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TEMPORAL VARIATION IN JUVENILE BLUE CRAB
MORTALITY: NEARSHORE SHALLOWS AND

CANNIBALISM IN CHESAPEAKE BAY

Anson H. Hines and Gregory M. Ruiz

ABSTRACT
Adult abundance is determined by both recruitment and survival of juveniles. Blue crabs

exhibit a distinct population size-structure reflecting seasonal cycles of recruitment and
growth in the Rhode River, a subestuary lacking submerged vegetation in central Chesapeake
Bay. Seasonally shifting modes in the size-structure, corresponding to juvenile, prepubertal
and mature crabs, allowed trawl catches to be partitioned into 0+ and 1+ year classes of the
crabs' 2-3 year life span. Fluctuations in the annual abundance of the year classes during
]988-1993 indicated that abundance of 0+ juveniles was not a good predictor of 1+ year-
class abundance. We used tethering techniques to assess sources of, and temporal variation
in, juvenile blue crab mortality as a function of water depth in the nearshore shallows of the
subestuary. Laboratory experiments and analysis of remains of crabs tethered in the field
indicated that cannibalism by large blue crabs was the source of 75-97% of mortality of
juveniles. Crabs 30-50 mm CW suffered significantly higher mortality than 50-70 mm crabs.
Mortality of tethered juveniles was significantly lower in shallow (15 cm) than deep (>70
cm) water. Mortality rates did not differ between day and night periods. Mortality of tethered
juvenile blue crabs was high (40-90% per day) and exhibited significant seasonal and annual
variation from 1989-1993; and water depth showed significant interaction effects with these
components of temporal variability. Multiple regression analysis indicated that water tem-
perature, abundance of 1+ year-class crabs in deep-water trawls, and abundance of 0+ year-
class crabs in nearshore seines accounted for 82% of the annual variation in mortality of
juveniles tethered at medium (40 cm) depth. Together, these results emphasize the importance
of the nearshore shallows and body size as a crucial refuges for juvenile blue crabs encoun-
tering intense, but temporally variable cannibalism by large crabs. Juvenile mortality may be
an important variable regulating population dynamics of blue crabs.

Variation in recruitment is a key component of population dynamics (Roths-
child, 1986; Roughgarden et al., 1988). Fluctuations in abundance of adult pop-
ulations reflect variation in both larval settlement (Phillips, 1986; Gaines and
Roughgarden, ]987) and juvenile survival (Caputi and Brown, 1986; Herrnkind
and Butler, 1986). Juvenile mortality may obscure the effects of variation in larval
settlement through both density-independent and density-dependent mechanisms
(Murdoch and Bence, ]987; Richards and Lindeman, 1987). Predation is often a
dominant component of density-dependent mortality for juveniles (Beverton and
Holt, 1957), and cannibalism can comprise a major source of predation upon
juveniles (Elgar and Crespi, 1992) that regulates recruitment success in size-struc-
tured populations typical of many aquatic ecosystems (Tschumy, 1982; Werner
and Gilliam, 1984; Ebenman and Persson, 1988; Stein et aI., 1988). Predation
rates are often mediated through prey utilization of refuges (Gilliam and Fraser,
1987; Persson, 1993), which may include spatial (habitat) and/or temporal (di-
urnal, seasonal, annual) components that reduce access or effectiveness of predator
impact on prey. Spatial and temporal aspects of refuges may interact so that
juvenile mortality may exhibit significant temporal variation within a refuge hab-
itat (Heck and Wilson, 1987), especially when a critical habitat provides only
partial refuge from predation (Eggleston et aI., 1992; Dittel et aI., 1995). Thus,
temporal patterns of juvenile mortality within refuge habitats may provide insight
into variation in recruitment success regulating population dynamics.
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The blue crab (Callinectes sapidus) in Chesapeake Bay is characterized by
marked fluctuations in population abundance, attributable to variability in recruit-
ment success and a relatively short life span (2-3 years) (Millikin and Williams,
1984). Variation in adult crab abundance is often assumed to result from variation
in larval settlement, which exhibits daily, seasonal and annual variation (van
Montfrans et a\., 1990, 1995; Olmi, 1995; Rabalais et a\., 1995). However, there
is little direct evidence that these settlement patterns are primarily responsible for
variation in adult abundance, and there has been little effort to measure temporal
patterns of juvenile mortality.

Juvenile mortality may contribute significantly to variation in, and regulation
of, adult blue crab abundance in Chesapeake Bay for three reasons. First, the
Chesapeake population is distinctly size-structured with 2 age classes (Hines et
al., 1987, 1990). Following settlement and growth to about 20 mm carapace width
in the submerged aquatic vegetation (SAV) beds of the lower Chesapeake Bay,
small juveniles disperse into the subestuaries throughout the Bay to feed and grow
to about 80 mm in their first year (Millikin and Williams, 1984; Hines et a\.,
1987, 1990; Pile, 1993). These juveniles forage extensively in the subestuaries,
where they mature and mate in their second year (Millikin and Williams, 1984;
Hines et a\., 1987, 1990). Thus, juveniles 30-90 mm comprise a distinct mode
of the 0+ year class, while prepubertal and adult crabs 110-170 mm form a
second mode consisting of the 1+ year class. Second, blue crabs exhibit clear
cannibalistic behavior, which is often size-dependent (Smith, 1990; Dittel et a\.,
1995), and cannibalism may be a major source of mortality for juveniles (Smith,
1990, 1995 Ruiz et a\., 1993). Third, significant seasonal and long-term variation
has occurred in habitats thought to provide potential structural refuge from pre-
dation for juvenile blue crabs, including the long-term declines in SAV (Orth and
Moore, 1984), oyster reefs (Mann et a\., 1991), and coarse woody debris (Everett
and Ruiz, 1993).

This study presents evidence that variation in juvenile abundance over a 5-year
period was not a good predictor of large blue crab abundance that comprises the
fishable portion of the population in the Rhode River, a subestuary of Chesapeake
Bay. We investigated patterns of variation in mortality of juvenile blue crabs,
which may explain this apparent decoupling of variation in juvenile abundance
from subsequent variation in adult abundance. Using tethering techniques (Heck
and Thoman, 1981; Wilson et al., 1987), Smith (1990, 1995) showed that inter-
molt juvenile crabs <80 mm carapace width (0+ year class) suffer high levels of
predation, whereas large crabs (1+ year class) suffered almost no mortality within
the subestuary. Subsequently, we showed that juvenile blue crabs obtain refuge
from predation by utilizing shallow water «70 cm deep) but suffered high mor-
tality rates in deeper (70-120 cm) water (Ruiz et a\., 1993; Dittel et a\., 1995).
In the present study, we used tethering techniques to test for diel, seasonal, and
annual variation in the mortality of 0+ juvenile blue crabs over a 5-year period;
and we tested for interactions of these temporal components with the effects of
water depth. We used stepwise multiple regression analysis to estimate the pro-
portion of variation in juvenile mortality correlated with water temperature and
abundances of large (1+ year-class) and small (0+ year-class) crabs. These vari-
ables potentially contribute to predation mortality by regulating seasonal and an-
nual variation in activity levels of predators and prey (Hines et a\., 1990), inter-
year-class cannibalism (e.g., Botsford and Wickham, 1978), and within-year-class
cannibalism (Fernandez et al., 1993).
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Figure 1. Map of Maryland portion of Chesapeake Bay (inset) and the Rhode River subestuary
showing locations of trawling (3 dark lines), seining (11, 12, 13) and cylinder (11) sampling stations
and locations of tethering experiments (11, 12, 13 for spatial variation, II for temporal variation) in
Canning House Bay.

