of the 10 groups of sites was
used as the cross-validation group once. For each
response variable, we evaluated the contribution of
each predictor and retained predictors that resulted in
an overall improvement in the model 7 using the
average of the 10 cross-validations. Greater detail on
CART and its application to ecological data can be
found in De’ Ath and Fabricius (2000) and Urban
(2002). CART analyses were conducted using the
RPART library in S-Plus 2000 (Insightful Corp.,
Seattle, WA, USA).

3. Results
3.1. Blue crabs

Blue crabs were collected from every subestuary
and were present at 101 of 114 stations. Juvenile crabs
<85 mm were collected at 60 of 114 stations. Juvenile
and total crab abundance averaged 4.9 and 15.9 crabs
per station, respectively.

Variation in juvenile blue crab abundance was
best explained by local shoreline marsh habitat,
watershed land use and salinity (Fig. 2). Juvenile
crabs were most abundant at stations adjacent to
virtually 100% shoreline marsh cover (+*=19%).
However, abundance at pure-marsh stations was
also dependent upon watershed land use, as the
seven pure-marsh stations located in highly devel-
oped or agricultural watersheds had no juvenile
crabs compared to >17 per station in forested or
mixed watersheds (+*=17%). We included water-
shed land-use class in the model even though it
resulted in fewer than 10 observations/group
because cross-validation indicated it explained an
important proportion of variation. Moreover, these
seven developed and agricultural stations were
located in six different subestuaries, suggesting
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Fig. 2. Results from CART analysis of juvenile blue crabs <85 mm (no. station '). Scatterplots illustrate the response of juvenile blue crab
abundance at each level of the tree. The vertical dotted line in each plot identifies the value of the predictor (x) that best explained variation in
juvenile blue crabs. Threshold values of predictors are shown to the left and right of each split above each scatterplot. Variance explained (%) for
predictors is shown next to each split. Means, standard deviations (S.D.) and number of stations (#) summarize properties of the data to the left

and right of every split in the data.

the effect was not specific to multiple stations in
just one watershed of each class. Along shorelines
not covered completely by marshes, juvenile crabs
were most abundant at salinities >17.6 ppt (+*=9%).
However, variation in the 77 observations with
salinities <17.6 ppt was further explained by
watershed land use, with virtually no crabs at the
35 stations located in developed and agricultural
watersheds but at least five non-zero observations
in each of the forested and mixed watershed
classes. Although this relationship was weak
(r*=2%), cross-validation indicated that this variable

should be retained in the model. The complete tree
explained a total of 46% of the variation in
juvenile blue crab abundance.

Variation in total blue crab abundance was best
explained by salinity, watershed land-use classes and
shoreline marshes (+*=51%, Fig. 3). Crabs were most
abundant at salinities >16.3 ppt (+’=24%), but this
only represented 18 stations from three subestuaries
in the lower bay. Below 16.3 ppt, crabs were more
abundant in forested or mixed land-use watersheds
than in subestuaries with highly developed or
agricultural watersheds (r°=16%). Within forested
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Fig. 3. Results from CART analysis of total blue crab abundance (no. station™'). See Fig. 2 for details.

and mixed watersheds, shoreline marshes accounted
for an additional 11% of the variation, with a mean
of nearly 31 crabs at stations with at least 55%
shoreline marsh habitat but only 12.2 crabs at
stations with predominantly other types of shoreline
land use or land cover.

3.2. Bivalves

M. balthica and M. mitchelli were present at 65
and 61 of the 109 stations, respectively, and both

species were present at 78 stations. Densities of M.
balthica and M. mitchelli averaged 132 m~? and 49
m~ 2 per station, respectively, whereas biomass aver-
aged 4980 mg/m” and 280 mg/m?, respectively.
Results of CART analysis of total Macoma spp.
density and biomass indicated that salinity was the
primary factor correlated with overall bivalve dis-
tribution in subestuaries of Chesapeake Bay (Fig. 4).
Stations with the highest density and biomass of
Macoma spp. were typically associated with salin-
ities >8.4 ppt, although this split only explained
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Fig. 4. Results from CART analysis of Macoma spp. biomass (AFDW, mg m ™ station '). See Fig. 2 for details.

