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BULLETIN OF MARINE SCIENCE, 72(2): 471-490, 2003

POTENTIAL BOTTOM-UP CONTROL OF BLUE CRAB
DISTRIBUTION AT VARIOUS SPATIAL SCALES

Rochelle D. Seitz, Romuald N. Lipcius, William T. Stockhausen,
Kristen A. Delano, Michael S. Seebo and Paul D. Gerdes

ABSTRACT

Top-down (i.e., predation), bottom-up (i.e., food availability), and physical factors may
influence blue crab (Callinectes sapidus) distribution. To assess the role of bottom-up and
physical process in blue crab distributions, we concurrently measured density of the blue
crab (Callinectes sapidus), density of its principal prey, the Baltic clam (Macoma balthica),
and physical characteristics in mud and sand habitats spanning various spatial scales (1-10
km and 10-50 km) in the York River, Chesapeake Bay. Clam and crab densities were inter-
mediate in mud, low in downriver sand, and high in upriver sand. Clam and crab densities
were not correlated in mud, whereas in sand, they were significantly and positively correlated
at both the local scale (1 km) and at the broadest spatial scale (10-50 km). Crab density also
correlated with salinity at the broad spatial scale. After removing the effect of salinity, crab
density remained significantly correlated with clam density. Using a hydrodynamic model
for the York River, potential transport of clams from downriver coves was primarily to upriver
habitats, but transport of crabs was mainly to downriver seagrass habitats. At the local scale,
upriver zones where crab and clams were abundant, crab density was highly correlated (r?
= 0.93) with clam density, but not with salinity, suggesting that the distribution of blue crabs
was driven mostly by their primary food item—clams. The collective findings are consistent
with the hypotheses that crab density is driven by both food availability and salinity at broad
spatial scales (10-50 km), whereas food availability is a primary control at smaller spatial
scales (1-10 km). Bottom-up control of upper trophic levels may be distinctive; thus far, in
marine and freshwater systems, bottom-up control has not been demonstrated to filter from
basal to upper trophic levels. Furthermore, unvegetated habitats where food, such as clams,
is abundant may be important in the population dynamics of the blue crab, even in systems
where seagrass beds are common.

Although predation is crucial in driving community structure of marine benthos
(Paine, 1980; Wilson, 1991, Strong, 1992; Duffy and Hay, 2000), there is growing
recognition that food limitation may be as important in some ecosystems (Brett
and Goldman, 1996; Micheli, 1999). A combination of predation (i.e., top-down
factors) and food limitation (i.e., bottom-up factors) likely influences species dis-
tributions in marine, freshwater, and terrestrial habitats, depending on aspects of
the local food web (Getz, 1984; Arditi and Ginzburg, 1989; Posey et al., 1995;
Menge et al., 1996). At broad spatial scales, bottom-up or physical factors may
be more important than top-down factors (Power, 1992; Menge et al., 1997; Seitz
and Lipcius, 2001). Additionally, bottom-up factors commonly drive freshwater
systems, whereas top-down factors are often more important in marine systems
(Menge and Sutherland, 1987; McQueen et al., 1989; Peckarsky et al., 1990; Brett
and Goldman, 1996; Brett and Goldman, 1997). Previously, bottom-up control by
resources has not been demonstrated to permeate upper trophic levels in marine
pelagic systems (Micheli, 1999) or freshwater systems (Brett and Goldman, 1996).
However, our study provides evidence for potential bottom-up control of an upper-
level omnivore (i.e., the blue crab) by its primary prey (i.e., the Baltic clam).

Distribution of the blue crab (Callinectes sapidus) may be affected by predators,
food, habitat type or complexity, and physical transport (Lipcius and Hines, 1986;
Orth and van Montfrans, 1987; Hines et a., 1990; Perkins-Visser et al., 1996;
Pile et a., 1996; Clark et al., 1999a, 1999b). In seagrass habitats, crab densities
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are elevated (Orth and van Montfrans, 1987), presumably because of the refuge
from predation (Pile et al., 1996) or elevated food (Perkins-Visser et a., 1996).
However, in unvegetated habitats, the important features of the habitat for blue
crab survival and distribution generally have not been identified (but see Ruiz et
al., 1993). Top-down factors (i.e., predation) are not likely to control distribution
of large juvenile (>75 mm carapace width [CW]) and adult blue crabs, since
these individuals obtain a size refuge from predation (Hines et al., 1990; Moody,
1994). Alternatively, bottom-up factors (i.e., food availability) influence young
juveniles in seagrass beds (Perkins-Visser et al., 1996), and may be similarly
important in defining the distribution of large juvenile and adult blue crabs in
other habitats.