MATERIALS AND METHODS

Study Site.-This study was conducted in the Rhode River (38°5] 'N, 76°32'W), a 485 ha subestuary
of the mesohaline zone of Chesapeake Bay (Fig. I). Previous studies describe major aspects of water
quality (Jordan et aI., 1991) and blue crab biology (Hines et aI., 1987, 1990) in this subestuary. The
Rhode River is shallow (max. depth = 4 m), with about 80% of the bottom area composed of fine
silt and clay and 20% composed fine to medium sand. Monthly mean water temperatures fluctuate
seasonally between 2 and 30°C, and salinity varies from 3 to 17%0; tidal amplitude is about 0.5 m.
Beds of SAY disappeared from the study area in the 1970s and continued to be absent throughout our
study period. Field experiments were conducted at Canning House Bay, which is characterized by an
unvegetated sandy beach and a nearshore bathymetry which slopes gradually to depths >1 m about
50 m from the waters' edge. Water temperature 1 m below the surface was taken weekly in the channel
off Canning House Bay using a Beckman temperature meter.

Population Size Structure.-We measured population size structure of blue crabs in deep (2-4 m)
water with otter trawls and in the nearshore zone <70 em deep with seines and drop cylinders. Monthly
otter trawls during April to November of 1988-1993 were pulled for a fixed 900 m distance on three
consecutive days at three stations (Fig. 1), as described in Hines et al. (1990). The trawl net had a 3-
m-wide mouth, 5-cm-mesh net body, 7-mm-mesh cod end liner, and a tickler chain. Seines were pulled
monthly during June, July and August 1989-1993 along 32 m of shoreline at three locations in Canning
House Bay with a net 16 m long, 1.6 m high, and made of 7 mm mesh. Sampling with drop cylinders
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occurred monthly during June, July and August 1989-1993 following methods of Ruiz et a!. (1993)
that employ an open ended sheet-metal cylinder (1.2 m high and 1.5 m diameter). The cylinder was
suspended above the water on a boom extending over the bow of a boat, and it was dropped onto a
sampling site by pulling a release cord that allowed personnel to remain> 15 m from the site, thereby
minimizing disturbance to motile species before the drop. The cylinder trapped crabs as it fell quickly
through the water column and became embedded in the bottom, while the upper edge remained above
the water surface. Water in the cylinder was then pumped out completely using a suction dredge fitted
with a 3-mm-mesh bag to capture entrained animals. Crabs remaining within the cylinder were col-
lected from the sediment surface, which was probed thoroughly for buried individuals. All blue crabs
in trawls, seines and cylinder samples were counted and measured to the nearest mm in carapace
width including spines (CW).

Tethering Experiments.-We used tethering to compare the relative risks of predation upon juvenile
blue crabs among water depth zones in Canning House Bay (Fig. 1). Tethering has been used suc-
cessfully to assess relative predation risk in the field for crabs and other animals (Heck and Thoman,
1981; Watanabe, 1984; Herrnkind and Butler, 1986; Mcivor and Odum, 1988; Wilson et a!., 1987,
1990; Ruiz et a!., 1993; Barbeau and Scheibling, 1994; Dittel et al., 1995). Although tethering can
significantly alter animal behavior and absolute rates of predation (Barshaw and Able, 1990a; Smith,
1990, 1995), it allows comparison of relative rates among treatments in the absence of tethering
artifacts (Peterson and Black, 1994). When experimental manipulations, such as tethering, introduce
artifacts which produce significant interaction effects with treatment variables, interpretation of results
becomes problematic (Peterson and Black, 1994). For juvenile blue crabs, however, such interaction
effects of tethering are likely to be minimal in soft-bottom systems lacking SAY. Our laboratory
observations showed that tethered crabs displayed the full range of norrnal behaviors, including feed-
ing, grooming, resting (including burying)(see also Barshaw and Able, 1990b), and locomotory (in-
cluding swimming) activities. Although crabs rapidly moved and swam away from attacking predators,
they were restricted in the extent of their escape by the tethers (see also Wilson et a!., 1990). These
qualitative observations are also supported by more detailed video analysis of juvenile blue crabs
(Zimmer-Faust et a!., 1994). Moreover, tethered 5-15 mm blue crabs in SAY in lower Chesapeake
Bay did not show significant tethering artifacts (Pile, 1993), and mortality of tethered and untethered
blue crabs (50 mm without missing limbs) did not differ when exposed to large blue crabs in large
field enclosures in the Rhode River (Smith, 1994). In the Rhode River, there is only one major predator
(large blue crabs) on small crabs (see Results below; Smith, 1990; Ruiz et aI., 1993), thus eliminating
possible differences in tethering artifact among predator species that could sometimes change if the
species composition of predators varied along a depth gradient (Peterson and Black, 1994).

Blue crabs 30-70 mm CW were collected with seines and trawls and were held and fed in the
laboratory for 1-3 days prior to use in field experiments. This size range was selected to represent
the 0+ year class. Crabs in the laboratory were fed pieces of fish (Fundulus heteroclitus) daily. We
selected active, interrnolt crabs for experiments, and checked for molting and limb loss during every
run. Tethering consisted of tying a loop of monofilament (9 kg test) around the crabs' lateral spines
to forrn a halter held in place on the carapace with cyanoacrylate glue and attached to a coated steel
leader (4.5 kg test). Each crab was tethered individually on a 0.75 m leader attached to a steel spike,
which was also tied with a monofilament line attached to a small fishing float to locate the tether in
the field. Following tethering and before deployment in the laboratory or field, crabs were plaeed
individually in small plastic containers of estuarine water and checked for 1-3 h to be sure they were
not injured during tethering. During deployment, the spike was pressed below the sediment surface
and the float line extended to the water surface, while the test crab was allowed to move on the tether
line.