10% of the total variation. However, above 8.4 ppt,
stations with marsh shoreline habitat and at least
one marsh creek tended to have the highest
Macoma spp. biomass-presence of marsh creeks
explained an additional 9% of the variation (total
model r*=19%, Fig. 4). For Macoma spp. density,
salinity was the only variable retained in the model
because results from cross-validation indicated that
no other explanatory variable sufficiently improved
the model to warrant its inclusion.

Results from CART analyses on each of the
individual Macoma species suggested patterns sim-
ilar to that of the Macoma spp. analysis. Because M.
balthica dominated the overall Macoma spp. bio-
mass, it resulted in a tree identical to the Macoma
spp. model. However, salinity, sediment class and
shoreline marshes best explained variation in M.
balthica density (model r*=25%, Fig. 5). Densities
were highest stations with at least 35% of the

shoreline in marsh habitat (#’=11%), but also in
mud or muddy sand sediments (+*=11%) and at
salinities >8.3 ppt (+*=7%). Although these relation-
ships were relatively weak, cross-validation indicated
that these models were not over-fit and likely
represented real patterns in the data.

Density and biomass of M. mitchelli were not
well explained by salinity, habitat or other water
quality variables. Watershed land-use class pro-
vided the best but weak explanation of its
variation, with stations located in subestuaries
with forested watersheds having higher densities
and biomass than the other four watershed classes
(r*=11%). However, most of this explained varia-
tion was attributed to high abundances in one of
the forested watersheds (Piankatank), which was
confirmed after including each forested watershed
as classes in the model. Thus, variation in the
distribution of M. mitchelli was watershed-specific
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and not predictable using any of the explanatory
variables considered.

4. Discussion

Results from the CART analyses were generally
consistent with our hypotheses about primary factors
influencing the distribution of blue crabs and tellinid
bivalves in Chesapeake Bay. First, we expected that
the distribution of both taxa would be correlated with
salinity. Blue crabs were in greatest abundance in

station ). See Fig. 2 for details.

southern Chesapeake Bay subestuaries where salinity
was >16 ppt, likely due to the close proximity of these
sites to the primary source of blue crab reproduction
and recruitment in the lower bay (Van Engel, 1958;
Olmi et al., 1990). However, at intermediate-to-low
salinities, blue crabs were most often associated with
shoreline marshes in forested and mixed land-use
watersheds. Greater abundance of crabs along
marshes was consistent with the hypothesis that
marshes were important sources of organic carbon
for deposit-feeding bivalve prey (Seitz and Lipcius,
2001; Seitz et al., 2003a). Shoreline marshes were
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particularly influential to juvenile crabs <85 mm,
which may have also benefited from the refugia
afforded by this structurally complex habitat (Van
Montfrans et al., 1991; Ryer et al., 1997). Thus, our
results reinforce the importance of coastal marshes to
estuarine food webs.

Watershed land use was also an important correlate
of blue crab abundance. We found relatively few crabs
at stations located in subestuaries with predominantly
developed and agricultural land use. A number of
causal or possibly spurious factors may have been
responsible for this observed pattern. Although there
is relatively little direct evidence of linkages between
watershed land use and estuarine condition (e.g.,
Hartwell et al., 1997; Dauer et al., 2000), it is well
established that large proportions of development and
agriculture in watersheds are likely to degrade the
physical, chemical and biological integrity of the
freshwater stream network that ultimately discharges
into a subestuary (e.g., Roth et al., 1996; Paul and
Meyer, 2001). High loads of nutrients, sediments and
toxic substances associated with these land-use
practices may have consequently degraded nearshore
habitat and water quality in the subestuaries we
sampled.