Clams are a primary food source for crabs and might be expected to influence
crab distribution. Clams comprise approximately 50% of the blue crab diet in
many habitats, whereas conspecifics, polychaetes, amphipods, and other benthic
prey are secondary prey items (Laughlin, 1982; Hines et a., 1990; Mansour and
Lipcius, 1991; Mansour, 1992). Clam patch density and distance between patches
can influence blue crab distribution at the local scale (Clark et al., 1999a, 1999b;
Clark et al., 2000; Terwin €t al., in review). Given these facets of the crab-clam
interaction in Chesapeake Bay, we hypothesized that bottom-up factors might be
important in determining crab distribution.

The Baltic clam, Macoma balthica, is distributed in muddy and sandy sedi-
ments along both coasts of the temperate North Atlantic and Pacific Oceans (Beu-
kema and Meehan, 1985; Martini and Morrison, 1987). This facultative deposit-
and suspension-feeding clam typically inhabits soft-sediment habitats from inter-
tidal to deep depths and is abundant in Chesapeake Bay (Dauer et al., 1982a;
Holland, 1985; Hines et al., 1990; Seitz, 1996; Schaffner et al., 2001). Macoma
is a major prey of invertebrates (crabs: Hines et al., 1990; Mansour, 1992) and
vertebrates (birds. Horwood and Goss-Custard, 1977; fish: Hines et al., 1990)
within estuaries and marsh creeks. Furthermore, the effects of predation on Ma-
coma vary substantially as a function of habitat structure and clam density (Eg-
gleston et a., 1992; Seitz et al., 2001), and distance between prey patches (Clark
et al., 1999a, 1999b; Clark et al., 2000; Terwin et al., in review).

In Chesapeake Bay, the key predator of whole adult Macoma is the blue crab,
Callinectes sapidus (Hines et al., 1990), although epibenthic predatory fish such
as spot (Leiostomus xanthurus), croaker (Micropogonias undulatus), and hog-
choker (Trinectes maculatus) may nip clam siphons (Peterson and Skilleter, 1994).
Blue crabs, which are dispersed widely along the Atlantic and Gulf coasts of
North America, have been abundant throughout the Chesapeake Bay (Williams,
1984; Hines et a., 1987; Hines et al., 1990; Lipcius and Van Engel, 1990; Lipcius
and Stockhausen, 2002). Prey availability, predator density, and habitat complex-
ity can influence feeding efficiency and prey capture in blue crabs foraging for
bivalves such as Macoma (Vernstein, 1977; Blundon and Kennedy, 1982a, 1982b;
Arnold, 1984; Lipcius and Hines, 1986; West and Williams, 1986; Hines et al.,
1990; Mansour and Lipcius, 1991; Eggleston et al., 1992).

In our study system, the York River in lower Chesapeake Bay (Fig. 1), vege-
tation (e.g., seagrass) is limited to the lower reaches of the river (Orth et a.,
1996). However, blue crabs are common well upriver of Gloucester Point (Lipcius
and Van Engel, 1990), where only unvegetated habitats exist, suggesting that
habitats besides seagrass are important in defining crab distributions. Moreover,
low dissolved oxygen, a potential controlling physical stress, is typicaly not a
problem in shallow water habitats, less than 3 m depth, in Chesapeake Bay (Diaz
and Rosenberg, 1995). Accordingly, we quantified densities of crabs and their
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Figure 1. Sampling locations on the York River (Lat N 37°20', Lon W 76°30") with the five study
zones delineated with solid lines and the circles indicating location of the four sites (two on the north
shore and two on the south shore) within each zone. Within each site, we sampled a mud and muddy
sand habitat (except in the ‘head’ zone where a total of three mud and three sand samples were taken).

principa prey, Macoma balthica, in the two most common shallow unvegetated
habitats and in various geographic zones spanning 50 km along the axis of the
York River. Specifically, we aimed to identify those habitats and zones that were
superior based on food availability for crabs (i.e., clams). By estimating physical
variables and quantifying food, habitat features, associated crab density, and po-
tential hydrodynamic transport, we attempted to disentangle the key variables
driving crab distribution.

ApPPROACH.—OUr objectives were to determine what drives crab distribution at
broad and local spatial scales in the York River. To do so, we examined (1)
physical factors (temperature, salinity, dissolved oxygen [DO]) and nutrients (or-
ganic carbon, nitrogen), (2) bottom-up factors (food availability), and (3) physi-
cally-mediated factors (hydrodynamic transport), at shallow depths (1-2 m) in the
York River. We hypothesized that if crabs drive densities of their primary prey,
there would be a significant negative correlation between crab and clam densities.
Alternatively, if clams drive crab densities, there would be a significant positive
correlation. We recognize that correlations do not prove causality since two cor-
related factors may be driven by a third independent factor. However, given the
strong interaction between crabs and clams in the York River food web (Mansour
and Lipcius, 1991; Eggleston et a., 1992; Seitz et al., 2001) and documented
behavioral responses of crabs to clam distributions (Clark et al., 1999a, 1999b;
Clark et al., 2000; Terwin et al., in review), a positive correlation between prey
and predator would be consistent with a hypothesis of bottom-up control.