We conducted laboratory experiments during July-August 1990 to test the vulnerability of juvenile
blue crabs to potential estuarine predators, that are common in the subestuary and have been reported
to consume crabs. Four species, which were present in the Rhode River (Hines et a!., 1990; Ruiz et
a!., 1993) and known to consume blue crabs (Millikin and Williams, 1984) were tested as potential
predators: Callinectes sapidus of large (140-160 mm CW) and small (30-70 mm CW) size classes;
Anguilla americana (American eel) 90-115 cm total length (TW); Opsanus tau (oyster toadfish) 20-
30 cm TW; and Marone americana (white perch) 25-30 cm TW. Other predators known to consume
blue crabs, including Marone saxatilis (striped bass) and Ardea herodias (Great Blue Heron), were
present in the study area at such low abundances that we judged them to have negligible potential
impact on juvenile crab abundance. Individuals of each predator species were acclimated to laboratory
conditions for 5 days and tested in large (2 m long X 1 m wide X 0.6 m deep) tanks with flowing
estuarine water and muddy sand substrate (10 cm deep) collected from the field experimental site.
The predators were not fed for 24 h prior to testing. Four interrnolt juvenile blue crabs (30-70 mm
CW) were tethered as described above and placed into each test tank. Mortality of the crabs was
scored daily for 72 h, and characteristics of prey remains were noted. The test wa~ replicated five
times in blocks of six tanks for different individuals of each predator and a control tank lacking
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Figure 2. Population size structure of blue crabs captured in trawls within the Rhode River subestuary
during June 1989-1993. Size breaks for juvenile, prepubertal and mature males and females are
indicated for the 0+ and I+ year classes. Shaded bars indicate mature females.

predators to test for escape or other mortality. We also made laboratory observations on predation
success of the five predators upon free-ranging (untethered) juvenile blue crabs in the tanks.

In field experiment5, we tested the mortality rate of tethered juvenile (30-70 mm CW) blue crabs
placed at shallow (15 em), medium (40 em), and deep (80 em) water in the nearshore zone of Canning
House Bay from 1989-1993. Tethered individuals were spaced along shore at intervals >2 m to ensure
that there was no interaction among test crabs. Mortality and characteristics of tethered crab remains
were scored at 24 and 48 h, except for diel tests (see below) which were scored at about 12-h intervals.
For each sample period, we tethered individual juvenile crabs at each depth in two groups of about
12 or 13 crabs; the second group was deployed 2 days after the first. This design resulted in a sample
size of about 25 individuals at each of three depths, for a total of about 75 crabs for each sample
period. A sample size of 25 is the recommended minimum per test cell in log-linear models employed
in our data analysis (below). To test for spatial variation in juvenile mortality, we conducted tethering
experiments simultaneously at three locations separated by >0.5 km within Canning House Bay in
August 1990. To test for diel variation in mortality we deployed half of each group of tethered crabs
at alternating times of the day (early morning or late afternoon-evening) during 1990 to avoid biasing
the results by potential diel variation in mortality. Since results indicated no diel variation in mortality,
later temporal tests began in early afternoon. To test for seasonal and annual variation in juvenile
mortality, we conducted tethering experiments repeatedly during 1989-1993 at three depths at a single
location in the middle of the study area. Although we randomly distributed the test crabs among the
tethering treatments, we recorded CW and sex of each crab during deployment so that we could
perform a posteriori tests for differences in mortality by size and gender.

Data Analysis.-Size frequency distributions of blue crabs were compared among trawl, seine and
cylinder samples using Kolmogorov-Smirnov tests (Sokal and Rohlf, 1981).

Annual estimates of the abundance of 0+ and I + year classes of crabs were computed from trawl
catches using sine-cosine functions as covariates in ANCOV A to partition the strong seasonal variation
in catch (Hines et a\., 1990). We used least-square means per year as an estimate of abundance of
each year class.

We used log-linear models (SAS, 1990) to test for independence of juvenile blue crab mortality
among depths, locations, sampling periods, and sex-size categories of individuals. To assess spatial
variation, we compared mortality among three stations and tested for interaction with water depth.
Diel variation compared mortality rates (adjusted for hours of exposure to predators) between day and
night exposure periods. A test of seasonal variation compared mortality among months from April-
September 1990. Interaction among months of the summer and year was tested for tethered crabs in
June, July, and August from 1990-1993. Variation in mortality among years compared tethering ex-
periments conducted in August of 1989-1993.

We used multiple regression analysis to test for the contribution of water temperature (an indicator
or predator activity), abundance of the 1+ year class in trawls (an index of between year-class can-
nibalism), and abundance of the 0+ year class in nearshore seines (an index of within year-class
cannibalism) in explaining the variance in mortality of juvenile blue crabs.

RESULTS

Population Size-Structure and Variation in Abundance.-A distinct size structure
characterized the population of blue crabs captured in monthly trawls in the Rhode
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Figure 3. Abundance of 0+ and 1+ year classes of blue crabs in trawls during 1988-1993. Trawls
were pulled at stations within the Rhode River subestuary shown in Figure 1.

River (Fig. 2). Both sexes exhibited modes in size-frequency distributions which
reflected 0+ year-class juveniles and 1+ year-old prepubertal and adult crabs. The
modal size of the 0+ juveniles increased as these crabs grew during the seasonal
cycle (Hines et aI., 1987, 1990). Juvenile crabs grew to prepubertal instars and
matured in their second summer. Thus, the distinct size structure of the population
allowed us to partition the contribution of each of the 2 year-classes to the pop-
ulation samples (after we adjusted the size used to separate the year classes in
each monthly sample to account for seasonal growth of the cohorts).

Abundance of blue crabs in the trawl catches ranged six-fold among years from
a low in 1989, with mean catch of two crabs per trawl and peak catch of eight
crabs per trawl, to a high in 1992, with mean catch of 11.6 crabs per trawl and
a peak catch of 71 crabs per trawl (Fig. 3). Abundances of both year classes in
the blue crab population caught in monthly trawls fluctuated in a consistent sea-
sonal cycle (Fig. 3), which we partitioned from annual variation (ANeOY A, sine-
cosine function, F(I.48o)= 74.5, P < 0.001). Both year classes exhibited significant
variation among years (ANeOY A on the residuals of trawl catch by year class
after the average seasonal cycle was partitioned from the data, i.e., the "season-
ally-partitioned catch"; 0+ YearClass: F(s,48o)= 10.79, P < 0.001; 1+ YearClass:
F(s,48o)= 39.58, P < 0.001). During the 5 years of this study, however, the abun-
dance of the 0+ year-class recruits was not a significant predictor of the abun-
dance of the 1+ year class of crabs in the subsequent year and explained less
than 5% of the variance (ANOY A: dependent variable = least-squared mean of
seasonally-partitioned catch of 1+ year-class lagged by 1 year; independent vari-
able = least-squared mean seasonally-partitioned catch of 0+ year class catch; P
> 0.8) (Fig. 4).

Size Structure by Water Depth.-The size structure of blue crabs in the subestuary
differed significantly among samples caught with trawls, seines and cylinder sam-
pling (Fig. 5). The crabs caught by cylinders and seines in shallow, nearshore
water <1 m deep included proportionately more small, 0+ year class crabs and
less large, 1+ year-class crabs than crabs sampled in deeper water of the channel
(Kolmogorov-Smimov test, G = 47.77, P < 0.001).