Hypoxia resulting from anthropogenic pollution, in
particular, is a watershed-scale factor that may have
reduced blue crab abundance. Blue crabs are moder-
ately sensitive to episodic hypoxia and cannot tolerate
even relatively short periods of low dissolved oxygen
(DO<2 mg O, 17") (Seitz et al., 2003b), such that they
typically shift their distribution away from areas of
reduced DO levels (Pihl et al., 1991; Eby and
Crowder, 2002; Bell et al., 2003). Moreover, food
resources also diminish in areas with low DO (Diaz
and Rosenberg, 1995). We observed DO<2 mg O, 17!
at >20% of the stations located in developed water-
sheds compared to zero observations of DO<2 mg O,
1" 'in forested watersheds. We also observed a much
higher incidence of supersaturation and vertical
stratification of DO in developed watersheds.
Although DO was not one of the explanatory
variables selected in the CART models, our midday
DO measurements may not have adequately charac-
terized DO levels at the watershed scale, in deeper
habitats farther from shore or at night when commun-
ity respiration rapidly depletes DO concentrations
(Novotny and Olem, 1994). In general, our data

suggest that watershed land use may be a surrogate
indicator of one or many anthropogenic stressors to
blue crabs at a subestuary scale.

Developed and agricultural land use also may have
been an indicator of factors not related to degraded
water or habitat quality. For example, commercial and
recreational crabbing pressure may have been greater
in these more populated areas and thus could have
selectively reduced crab abundance. However, con-
sidering that watershed land use was more strongly
correlated with the density of juvenile crabs <85 mm,
a size class not legally targeted by crabbers, than the
density of adult crabs, it seems unlikely that crabbing
intensity accounted for much of this variation. In
addition, many of the historic concentrations of the
Chesapeake blue crab fishery are in rural areas rather
than near development, and intensive fishing with
commercial crab pots is prohibited in Maryland
tributaries of Chesapeake Bay (but is allowed in
Virginia tributaries) (Rugolo et al., 1998). Never-
theless, harvesting undoubtedly influences the spatial
distribution and abundance of blue crabs and may
have been an important source of unexplained
variation among regions, subestuaries and stations in
our study.

Spatial factors may have confounded the apparent
correlation between watershed land use and blue crab
abundance. Most of the subestuaries with highly
developed and with agricultural watersheds are
located in the northwestern and central-eastern shore
of the bay, respectively, resulting in a high degree of
spatial contagion in watershed land use among
subestuaries (Fig. 1). Natural spatial variation related
to factors such as dispersal distances for recruiting
crabs may have been responsible for at least part of
this observed pattern. Thus, while our results do
suggest watershed land use to be a correlate of blue
crab abundance, we suggest that conclusions regard-
ing the causes of these correlations be made with
caution.

Two of the best predictors of blue crab abundance
(shoreline marshes and salinity) were also correlates
of bivalve distributions in our CART models.
Macoma spp. are adapted for intermediate-to-high
salinities (Boesch, 1972, 1973; Mountford et al.,
1977; Virnstein, 1977; Hines and Comtois, 1985;
Hines et al., 1987a,b, 1990); thus, we anticipated they
would be less abundant in subestuaries located in the
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low-mesohaline zone of Chesapeake Bay, or at
stations within the headwater regions of certain
subestuaries that were oligohaline. Indeed, Macoma
spp. had lower densities and biomass at salinities <8
ppt. This was particularly true for M. balthica, which
constituted most of the total Macoma spp. biomass. In
addition to a dependence on salinity, which was
primarily indicative of the regional-scale north-to-
south salinity gradient in Chesapeake Bay, CART also
identified some key local-scale indicators of Maco-
maspp. At salinities >8 ppt, sediment class and marsh
variables were important correlates of Macoma spp.
distributions. Macoma spp. biomass was greatest at
stations adjacent to marshes with at least one marsh
creek. Marsh creeks likely are conduits for detritus
and may result in greater amounts of sedimentary
carbon, a key source of food for facultative deposit-
feeding Macoma spp. (Seitz and Lipcius, 2001; Seitz
et al,, 2003a). The apparent linkage between M.
balthica density and shoreline marshes with mud or
muddy sand substrate (sediment classes that typically
have relatively high concentrations of organic carbon;
e.g., Seitz and Lipcius, 2001), further illustrated the
potential connection between local-scale shoreline
habitat and benthic condition in estuaries.