In the third component of the study, we assessed the fate of crab and clam
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postlarvae released downriver and subjected to hydrodynamic transport within the
York River. Using a three-dimensional hydrodynamic model that incorporated
clam and crab postlarval behavior (Stockhausen and Lipcius, 2003, this issue),
we were able to predict potential post-settlement dispersal throughout the York
River. We surmised that, because of the vertical migration of postlarvae to surface
waters during the nocturnal flood tide, hydrodynamic transport to upriver locations
would be high compared to downriver locations. We therefore hypothesized that
hydrodynamic transport would also be important in driving clam and crab den-
sities at broad spatial scales.

METHODS

SaMPLING DeEsiGN.—We subdivided the York River into five zones, (1) mouth, (2) downriver, (3)
mid-river, (4) upriver, and (5) river head (Fig. 1). In each zone we selected four sites in 1-2 m water
depth that contained both muddy sand (hereafter ‘sand’) and mud (hereafter ‘mud’) habitats, except
in the uppermost ‘river head’ zone where only three sites within each habitat were available (i.e., a
total of 19 sites for each habitat). In each habitat-site combination, we measured water temperature,
salinity, and dissolved oxygen, collected sediment samples for grain-size and carbon-hydrogen-nitro-
gen (CHN) nutrient analysis, and sampled infaunal clams (using suction sampling) and epibenthic
crabs (using otter trawls).

SEDIMENT ANALYsIs.—Sedimentary nutrient content (CHN) was determined by taking 1-2 cm of
surface sediment with a 3-cm-diam core at each habitat-site combination in al 5 zones. Sediments
were stored in a freezer, defrosted, weighed, dried completely (for 24 h) in an oven at 160°C, ground
with an automatic grinder, mechanically homogenized, and combusted at 924°C in a CHN analyzer.
Sediment composition (i.e., grain size) was measured through standard grain-size analysis using wet-
sieving and pipette analysis (Folk, 1980) of the top 3-5 cm of surface sediment collected with a 3-
cm-diam core.

CraB DENsITY.—We conducted shallow-water trawling (1-2 m depths) from a small ‘open skiff’-
style vessel with an outboard engine and shallow draft. The sampling was conducted in July and
August of 1999 to quantify blue crab density across habitats and within zones at the same sites where
clams were sampled (see below). At each habitat-site combination, demersal fishes and crabs were
collected during daytime with a 4.9-m semi-balloon otter trawl (3-m wide mouth, 5-cm mesh net body,
and 7-mm mesh codend) along a 100 m transect line parallel to shore. Although the estimates of crab
density from trawling can be low due to gear avoidance by the predators (trawl efficiency for most
predators including large crabs is ~22%; Homer et a., 1980), all sizes of crabs are caught with
approximately equal efficiency except for extremely small individuals (not analyzed in this study)
which can escape through the mesh (Homer et al., 1980). Crabs in each trawl were counted and
measured (carapace width [CW]).

CLam DensiITY.—Since crab guts contain up to 50% clams by volume (Hines et al., 1990), we
targeted the thin-shelled clam, Macoma balthica, which is the biomass dominant in the York River
(Mansour, 1992). Clam density was quantified through suction sampling (Eggleston et al., 1992) at
the trawl sites, using a cylinder of 0.46 m diameter (0.17 m? area) to a depth of 40-50 cm, which
effectively samples the deepest-dwelling Macoma (Hines and Comtois 1985). At each site in each
habitat, two samples were suctioned into a 1-mm mesh bag and subsequently sieved on a 1-mm mesh
screen. All bivalvesin the sample were identified, counted and shell length (longest dimension, anterior
to posterior) was measured with calipers accurate to 0.1 mm. A mean of the two suctions from each
habitat-site combination provided an independent value used in statistical analyses.

StATISTICAL ANALYSIs.—Data for crab and clam density, physical variables (temperature, salinity,
dissolved oxygen) and nutrients (total organic carbon, total nitrogen) by habitat (sand or mud) and
zone (mouth, downriver, mid-river, upriver, and head) were analyzed using two-way ANOVA models
with habitat type and zone as fixed factors with 2 and 5 levels, respectively. Data were log-transformed
when necessary to meet assumptions of normality and homogeneity of variance (Underwood, 1997;
Bartlett’s test). Physical and biotic variables that had significant patterns by zone were used in a
multiple regression of crab density at the broad scale. When there was a significant zone effect, we
performed Student-Newman-Keuls (SNK) tests (Underwood, 1997) to determine which levels of the
factor differed.

In addition, for each habitat, crab densities from all 19 sites were correlated with physical variables
(temperature, salinity, dissolved oxygen) and with clam densities. Independent variables that were not
collinear were used in multiple regression analyses for each habitat. We used linear regression to
regress log crab density with other variables, or we used non-linear regression with multiple parameters
if this method increased the r? and fit of the regression.
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Two types of regression analyses were performed with crab and clam densities, (1) those using
individual data points from all sites (38 points with both habitats, or 19 points for each habitat), and
(2) those using data points derived from a mean of 4 sites in each zone X habitat combination (except
only 3 sites were used in the ‘head’ zone). To define the effects of clam density upon crab density in
the absence of salinity, we regressed the residuals from the crab-salinity regression with clam density.
Moreover, to ascertain the effects of salinity upon crab density in the absence of the effects of clam
density, we regressed the residuals from the crab-clam regression with salinity.