Sources of Juvenile Mortality.-Juvenile blue crabs in laboratory experiments
suffered no mortality in the absence of predators, and none escaped from their
tethers. Our laboratory observations of tethered crabs showed that they appeared
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Figure 4. Regression of lagged annual index of I + year-class abundance versus annual index of 0+
year-class abundance. See text for explanation of indices. The regression is not significant (P > 0.8).

to behave normally, exhibiting the full range of activities, including moving rap-
idly and swimming away from attacking predators; however, they were obviously
restricted by the tethers in the extent of their escape.

Mortality of the intermolt juveniles tethered in the laboratory differed signifi-
cantly among the five potential predators (Chi-square = 19.05, df = 4, P < 0.00l).
Large blue crabs readily attacked and consumed 65 percent (11 of 20) of tethered
juvenile blue crabs in laboratory tanks. Whereas small untethered blue crabs oc-
casionally fought with tethered juveniles, these encounters only resulted in 5% (1
of 20) mortality of tethered individuals. Attacks by large blue crabs produced
characteristic remains of tethered crabs. If an attack did not produce immediate
mortality, the tethered crabs often suffered limb loss or punctured carapaces.
Punctured juveniles soon died and were attacked again with invariable consump-
tion by the large crab. Successful capture of juveniles by large crabs invariably
led to immediate dismemberment and consumption of the juvenile, leaving two
types of remains: usually pieces of dorsal carapace remained glued to the mono-
filament halter; other times (20%, 4 of 20) only a clean halter remained. Oyster
toad fish consumed 15% (3 of 20) of tethered crabs, but all of these were eaten
on the third day of the trials. In each of these cases of predation, the oyster toad
fish swallowed the whole juvenile blue crab and the fish remained attached to the
tether leader as a clear indicator of predation. Neither American eels (N = 20)
nor white perch (N = 20) consumed any tethered crabs, nor did these predators
inflict any damage or limb loss on the juveniles. Our laboratory observations of
untethered crabs revealed similar patterns of vulnerability to these predators, al-
though untethered crabs suffered 29% lower mortality than tethered crabs. Our
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Figure 5. Population size structures of blue crabs sampled by drop cylinders and seines in shallow
«90 cm) water, and otter trawls in deep (2-4 m) water. N = number of crabs in sample.

study did not test mortality of molting crabs, which we have observed to be
vulnerable to all five of the tested predators.

We evaluated the remains of juvenile blue crabs tethered in field experiments
to deduce sources of mortality based on the characteristic remains of tethered
crabs in the laboratory (Table 1). Of the 1,039 juvenile blue crabs tethered in the
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Table 1. Frequencies of remains of juvenile blue crabs tethered at 3 water depths in the Rhode River
subestuary during June, July and August of 1990-1993, Values in body of table are percentages of
sample at that depth which had remains in the category of the column heading. N = number of
tethered crabs for the column or row. See text for interpretive description of categories.

Lost or Alive, Carapace Alive with Dead with Dead, no
molted intact fragment No remains damage damage damage N

Shallow <1 62 9 4 17 3 5 346
Medium <1 44 23 10 15 6 1 345
Deep <1 34 29 20 11 4 1 348
All depths <1 46 21 11 15 4 2 1,039
N 8 482 213 118 153 42 23 1,039

field during June, July, and August 1990-1993, less than I% molted or were lost
with their entire tether apparatus. About 46% across all depth zones were recov-
ered alive and intact (i.e., no limbs lost); the remaining 53% of tethered crabs
suffered death or exhibited significant injury (puncture and/or limb loss). Whereas
only about 2% of the juveniles died from causes other than apparent predation,
about 51% of crabs exhibited loss or injury attributable to predation. Of these
cases, 40% (21% of the total experimental sample) were killed with shell frag-
ments attached to the tether, which is characteristic of cannibalism by large blue
crabs. An additional 35% of these cases (19% of the total sample) were either
dead with punctures and/or missing limbs or alive with punctures and/or missing
limbs, which is indicative of attacks by large blue crabs. Another 22% of these
cases (II % of the total) had all remains missing from the tether, which is equiv-
ocally indicative of cannibalism by large blue crabs. We surmise cannibalism by
large crabs in these additional cases, because there were no other potential pred-
ators present in sufficient numbers and with comparable depth distribution (Ruiz
et aI., 1993), and because we observed similar frequency of removal of the entire
remains by large crabs in the laboratory (above). Thus, about 97% of the mortality
and trauma suffered by juvenile blue crabs tethered in the field was clearly (75%)
or equivocally (22%) attributable to cannibalism by large blue crabs.

The categories of remains of tethered juvenile blue crabs (Table I) differed
significantly by depth (log-linear models, Chi-square = llO.4I, df = 12, P <
0.001). Juveniles in water >70 cm deep suffered 1.4 times as much mortality as
those in shallow water <15 cm deep. Mortality at medium depth was intermediate
between deep and shallow depths. Within the subset of categories comprising
mortality and injury (carapace fragment, no remains, alive damage, dead damage),
those categories which indicated immediately successful predation-cannibalism
(carapace fragments remaining or entire crab missing) comprised a significantly
higher proportion of the mortality and injury in deep (77%) than in shallow (39%)
water (Chi-square = 103.43, df = 2, P < 0.001). These data are recalculated
from Table 1 after excluding intact surviving and intact dead crabs. Conversely,
within the same subset of mortality and injury categories, those categories which
indicated unsuccessful attacks (alive or dead crabs with punctures and/or missing
limbs) comprised a higher proportion in shallow (60%) than in deep (23%) water
(Chi-square = 14.34, df = 2, P < 0.02). The proportion of the combined mortality
and injury attributable to large blue crabs was not statistically different in shallow
water (87%) than in deeper water (97%) (Chi-square = 2.56, df = 2, P = 0.37).

Effects of Size and Sex on Juvenile Mortality.--Crabs utilized in tethering exper-
iments were selected to represent the size range of the 0+ year class and assigned
randomly to treatments. Within this range, we tested for effect of body size upon



HINES AND RUIZ: BLUE CRAB MORTALITY 893

Table 2. Log-linear model tests for effects of water depth (shallow, medium, deep), sex (male, fe-
male), and size « or> 50 mm CW) or mortality of 1,095 juvenile blue crabs tethered in the Rhode
River subestuary during 1989-1993

df Chi-square P value

Depth 2 87.00 0.001
Sex 1 0.13 0.717
Size 1 29.99 0.001
Depth X sex 2 1.13 0.569
Depth X size 2 9.80 0.007
Sex X size 1 1.91 0.167
Depth X sex X size 2 1.56 0.458

mortality of juvenile crabs by arbitrarily dividing the 30-70 mm test crabs into
2 groups: small = 30-50 mm CW; and large = 50-70 mm CWoMortality of
juvenile blue crabs tethered in the Rhode River during June, July and August of
1990-1993 differed significantly by size but not sex, and there was a significant
interaction effect between water depth and size but not sex (log-linear models,
Table 2). Small «50 mm) crabs suffered nearly twice as much mortality as larger
(>50 mm CW) crabs: 46% versus 25% respectively. Both size categories of crabs
suffered about the same, relatively low levels of mortality in shallow water and
exhibited increasing mortality in deep water (Fig. 6). However, small crabs had
disproportionately higher mortality in deeper water than larger crabs (Fig. 6).
Because all treatment groups for tethering were homogenous for crab size (Chi-
square = 0.135, df = 1, P > 0.90), this factor did not bias any of our tethering
experiments.