We hypothesized that similar factors would influ-
ence blue crabs and bivalves because of established
predator—prey linkages between these taxa (e.g.,
Lipcius and Hines, 1986; Hines et al., 1990; Eggles-
ton et al., 1992; Seitz et al., 2001, 2003a). Further-
more, given this linkage, we hypothesized that their
distribution would be positively correlated. However,
abundance of Macoma spp. was not an important
predictor of blue crabs, or vice-versa (maximum
r*=4%). This conflicts with patterns documented by
Seitz and Lipcius (2001) and Seitz et al. (2003a), who
found higher densities of blue crabs in habitats
supporting high M. balthica densities in two sub-
estuaries of Chesapeake Bay. However, our data were
collected across a more diverse array of locations and
environmental conditions than their study. Moreover,
our data were collected during a two-month period
when Macoma spp. densities may have been tempo-
rally reduced by crab predation. Predation, in fact,
may explain why we observed only relatively weak
relationships between explanatory variables and
Macoma spp. in our CART models. Crabs may have
locally exploited bivalve populations and diminished

the apparent signal between local conditions and
Macoma spp. abundance by the seasonal point of our
sampling (Hines et al., 1990). Moreover, food-web
theory predicts a weak coupling between adjoining
trophic levels but a much stronger linkage between
levels separated by one level (Carpenter et al., 1985;
Micheli, 1999). Although speculative, it is possible
that blue crabs were more closely linked to shoreline
marshes than Macoma spp. because blue crabs were
one trophic level removed from producers of allochth-
onous detritus that fueled deposit-feeding benthic
prey. However, additional temporal data would be
needed to adequately address this hypothesis.

Clearly, an important limitation of our study was
the lack of temporal replication. Seasonal and
interannual variability strongly influence the relative
abundance of blue crabs and bivalves and, perhaps
even more importantly, environmental factors such as
water quality. Thus, temporal variation may have
affected our estimates of environmental conditions,
taxa abundances and the relative strength of relation-
ships observed in our study. However, few, if any,
investigators have tested for similar relationships
using intensive temporal sampling at the same level
of spatial effort employed in this study. Rather, we
structured our hypotheses around the results of
previous work that was based on spatially limited
(e.g., within-subestuary scales) but temporally inten-
sive experiments and observational studies. Despite
the temporal limitations of our data, we were able to
identify linkages between these estuarine taxa and
regional, watershed and local factors expected to be
important based on this existing body of spatially
limited research. Thus, our results likely reflect
generalized responses across a broad spatial scale,
but may not adequately reflect the strength of
relationships or the precise numerical values of the
regional, watershed and local variables that apparently
affected distributions of these two taxa.

In addition to our positive predictions about
correlates of blue crab and bivalve abundance, we
note that a broad array of factors we measured were
not important correlates in our CART analysis. These
non-significant variables are often related to abun-
dance of many similar species, but did not have clear
mechanistic relationships to our target species. From
an assessment perspective, identification of key
correlates of estuarine indicator taxa is potentially of
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great value because it is often impractical for many
local, state or federal agencies to monitor dynamic
populations of such taxa across large spatial scales.
Our study demonstrated that abundances of blue crabs
and bivalves were highly variable, yet locations with
the greatest abundances of both taxa were predictably
associated with shoreline marshes (or correlates of
marshes such as sediment classes) in areas of
intermediate-to-high salinities, while blue crabs were
also most abundant in watersheds with relatively high
forest cover. Establishing linkages between indicator
taxa and easily measured variables, such as watershed
land use and shoreline marshes, provides a both a
basis for conservation of natural habitat and a frame-
work for monitoring potentially degraded subestuar-
ine ecosystems. In sum, our analysis across a wide
array of complex systems indicates that knowledge of
functional relationships between estuarine taxa and
key environmental factors can help in the selection of
useful indicators.
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