Finally, to look at crab-clam correlations at a small spatial scale, we regressed crab and clam
densities from individual sites in both sand and mud habitats within only the two most upriver zones
(i.e., 14 data points from ‘upriver’ and ‘head’ zones).

HyprobYNAMIC TRANSPORT.—Transport of clam and crab postlarvae were each simulated using
separate runs of the VIMS three-dimensional hydrodynamic model (HEM-3D) (Hamrick, 1992; Sisson
et al., 1997). Postlarvae migrate to surface waters during nocturnal flood tides, both in the blue crab
(Olmi et a., 1990) and in the Baltic clam (Dauer et a., 1982b; Baker and Mann, 1997). We therefore
integrated (1) the VIMS 3-D hydrodynamic model for the York River, (2) a simple behavioral model
for clam and crab postlarvae, and (3) a spatial habitat grid for the York River to predict spatially-
explicit patterns of postlarval settlement.

We simulated the fate of clam and crab postlarvae released downriver and at the mouth, respectively,
to determine if distributions based on hydrodynamic transport could be driving the observed distri-
bution patterns. Clam postlarvae were released from the downriver mud coves at the beginning of a
nighttime flood tide. Downriver coves were chosen as the release point since these areas harbor adult
Baltic clams (Lipcius and Seitz, unpubl. data). The model subsequently tracked densities of clam
postlarvae in the water column and those settling to the benthos over 6 d. In addition to the shallow
mud and sand habitats, we also investigated transport to the deep mud channel of the York River.
Spatial patterns of benthic density and depth-integrated planktonic density were portrayed for the end
of a 6-d model run.

Crab postlarvae were released at the mouth, where they naturally enter the York River system (Orth
and van Montfrans, 1987). The model simulated a time-varying settlement rate to the three possible
habitats (1) shallow mud, (2) shallow sand, and (3) seagrass, using the ‘current’ seagrass areal coverage
(Stockhausen and Lipcius, 2003, this issue). Deep mud habitats (>2 m) were not made available for
crab settlement. The model subsequently tracked the densities of crab postlarvae in the water column
and those that settled to the benthos over 6 d (see Stockhausen and Lipcius, 2003, this issue). Spatial
patterns of benthic density and depth-integrated planktonic and benthic density were portrayed for the
end of 6 d. The results from this model depict initial settlement of crabs, but do not preclude the
possibility of crabs later returning to the water column for post-settlement dispersal.

The numerical circulation model incorporated the hydrodynamic and scalar transport components
of the HEM-3D hydrodynamic-eutrophication model (Hamrick, 1992; Hamrick, 1996; Sisson et al.,
1997). The HEM-3D model has been used in similar contexts to investigate the effect of vertical
migration behavior on the spatial distribution of brachyuran crab larvae hatched in upriver tidal creeks
of the York River (Garrison, 1997), the dispersal of clam larvae from proposed seed beds in the James
River (Shen et a., 1997), the retention of oyster larvae in the James River (Mann and Evans, 1998),
and settlement of blue crab postlarvae as a function of seagrass habitat (Stockhausen and Lipcius,
2003, this issue).

RESULTS

SEDIMENTS AND PHYSICAL FAcTOrRs.—Sediments in mud habitats averaged
77.0% silt and clay fraction, whereas those in sand habitats averaged 13.15%.
Food resources for clams (i.e., sedimentary carbon and nitrogen) were signifi-
cantly greater in mud than sand (Tables 1 and 2). In mud, both sedimentary carbon
and nitrogen were highest upriver, though this difference was only significant for
nitrogen (Tables 1 and 2). Salinity was the only physical factor that varied sig-
nificantly by zone (Table 3) and was therefore the only physical factor used as a
predictor in subsequent multiple regressions for crab density.

CraB DEeNsITY.—Crab density was significantly higher in upriver and head
zones than in the other three downriver zones (SNK, P < 0.05), and did not differ
by habitat type (Fig. 2a; Table 4). Both sand and mud habitats contributed to
higher densities upriver (Fig. 2b, c), although the difference between upriver and
downriver zones was greater in sand (Fig. 2b) than mud (Fig. 2c).

CLam DensiTy.—Total clam densities (sand and mud habitats combined) gen-
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Table 1. Mean sedimentary organic carbon and nitrogen, and silt & clay grain size (% with standard
error in parentheses) by zone for each of two habitats (sand and mud) in the York River.