Variation in Juvenile Mortality among Sites.-Mortality of tethered juvenile blue
crabs did not differ significantly among three sites in Canning House Bay during
July-August 1991 (Fig. 7) (log-linear model, Chi-square = 0.18, df = 2, P >
0.90). However, mortality rates in deep (>70 cm) water were significantly higher
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Figure 6 (lett). MortalIty ot J0-50 mm and 50-70 mm CW blue crabs tethered m shallow, medium
and deep water of the Rhode River subestuary during June, July, and August of 1990-1993.

Figure 7 (right). Mortality of juvenile blue crabs tethered in shallow and deep water at three stations
within Canning House Bay of the Rhode River subestuary.
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Table 3. Diel comparison of mortality of juvenile blue crabs tethered at three water depths in the
Rhode River subestuary during 1990. Values under day and night are percent mortalities; values under
N are numbers of crabs tethered. Frequencies of mortality differed significantly by depth (P < 0.00 I)
but did not differ significantly by diel period (P > 0.5) (log-linear models).

Percent mortality

Water depth Day Night N

Shallow 6 8 261
Medium 13 14 253
Deep 16 23 245
All depths 12 15 759

than mortality in shallow (15 cm) water (log-linear model, Chi-square = 30.96,
df = 1, P < 0.001). There was no significant interaction of site X water depth
(log-linear model, Chi-square = 1.23, df = 2, P > 0.50).

Diel Variation in Juvenile Mortality.-Mortality of juvenile blue crabs tethered
in the field (Table 3) did not differ significantly between day-time and night-time
periods during 1990 (log-linear models, Chi-square = 1.41, df = 1, P = 0.23).
Mortality differed significantly among water depths (log-linear models, Chi-square
= 15.00, df = 2, P < 0.001), and there was no significant interaction between
water depth and diel period (log-linear models, Chi-square = 0.61, df = 2, P =
0.74).

Seasonal Variation in Juvenile Mortality.-Mortality of juvenile blue crabs teth-
ered in the field differed significantly among months during April-September
1990 and exhibited a distinct seasonal cycle (Fig. 8), with peak overall mortality
in July and little overall mortality of tethered crabs early and late in the warm
season (log-linear models, Chi-square = 21.96, df = 5, P < 0.001). Mortality
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Figure 8. Seasonal fluctuation in mortality of juvenile blue crabs tethered in shallow, medium and
deep water of the Rhode River subestuary during 1990.
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also differed significantly among water depths (log-linear models, Chi-square =
9.92, df = 2, P < 0.01); however, there was a significant depth X month inter-
action (log-linear models, Chi-square = 21.92, df = 10, P < 0.02). In April
mortality was very low at all depths. Mortality was greatest in deep water through-
out the summer and showed the greatest seasonal fluctuation (up to about 80%
in July); at medium depth mortality increased markedly in July but was similar
to mortality in shallow depth at other times; while mortality in shallow water was
significantly lower and showed comparatively less seasonal variation but peaked
in September (Fig. 8).

Interaction among Month, Year and Depth.-Mortality of the 1,044 juvenile blue
crabs tethered in the field during June, July and August 1990-1993 exhibited
significant variation among water depths and years, and marginally significant
variation among months (Fig. 9) (log-linear models, Table 4). Overall, mortality
varied with depth (Fig. 9), with the lowest mortality (17%) in shallow depth,
intermediate mortality (40%) in medium depth, and highest mortality (54%) in
deeper water. Averaged for all years, mortality across all depths peaked in July
(48%), with lower rates early and later in the summer (33% and 34% mortality
in June and August, respectively). Across all three summer months, the lowest
mortality (31%) occurred in 1992 and highest mortality occurred in 1991 (48%).
However, there was a significant depth X month interaction (Table 4), in which
mortality at medium depth increased disproportionately during July (Fig. 9).
Month X year also exhibited a significant interaction (Table 4), with highest mor-
tality occurring in August in 1992 but during July in the other years (Fig. 9).

Variation in Juvenile Mortality among Years.-Mortality of the 470 juvenile blue
crabs tethered in the field during August of the years 1989 to 1993 differed
significantly among the 5 years and among the three depths (Fig. 10), but there
was no significant year X depth interaction effect (log-linear models, Chi-squares
= 34.15, df = 4 for year and 34.15, df = 2 for depth, P < 0.001; Chi-square =
8.47, df = 8 for year X depth, P > 0.38). Across all years, mortality was always
least in shallow water (average = 17 percent and nearly always (except for 1993)
intermediate in medium water (average = 41%) and greatest in deep water (av-
erage = 58%). Across all depths, mortality was lowest in 1990 (29%) and highest
in 1989 (68%).

Correlates of Juvenile Mortality.-We performed multiple regression analysis of
juvenile mortality at mid-depth because: mortality exhibited a graded response
with depth; mid-depth is where most juvenile crabs occur (Ruiz et aI., 1993); and
this is where interactions with cannibalistic adult crabs were most likely to occur.
Small crabs were uncommon at the deep zone, unless we tethered them there;
while the shallow zone functioned as an effective refuge, such that mortality there
was comparatively unresponsive to fluctuations in adults. The combination of
water temperature, abundance of the 1+ year class, and abundance of 0+ year
class crabs explained about 53% of the variance in mortality of juvenile blue
crabs tethered at medium water depths: arcsine(Mortality)-2 = 0.037Temp -
0.208YrClassOne + 0.343YrClassZero. Temperature, as a measure of strong sea-
sonal variation in mortality, was a significant factor in the regression (F = 17.18,
P < 0.03), explaining 39% of the variation; 1+ year-class trawl catch (explaining
9% of variation) and 0+ year-class abundance in the nearshore seines (explaining
4% of variation) were not significant variables individually (P = 0.14 and 0.34,
respectively), but combined they improved the multiple regression significantly
(F = 6.65, P < 0.03).
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Table 4. Log-linear model tests for effects of water depth (shallow, medium, deep), month, and year
on mortality of 1,044 juvenile blue crabs tethered in the Rhode River subestuary during June, July,
and August of 1990-1993

df Chi-square P value

Depth 2 88.21 0.001
Month 2 5.60 0.060
Year 3 15.23 0.001
Depth x month 4 12.95 0.020
Depth X year 6 8.69 0.200
Month X year 6 34.52 0.001
Depth X month X year 12 13.53 0.350

DISCUSSION

Juvenile blue crabs tethered in the Rhode River suffered high mortality in water
deeper than 70 em, with 40-90% of crabs being killed per day during summer
months. This level of mortality is higher than mortality rates of equal or smaller
sized juvenile blue crabs tethered similarly on unvegetated bottoms: 45% for 30-
60 mm crabs in New Jersey (Wilson et aI., 1987); 15-40% for 12-64 mm crabs
in New Jersey (Wilson et aI., 1990); 25% for 20 mm crabs in lower Chesapeake
Bay (Pile, 1993); and 38% for 11-20 mm crabs in New Jersey (Heck and Coen,
1995). High mortality rates for tethered blue crabs have also been reported for
other locations, but these are generally for smaller crabs in subtropical waters:
14-86% for 18-25 mm crabs in Florida (Heck and Thoman, 1981); and 85-91 %
for 5-20 mm crabs in Alabama (Heck and Coen, 1995). Because juvenile (0+
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year-class) abundance was not correlated with variation in adult (1+ year-class)
abundance 1 year later in the Rhode River, we suggest that high juvenile mortality
was at least as important as recruitment of juveniles from the lower Bay in de-
termining adult population fluctuations within the subestuary.