Zone
Nutrient Habitat Mouth Downriver Mid-river Upriver Head
Carbon Sand 0.28 (0.11) 030 (0.12) 0.20(0.09) 0.21 (0.04)  0.32 (0.05)

Mud  1.93(024) 203(0.31) 1.94(0.32) 3.03(0.91)  3.48 (0.10)
Nitrogen Sand 003 (0.01) 003(0.01) 002 (001) 0.2 (0.003) 0.14 (0.05)
Mud  019(002) 021(003) 017(003) 0.28(0.07) 052 (0.09)
Silt& clay Sand  11.39 (4.41) 11.90 (5.76) 1104 (3.30) 13.12 (3.40) 19.99 (5.96)
Mud 7418 (3.76) 8344 (7.10) 64.86 (2.73) 74.47 (14.30) 91.73 (3.41)

Table 2. Two-way analysis of variance for log-transformed total organic carbon (%) and for log-
transformed total nitrogen (%) between habitats (mud and sand) and among five river zones (Mouth,
Downriver, Mid-river, Upriver, and Head). Log-transformation was used to equalize variances (Bart-
lett’s test).

Source of variation df MS F P

Total organic carbon
Habitat 1 9.30 125.08 0.0001
Zone 4 0.06 0.86 0.500
Habitat X zone 4 0.01 0.13 0.970
Error 27 0.07

Total nitrogen
Habitat 1 7.93 93.35 0.0001
Zone 4 0.43 5.02 0.004
Habitat X zone 4 0.06 0.75 0.566
Error 27 0.09

Table 3. Two-way analysis of variance results for physical variables (temperature, salinity, dissolved
oxygen) between habitats (mud and sand) and among five river zones (Mouth, Downriver, Mid-river,
Upriver, and Head).

Source of variation df MS F P
Temperature
Habitat 1 0.20 0.02
Zone 4 6.42 0.47 0.899
Habitat X zone 4 0.20 0.02 0.755
Error 28 13.57 0.999
Salinity
Habitat 1 0.24 0.20 0.655
Zone 4 66.87 56.87 0.0001
Habitat X zone 4 0.45 0.38 0.818
Error 28 1.18
Dissolved oxygen
Habitat 1 4.94 3.46 0.073
Zone 4 0.66 0.46 0.764
Habitat X zone 4 1.51 1.06 0.395
Error 28 1.42
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Figure 2. Crab density (number of crabs/300 m? plus standard error) by river zone in the York from
trawls taken in July and August 1999 from (a) sand and mud habitats combined, (b) sand habitat, and
(c) mud habitat. Since there was no significant Habitat X Zone interaction an SNK multiple comparison
was run for Sand and Mud habitats combined (a). Bars with different letters are significantly different
(P < 0.05, SNK). Note that the scale of panel (c) is different from that of (a) and (b). Densities are
not corrected for trawl efficiency (~22%).

eraly mirrored crab densities (Fig. 3a; Table 5). Clam density differed signifi-
cantly by zone and habitat, but with a significant zone X habitat interaction effect
which precluded general conclusions about the main effects (Table 5). In sand,
clam density was significantly higher in the two upriver zones than the three

Table 4. ANOVA for log-transformed crabs/300 m? by habitat (mud and sand) and zone (mouth,
downriver, mid-river, upriver, and head). Log-transformed densities were used to equalize variances
(Bartlett’s test).

Source of variation df MS F P

Habitat 1 0.001 0.00 0.952
Zone 4 0.344 3.09 0.032
Habitat X zone 4 0.096 0.86 0.500

Error 27 0.111
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Figure 3. Clam density (number of clams/m? plus standard error) by river zone in the York from
suction samples taken in July and August 1999 from (a) sand and mud sites combined, (b) sand
habitat, and (c) mud habitat. Since there was a significant Habitat X Zone interactions, SNK multiple
comparisons were run for both Sand and Mud habitats separately. Bars with different letters are
significantly different (P < 0.05, SNK).

downriver zones (Fig. 3b; SNK, P < 0.05), whereas, in mud, clam density was
intermediate and did not vary significantly by zone (Fig. 3c; SNK, P > 0.05).
CoRRELATION ANALYsSIs.—In sand and mud, crab density correlated negatively
with salinity, but not with temperature or dissolved oxygen (Table 6). Using all
38 individual data points, crab density also correlated significantly with clam

Table 5. ANOVA for log(x + 1)-transformed clams/m? by habitat (mud and sand) and zone (mouth,
downriver, mid-river, upriver, and head). Log-transformed densities were used to equalize variances
(Bartlett's test).

Source of variation df MS F P
Habitat 1 3.986 15.20 0.001
Zone 4 1.717 6.55 0.001
Habitat X zone 4 2.185 8.34 0.0005
Error 28 0.262
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Table 6. Correlation matrix for sand and mud habitats comparing raw crab density/300 m? with
physical variables (temperature, salinity, dissolved oxygen), and clam density/m? (19 data points for
each habitat, four from each of 4 zones, and 3 from the ‘head’ zone). Values in each block are Pearson’s
correlation on top and P-value below. P-values < 0.05 are highlighted in bold.