Predation, especially cannibalism by large blue crabs, was the major cause of
this juvenile mortality and accounted for 75 to 97% of the loss of the 0+ year
class, as indicated by the remains of juveniles in our tethering experiments, Al-
though other subtidal predators (e.g., oyster toad fish) may have taken juvenile
blue crabs within the Rhode River, their abundances were so low (Hines et aI.,
1990; Ruiz et aI., 1993) that it is unlikely that they were significant sources of
mortality. The pattern of increasing mortality of tethered crabs in deeper water
indicates that not only were large blue crabs the predominant predator in this
system, but also that terrestrial predators (e.g., great blue herons, raccoons) en-
tering the nearshore shallows to feed were relatively unimportant, probably be-
cause they also were not abundant. Even at the shallowest depths, the damage
patterns indicated that most juvenile mortality was caused by large blue crabs.
The lack of diel variation in juvenile mortality is also consistent with the major
source of mortality being large blue crabs, which are well adapted for chemo-
tactile foraging and do not exhibit a strong day-night pattern of foraging (Pearson
and Olla, 1977; Nye, 1989). Thus, cannibalism may be an important negative
feed-back mechanism of population regulation in blue crabs, just as it is common
in size-structured populations of other aquatic species (Werner and Gilliam, 1984).

The nearshore shallows provide a critical refuge from this intense cannibalism
in central Chesapeake Bay (Ruiz et aI., 1993). In this ecosystem, habitats which
historically provided structural refuge from predation (SAV, oyster reefs, coarse
woody debris) have essentially disappeared or are significantly reduced (Orth and
Moore, 1984; Mann et aI., 1991; Everett and Ruiz, 1993). It is difficult to assess
the impact of the historical loss of these refuge habitats upon the survival of blue
crabs at the scale of the ecosystem. However, two observations point to the his-
toric as well as the present significance of the nearshore shallow refuge. First,
even where SAY remains commonly available to blue crabs, juveniles appear to
move out of this habitat and into non-vegetated habitats once they grow to about
20 mm CW (Penry, 1982; Orth and van Montfrans, 1987; Pile, 1993; Heck et aI.,
1995). Second, the difference in relative mortality of juvenile blue crabs in shal-
low versus deep water in our tethering experiments is greater than the difference
in mortality of similarly tethered juveniles in vegetated versus non-vegetated hab-
itats (Heck and Thoman, 1981; Heck and Wilson, 1987; Pile, 1993; Heck and
Coen, 1995). Thus, the unvegetated nearshore shallow zone may have provided
crucial refuge habitat for 30-70 mm CW juveniles both before the historical
demise of key structured habitats and into the present, when it is of especially
high refuge value.

The mechanism by which shallow water provides the refuge from predation-
cannibalism is not clear. The depth distribution of large crabs shows that they
spend more time in deep water than shallow (Fig. 5; Ruiz et al., 1993). Small
blue crabs move into shallow water in response to the presence of large crabs
(Dittel et aI., 1995). Moreover, the attack success of large blue crabs appears to
be lower in shallow than deep water, as indicated by the damage-mortality ratios
of our tethered juveniles (Table 1). However, large crabs can and do forage into
shallow water to attack small crabs (personal observations; Dittel et aI., 1995).
Therefore, while significantly reducing mortality, the refuge of shallow water is
only partial (Dittel et aI., 1995). The effectiveness of the shallow-water refuge
may vary with steepness of the bottom slope, affecting the distance of forays
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made by large predators (Lin, 1989). Thus, human modifications of the nearshore
bathymetry (e.g., by bulkheads built to prevent shoreline erosion) may have sig-
nificant impacts on refuge value.

Increased body size also provides juvenile blue crabs a refuge from predation.
Vulnerability of intermolt blue crabs decreased significantly with increasing ju-
venile size within the 0+ year class (Fig. 6), and Smith (1990) showed that large
(I + year-class) intermolt crabs suffer essentially no mortality when tethered in
the Rhode River. Variation in temperature and food availability for rapid growth
probably will determine both the rate of juvenile attainment of large, invulnerable
size, and the rate of cannibalistic activity of large adults.

Prediction of variation in strength of the 1+ year-class of blue crabs remains
a complex problem. Mortality of juvenile (0+ year-class) blue crabs in our teth-
ering experiments exhibited significant seasonal and annual variation, which could
add considerable complexity to the recruitment-stock dynamics of the blue crab
population (Lipcius and van Engel, 1990). Our data indicate that variation in
cannibalism by large crabs, mediated by the shallow water refuge in the nearshore
zone, is an important regulator of adult abundance, with more than a two-fold
range in mortality of tethered crabs among the 5 years of our study. Our study
focused upon mortality of intermolt juveniles; but sequential ecdysis presents
crabs with periods of extreme vulnerability to a larger suite of predators, which
may create special additional bottlenecks requiring further refuge habitats (Hines
et aI., 1987; Shirley et aI., 1990). However, the 5 years of data that we present
here are limited to a time span of only two life cycles for blue crabs. Longer-
term measures of blue crab population dynamics in the Rhode River (Hines et
aI., 1990) indicate that our study encompassed a period of relatively low crab
recruitment and abundance compared to the mid-1980s, when trawl catches were
five times the maximum abundance reported here. During such years of much
higher abundance, juvenile recruitment may be more important than juvenile mor-
tality in determining abundance of adults (Hines et al., 1990), perhaps by
"swamping" the predatory capacity of cannibalistic 1+ year-class crabs. Once
grown, a strong year class will have a major negative impact on the subsequent
year's juveniles.

ACKNOWLEDGMENTS

We thank K. Ruffin, L. Nye, T. Steelman, M. Kramer, S. Godwin, K. Clark, R. Everett, A. Dittel,
and various SERC Interns for field assistance. K. Ruffin and L. Nye helped with data analysis. This
work was supported by grants from: National Science Foundation (OCE-9000483) to A.H.H., Smith-
sonian Scholarly Studies Program to A.H.H. and G.M.R. and Smithsonian Environmental Sciences
Program to A.H.H. and to G.M.R.