Crabs/300 m? Temp Salinity Clamsg/m?
Sand
Temperature 0.168
0.491
Salinity —0.553 0.122
0.014 0.619
Clams/m? 0.919 0.076 —0.677
0.0005 0.757 0.0005
Dissolved oxygen 0.055 0.498 0.133 0.148
0.822 0.030 0.587 0.546
Mud
Temperature 0.381
0.108
Salinity —0.462 0.130
0.046 0.596
Clamg/m? -0.342 —0.049 0.233
0.152 0.843 0.338
Dissolved oxygen 0.346 0.254 0.006 -0.335
0.147 0.294 0.980 0.161

density in mud and sand sites combined (Fig. 4a). This relationship was driven
by the sand habitat where crab density was significantly correlated with clam
density (Fig. 4b; compare Figs. 2b and 3b; Table 6). In mud, where crab and clam
densities were intermediate, they were not correlated (Fig. 4c; compare Figs. 2c
and 3c; Table 6).

At the broad scale across both habitats, using a mean from each zone in each
habitat (10 data points), crab density was correlated with salinity (Fig. 5a; r? =
0.54, P = 0.015). After removing the effect of salinity, crab density correlated
highly with clam density (Fig. 5b; r? = 0.60, P = 0.008). When examining clam
density first, crab density was significantly correlated with clam density (Fig. 5c;
r2 = 0.76, P = 0.001). After removing the effect of clam density, crab density
was also correlated with salinity (Fig. 5d; r2 = 0.45, P = 0.034).

At aloca scale (i.e., the two upriver zones), in sand and mud combined (14
sites), salinity did not correlate significantly with crab density (linear regression:
r2 = 0.14, P = 0.181). However, crab density was highly correlated with clam
density (Fig. 6; non-linear regression, r2 = 0.93, P < 0.0001).

HyDRoODYNAMIC TRANSPORT.—Using our model, when clam postlarvae were
released from downriver coves, a high proportion was transported to upriver zones
(Figs. 7 and 8). In contrast, the fraction transported to the ‘mouth’ zone was
negligible. Transport to mid-river and downriver shallow sand or deep mud was
low to moderate.

For blue crab postlarvae, settlement was greatest at the mouth because of high
settlement in seagrass beds (Fig. 9; see Stockhausen and Lipcius, this issue, for
details of spatial habitat grid). Settlement mid-river was moderate, and settlement
to upriver and head zones was low. These predicted patterns for initial settlement
of crab postlarvae do not correspond well with abundances of juvenile and adult
crabs detected in the various zones (compare Figs. 2 and 9).
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Figure 4. Scatter plots and regression lines of York River crab and clam densities from: (a) sand and
mud habitats in combined, non-linear regression; (b) sand sites alone, non-linear regression; (c) mud
sites alone, linear regression. Note that scale in panel (c) is different from that in (a) and (b). Crab
densities are not corrected for trawl efficiency.

DiscussioN

Density of the blue crab (Callinectes sapidus) correlated significantly with den-
sity of its major prey, the Baltic clam (Macoma balthica), both across broad (50
km) and narrower (1-10 km) spatial scales in the York River, Chesapeake Bay.
At the broad spatial scale, in addition to correlating with clam density, crab den-
sity also correlated with salinity but not with the simulated initial settlement of
postlarvae predicted by hydrodynamic transport. Furthermore, after removing the
effect of salinity, crab density remained highly correlated with clam density at
the broad scale, suggesting that the broad distribution of crabs was dictated pri-
marily by the distribution of clams. At a small spatial scale, where salinity did
not differ, crab density remained highly correlated with clam density (r? = 0.93),
suggesting strongly that a bottom-up factor (i.e., food) affected crab distributions
at both spatial scales. The collective evidence is consistent with the hypothesis
that crab density is driven by both food availability and salinity at broad spatial
scales (10-50 km), whereas crab density is primarily controlled by food avail-
ability at smaller spatial scales (1-10 km). Hence, unvegetated habitats charac-
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Figure 7. Model output of hydrodynamic transport of clam postlarvae in the York River after pos-
tlarvae were released in downriver coves and allowed 6 d in the plankton. Densities are integrated
over the water column and benthos. Dark shading indicates high densities. Arrow for *‘ Postlarval
release’” is pointing to the seven downriver coves where postlarvae were released. Arrows for “ Max-
imum output densities” indicate areas of dark shading upriver where maximum clam densities were
predicted after 6 d in the plankton.

terized by high clam density may be critical in the population dynamics of the
blue crab.

Top-down control of large juvenile and adult blue crabs is not likely, since
these individuals obtain a size refuge from predation (Hines et al., 1990; Moody,
1994). Small juvenile crabs (<50 mm carapace width) may be consumed by some
predatory fishes such as striped bass and red drum (J. Van Montfrans, unpubl.
data), as well as conspecifics (Mansour, 1992).