LITERATURE CITED

Barbeau, M. A. and R. E. Scheibling. 1994. Procedural effects of prey tethering experiments: pre-
dation of juvenile scallops by crabs and sea stars. Mar. Ecol. Prog. Ser. 111: 305-310.

Barshaw, D. E. and K. W. Able. 1990a. Tethering as a technique for assessing predation rates in
different habitats: an evaluation using juvenile lobsters Homarus americanus. Fish. Bull. U.S. 88:
415-417.

--- and ---. 1990b. Deep burial as a refuge for lady crabs Ovalipes ocellatus: comparisons
with blue crabs Callinectes sapidus. Mar. Ecol. Prog. Ser. 66: 75-79.

Beverton, R. J. H. and S. J. Holt. 1957. On the dynamics of exploited fish populations. U.K. Min.
Agric. Fish, Fish. Invest. (Ser. 2) 19: 533 pp.

Botsford, L. W. and D. E. Wickham. 1978. Behavior of age-specific, density-dependent models and
the northern California Dungeness crab (Cancer magister) fishery. J. Fish. Res. Board Can. 35:
833-843.

Caputi, N. and R. S. Brown. 1986. Relationships between indices of juvenile abundance and recruit-



900 BULLETIN OF MARINE SCIENCE, VOL. 57, NO.3, 1995

ment in the western rock lobster (Panulirus cygnus) fishery. Can. J. Fish. Aquat. Sci. 43: 2131-
2139.

Dittel, A. I., A. H. Hines, G. M. Ruiz, and K. K. Ruffin. 1995. Effects of shallow-water refuge on
behavior and density-dependent mortality of juvenile blue crabs in Chesapeake Bay. Bull. Mar.
Sci. 57: 902-916.

Ebenman, B. and L Persson. 1988. Size-structured populations: ecology and evolution. Springer-
Verlag, Berlin, Germany.

Eggleston, D. B., R. N. Lipcius and A. H. Hines. 1992. Density-dependent predation by blue crabs
upon infaunal clam species with contrasting distribution and abundance patterns. Mar. Eco!' Prog.
Ser. 85: 55-68,

Elgar, M. A. and B. J. Crespi, eds. 1992. Cannibalism: ecology and evolution of cannibalism among
diverse taxa. Oxford Univ. Press, New York. 361 pp.

Everett, R. A. and G. M. Ruiz. 1993. Coarse woody debris as refuge from predation in aquatic
communities: an experimental test. Oecologia 93: 475-486.

Fernandez, M. O. Iribame, and D. Armstrong. 1993. Habitat selection by young-of-the-year Dunge-
ness crab, Cancer magister, and predation risk in intertidal habitats. Mar. Eco!' Prog. Ser. 92:
171-177.

Gaines, S. D. and J. Roughgarden. 1987. Fish in offshore kelp forests affect recruitment to intertidal
barnacle populations. Science 235: 479-480.

Gilliam, J. and Fraser. 1987. Habitat selection when foraging under predation hazard: a model and a
test with stream-dwelling minnows. Ecology 68: 1856-1862.

Heck, K. L., Jr. and L. D. Coen. 1995. Predation and the abundance of juvenile blue crabs: a com-
parison of selected east and gulf coast (USA) studies. Bull. Mar. Sci. 57: 877-883.

--- and T. A. Thoman. 1981. Experiments on predator-prey interactions in vegetated aquatic
habitats. J. Exp. Mar. Bio!' Eco!' 53: 125-134.

--- and K. A. Wilson. 1987. Predation rates on decapod crustaceans in latitudinally separated
seagrass communities: a study of spatial and temporal variation using tethering techniques. J. Exp.
Mar. Bio!' 107: 87-100.

Herrnkind, W. F. and M. J. Butler. 1986. Factors regulating postlarval settlement and juvenile micro-
habitat use by spiny lobsters Panu/irus argus. Mar. Eco!' Prog. Ser. 34: 23-30.

Hines, A. H., A. M. Haddon and L. A. Wiechert. 1990. Guild structure and foraging impact of blue
crabs and epibenthic fish in a subestuary of Chesapeake Bay. Mar. Eco!' Prog. Ser. 67: 105-126.

---, R. N. Lipcius and A. M. Haddon. 1987. Population dynamics and habitat partitioning by
size, sex, and molt stage of blue crabs Callinectes sapidus in a subestuary of central Chesapeake
Bay Mar. Eco!' Prog. Ser. 36: 55-64.

Jordan, T. E., D. L, Correll, J. Miklas and D. E. Weller. 1991. Long-term trends in estuarine nutrients
and chlorophyll, and short-term effects of variation in watershed discharge. Mar. Eco!' Prog. Ser.
75: 121-132.

Lin, J. 1989. Influence of location in the salt marsh on survivorship of ribbed mussels. Mar. Eco!'
Prog. Ser. 56: 105-110.

Lipcius, R. N. and W. A. van Enge!. 1990. Blue crab population dynamics in Chesapeake Bay:
variation in abundance (York River, 1972-1988) and stock-recruit functions. Bul!. Mar. Sci. 46:
180-194.

Mann, R., E. M. Burreson and P. K. Baker. 1991. The decline of the Virginia oyster fishery in
Chesapeake Bay: considerations for introduction of a non-endemic species, Crassostrea gigas
(Thunberg, 1793). J. Shell. Res. 10: 379-388.

McIvor, C. C. and W. E. Odum. 1988. Food, predation risk, and microhabitat selection in a marsh
fish assemblage. Ecology 69: 1341-1351.

Millikin, M. R. and A. B. Williams. 1984. Synopsis of biological data on the blue crab, Callinectes
sapidus Rathbun. NOAA Tech. Rpt. NMFS I, FAO Fisheries Synopsis No. 138., 39 pp.

Murdoch, W. W. and J. Bence. 1987. General predators and unstable prey populations. Pages 17-30
in W. C. Kerfoot, and A. Sih, eds. Predation. Direct and indirect impacts in aquatic communities.
Univ. Press of New England, Hanover.

Nye, L. A. 1989. Variation in feeding behavior of blue crabs (Callinectes sapidus Rathbun) measured
by ultrasonic biotelemetry. M.Sc. Dissertation, North Carolina State University, 82 pp.

Olmi, E. 1995. Ingress of blue crab megalopae in the York River, Virginia, 1987-1989. Bul!. Mar.
Sci. 57: 753-780.

Orth, R. J. and K. A. Moore. 1984. Distribution and abundance of submerged aquatic vegetation in
Chesapeake Bay: an historical perspective. Estuaries 7: 531-540.

--- and J. van Montfrans. 1987. Utilization of a seagrass meadow and tidal creek by blue crabs
Callinectes sapidus. I. Seasonal and annual variations in abundance with emphasis on post-set-
tlement juveniles, Mar. Ecol. Prog. Ser. 41: 283-294.



HINESANDRUIZ:BLUECRABMORTALITY 901

Pearson, W. and B. Olla. 1977. Chemoreception in the blue crab, Callinectes sapidus. BioI. Bull.
153: 346-354.

Persson, L. 1993. Predator-mediated competition in prey refuges: the importance of habitat dependent
prey resources. Oikos 68: 12-22.

Peterson, C. H. and R. Black. 1994. An experimentalist's challenge: when artifacts of intervention
interact with treatments. Mar. Eco!' Prog. Ser. 111: 289-297.

Penry, D. L. 1982. Utilization of a Zostera marina and Ruppia maritima habitat by four decapods
with emphasis on Callinectes sapidus. M.Sc. Dissertation, College of William and Mary, 101 pp.

Phillips, B. F. 1986. Prediction of commercial catches of the western rock lobster Panu/irus cygnus.
Can. J. Fish. Aquat. Sci. 43: 2126-2130.

Pile, A. J. 1993. Effects of habitat and size-specific predation on the ontogenetic shift in habitat use
by newly settled blue crabs. M.Sc. Dissertation, College of William and Mary, 101 pp.

Rabalais, N. N., F.R. Burditt, Jr., L. D. Coen, B. E. Cole, C. E]euterius, K. L. Heck, Jr., T. A. McTigue,
S. Morgan, H. M. Perry, F. M. Truesdale, R. Zimmer-Faust and R. J. Zimmerman. 1995. Settle-
ment of Callinectes sapidus megalopae on artificial collectors in four Gulf of Mexico estuaries.
Bull. Mar. Sci. 57: 855-876.

Richards, W. J. and K. C. Lindeman. 1987. Recruitment dynamics of reef fishes: planktonic processes,
settlement and demersal ecologies, and fishery analysis. Bull. Mar. Sci. 41: 392-410.

Rothschild, B. J. 1986. Dynamics of marine fish populations. Harvard University Press. Cambridge,
Massachusetts, 277 pp.

Roughgarden, J., S. D. Gaines and H. Possingham. 1988. Recruitment dynamics in complex life
cycles. Science 241: ]460-1466.

Ruiz, G. M., A. H. Hines and M. H. Posey. 1993. Shallow water as a refuge habitat for fish and
crustaceans in non-vegetated estuaries: an example from Chesapeake Bay. Mar. Eco!. Prog. Ser.
99: 1-16.

SAS. 1990. SAS user's guide: statistics. SAS Institute Inc., Box 8000, Cary, North Carolina, 895 pp.
Shirley, M. A., A. H. Hines and T. G. Wolcott. 1990. Adaptive significance of habitat selection by

molting adult blue crabs, Callinectes sapidus (Rathbun), within a subestuary of Chesapeake Bay.
J. Mar. Bio!' Ecol. 140: 107-119.

Smith, L. D. 1990. The frequency and ecological consequences of limb autotomy in the blue crab,
Callinectes sapidus Rathbun. Ph.D. Dissertation, Univ. Maryland, College Park, 259 pp.

---. 1995. Effects of limb autotomy on juvenile blue crab survival from cannibalism. Mar. Eco!'
Prog. Ser. 116: 65-74.

Sokal, R. R. and F. J. Rohlf. 1981. Biometry. The principals and practice of statistics in biological
research, 2nd ed. W. H. Freeman Co., New York.

Stein, R. A., S. T. Threlke]d, C. D. Sandgren, W. G. Sprules, L. Persson, E. E. Werner, W. E. Neill
and S. I. Dodson. 1988. Size-structured interactions in lake communities. Pages 161-180 in S.
R. Carpenter, ed. Complex interactions in lake communities. Springer-Verlag, New York.

Tschumy, W. O. 1982. Competition between juveniles and adults in age-structured populations. Theor.
Pop. BioI. 21: 255-268.

van Montfrans, J., C. H. Peery and R. J. Orth. 1990. Daily, monthly and annual settlement patterns
by Callinectes sapidus and Neopanope sayi megalopae on artificial collectors deployed in the
York River, Virginia: 1985-1988. Bull. Mar. Sci. 46: 214-229.

---, C. E. Epifanio, D. M. Knott, R. N. Lipcius, D. J. Mense, K. S. Metcalf, E. J. Olmi, ill, R.
J. Orth, M. H. Posey, E. J. Wenner and T. L. West. 1995. Settlement of blue crab megalopae in
western Atlantic estuaries. Bull. Mar. Sci. 57: 834-854.

Watanabe, J. M. 1984. The influence of recruitment, competition, and benthic predation on spatial
distributions of three species of kelp forest gastropods (Trochidae: Tegula). Ecology 65: 920-936.

Werner, E. E. and J. F. Gilliam. 1984. The ontogenetic niche and species interactions in size-structured
populations. Ann. Rev. Eco!' Syst. 15: 393-425.

Wilson, K. A., K. L. Heck, Jr. and K. W. Able. 1987. Juvenile blue crab, Callinectes sapidus. survival:
an evaluation of eelgrass, Zostera marina, as a refuge. Fish. Bull. U.S. 85: 53-58.

---, K. W. Able and K. L. Heck, Jr. 1990. Predation rates on juvenile blue crabs in estuarine
nursery habitats: evidence for the importance of macroalgae (Vlva lactuca). Mar. Eco!' Prog. Ser.
58: 243-251.

Zimmer-Faust, R. K., D. R. Fielder, K. L. Heck, Jr., L. D. Coen and S. G. Morgan. 1994. Effects of
tethering on predatory escape by juvenile blue crabs. Mar. Eco!' Prog. Ser. 111: 299-303.

DATEACCEPTED:April 24, 1995.

ADDRESS:Smithsonian Environmental Research Center, P.O. Box 28, Edgewater, Maryland 21037.

http://www.ingentaconnect.com/content/external-references?article=0171-8630(1990)58L.243[aid=7424833]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1990)58L.243[aid=7424833]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1990)58L.243[aid=7424833]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1984)65L.920[aid=8634398]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1984)65L.920[aid=8634398]
http://www.ingentaconnect.com/content/external-references?article=0066-4162(1984)15L.393[aid=5730574]
http://www.ingentaconnect.com/content/external-references?article=0066-4162(1984)15L.393[aid=5730574]
http://www.ingentaconnect.com/content/external-references?article=0090-0656(1987)85L.53[aid=8420975]
http://www.ingentaconnect.com/content/external-references?article=0090-0656(1987)85L.53[aid=8420975]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1994)111L.289[aid=4696761]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1994)111L.289[aid=4696761]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1995)57L.855[aid=7424834]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1995)57L.855[aid=7424834]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1995)57L.855[aid=7424834]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1987)41L.392[aid=7645436]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1987)41L.392[aid=7645436]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1995)57L.834[aid=7905155]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(1995)57L.834[aid=7905155]
http://www.ingentaconnect.com/content/external-references?article=0006-3185(1977)153L.346[aid=8149202]
http://www.ingentaconnect.com/content/external-references?article=0006-3185(1977)153L.346[aid=8149202]