Crab distribution patterns in sand and mud habitats were consistent with the
hypothesis that crab density is driven mostly by clam density rather than by other
factors. For example, crab densities were highest at the sites in sand where clam
densities were highest. In mud, where clam densities were intermediate, crab
densities also remained intermediate. This demonstration of bottom-up control of
blue crabs is notable, since previous investigations failed to demonstrate bottom-
up control of upper-trophic-level species (Micheli, 1999; Brett and Goldman,
1996).

Predators such as the blue crab select prey patches to maximize fitness or
energy intake (Pyke, 1984; Stephens and Krebs, 1986), within the constraints of
predator interference (Mansour and Lipcius, 1991), habitat features (Lipcius and
Hines, 1986; Eggleston et al., 1992; Seitz et al., 2001), predation risk, and predator
behavior (Micheli, 1997; Sih et al., 1998; Clark et a., 1999a). In our system, crab
predators were apparently attracted to patches or zones where prey were concen-
trated (e.g., sand habitats upriver).
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Figure 8. Hydrodynamic transport model estimates of percent settlement of clam postlarvae into
various river zones (a) mouth, (b) downriver, () mid-river, and (d) upriver, on either the north or
south shore of the river (estimated from model run depicted in Fig. 7). Postlarvae were released from
the 7 largest downriver coves, allowed 6 d in the plankton, and after 6 d, were assumed to settle in
the zones in which they persisted.

Since crab and clam densities were positively rather than negatively correlated,
a hypothesis of top-down control of clams was not supported. We therefore sug-
gest that clam distribution dictates crab distribution, rather than crabs controlling
clams through predation. Clams persisted at high densities even in areas where
crabs were abundant (i.e., upriver). Predation on clams may be limited in this
system because of (1) agonistic interactions between crabs at high predator den-
sities (Mansour and Lipcius, 1991), or (2) prey swamping of predators in the
productive turbidity maximum zone (Seitz and Lipcius, 2001). At the local scale,
crabs aggregate on clam patches (Clark et al., 1999a, 1999b), although their ability
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Figure 9. Model output of hydrodynamic transport of crab postlarvae in the York River after post-
larvae were released at the mouth and allowed 6 d in the plankton. Densities are integrated over the
water column and benthos. Dark shading indicates high densities. Settlement was restricted to areas
<2 m depth.

to find patches and remain on them is influenced by both the density of conspe-
cifics on patches and the distance between patches (Terwin et al., in review).
Foraging success of blue crabs was reduced at high densities both in the lab
(Mansour and Lipcius, 1991) and field (Clark et al., 1999b) because of aggressive
interactions and mutual interference by conspecifics. Such aggressive interactions
may afford a relative refuge from predation for clams in dense aggregations (i.e.,
in upriver sand habitats in the York River).

The correlations between clams and crabs were mainly driven by processes in
the sand habitat. Whereas mud harbored intermediate densities of clamsregardiess
of location in the river, sand harbored low densities of clams at downriver loca-
tions and high densities at upiver locations. Clam postlarvae can actively select
settlement habitats (Sorlin, 1988; Beukema, 1993) as can crabs (Orth and van
Montfrans, 1987; Olmi et al., 1990; van Montfrans et al., 1990), and zones of
highest food quality (i.e., high carbon and nitrogen) were upriver. Apparently, at
the broadest spatial scale (10-50 km) clams were either distributed upriver by
hydrodynamic forces and remained there because of favorable conditions (i.e.,
plentiful food), or clamsin downriver habitats continued post-settlement migration
upriver until a favorable habitat was found (i.e., upriver or in mud coves down-
river). In simulations, crab postlarvae were mainly distributed downriver, but po-
tentially could continue post-settlement dispersal to a more suitable habitat (i.e.,
upriver). Hydrodynamic transport of clamsto upriver habitats was high, but initial
transport of crab postlarvae upriver was extremely low.

Previous authors have examined the blue crab-clam relationship in association
with habitat and clam density. For example, predation on Macoma in both sand
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and mud habitats in the lab (Eggleston et al., 1992) and the field (Seitz et al.,
2001) is density dependent (i.e., there is a low-density refuge from predation).
The mechanism underlying a low-density refuge from predation is the relatively
lower encounter rate and feeding efficiency of blue crabs at low prey densities
(Lipcius and Hines, 1986; Mansour and Lipcius, 1991; Eggleston et al., 1992;
Micheli, 1997). Blue crabs search for prey by probing the sediment with the tips
of their walking legs. Thus, we would predict that the predator would move to
more profitable patches as prey become scarce or difficult to detect (e.g., Clark
et al., 1999a, 1999b). Such a low-density refuge is likely maintained even at high
predator densities due to mutual interference between predators (Ens and Goss-
Custard, 1984; Mansour and Lipcius, 1991; Micheli, 1997). In our system, mutual
interference among predators may likewise explain the persistence of elevated
clam densities amid high predator densities upriver.

There was atrend of increased clam densities with elevated sedimentary carbon,
although clam densities did not significantly correlate with sedimentary carbon at
small spatial scales. Thus, we suggest possible bottom-up control of clam densi-
ties, as observed in previous studies (Seitz, 1996; Seitz and Lipcius, in press). In
addition to sedimentary carbon, planktonic food availability (i.e., chlorophyll a
[chl a]) might also be important, since Macoma can filter feed as well as deposit
feed (Skilleter and Peterson, 1994; Lin and Hines, 1994; de Goeij and Luttink-
huizen, 1998). Macoma deposit feed when sedimentary food is plentiful, and
suspension feed when food is readily available in the water column or when there
is an absence of food on the sediment surface (Hummel, 1985; Olaffson, 1986;
Kamermans et al., 1992).

Although chl a was not measured in our study, it was previously measured
along a transect from the mouth to the head of the York River (J. Maa, unpubl.
data). The concentration of chl a in bottom water was lower downriver near the
mouth (~8 ug/L in October 1996) than near the head of the river at West Point
(~28 ug/L in October 1996). Consequently, planktonic food availability for Ma-
coma in the York River appears to parallel sedimentary carbon availability with
generally greater concentrations upriver. Hence, the elevated clam densities up-
river may have been a consequence of high water column chl a or sedimentary
C and N in upriver habitats.

The enhanced density and biomass of clams in the upriver zone may be caused
by physical processes in association with the turbidity maximum of this partially
mixed estuary. The turbidity maximum in the York River extends from the ‘ head’
zone down through the ‘upriver’ zone (see Fig. 1) (Schaffner et al., 2001). Typ-
ically, turbidity maxima are characterized by water-borne sediment concentrations
10-100X greater than those farther downstream (Nichols and Biggs, 1985). Tur-
bidity maximum zones trap fine sediments and enhance food availability for de-
posit feeders, such as the clams in our system. Augmented densities of clams in
the turbidity maximum zone may have subsequently led to elevated crab densities.

Though this study was conducted in shallow water in one tributary of Chesa-
peake Bay, the observed crab and clam densities are similar to deeper habitats
and other tributaries such that conclusions for the York River may be applicable
to other tributaries and systems. For instance, in deeper areas of the York and
Rappahannock rivers (i.e., mud channels), crab and clam densities were elevated
in upriver zones compared with downriver zones (Lipcius and Van Engel, 1990;
Mansour, 1992; Seitz, 1996; Schaffner et al., 2001). Thus, large tributaries with
geography and hydrography similar to that of the York River may show compa-
rable crab-clam correlations and bottom-up control.

An alternative hypothesis to explain the differential distribution of clamsis that
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predation on clams reduced their densities downriver; this hypothesis was previ-
ously investigated and rejected (Seitz and Lipcius, 2001). In the York River, pro-
portional mortality of transplanted clams was significantly greater upriver, in the
high-density clam habitat, than downriver. This pattern held across three experi-
mental trials through the summer of 1995 (Seitz and Lipcius, 2001), and thus
does not explain higher clam densities upriver. In the present study, the two zones
that varied in clam density were separated by approximately 50 km, and crabs
could not readily migrate between the two zones (Mansour, 1992; Hines et al.,
1995). Crabs apparently congregated where their main food source (i.e., clams;
Hines et al., 1990) was in greatest abundance, yet their predation in that zone
was not extreme enough to drive clams to low densities (Seitz and Lipcius, 2001).

Similarly, crab density in the smaller-scale Rhode River (5 km length) was
elevated in a high-clam-density habitat compared with a low-clam-density habitat,
although foraging efficiency was reduced in the former habitat. In the smaller-
scale Rhode River system, predators had higher foraging efficiency in the low-
clam-density habitat and could easily migrate between habitats differing in clam
density (Seitz and Lipcius, 2001). Because of the small scale of theriver, predators
could more easily benefit from reduced aggressive interactions with conspecifics
in alow-clam-density habitat than they could in a larger-scale system where their
access to such habitats may be limited. Thus, regardless of spatial scale, in un-
vegetated habitats, crab density is positively correlated with clam density, but the
resultant effect on the benthic community may differ depending on a crab’s ac-
cessibility to other habitats.

While the value of seagrass beds for juvenile blue crabs is recognized (Orth
and van Montfrans, 1987; Olmi et a., 1990; Perkins-Visser et a., 1996; Pile et
al., 1996), the role of unvegetated habitats, particularly habitats such as those in
the upriver zones of the York where food resources are plentiful, needs further
attention. The high crab densities in upriver unvegetated habitats suggests that
these habitats play a key role in blue crab population dynamics. These habitats
are numerous throughout Chesapeake Bay and are often characterized by abundant
food (Mansour, 1992; Seitz, 1996; Seitz and Lipcius, 2001). We suggest that, in
addition to well-studied habitats (i.e., seagrass beds), those habitats with plentiful
food (i.e., habitats with high clam densities) and elevated crab densities should
also be considered essential and be targeted for protection in conservation efforts.
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