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ABSTRACT: In general, hypoxia (< 2 mg O2 l–1) is detrimental to marine food webs because of faunal
declines associated with persistent, severely low oxygen. However, transfer of benthic production to
higher trophic levels could be facilitated under hypoxia if infauna migrate to shallower burial depths,
increasing their availability to predators. A series of outdoor mesocosm and laboratory experiments
were conducted in 3 years (1999 to 2001) to quantify the effects of hypoxia upon (1) predation by the
blue crab Callinectes sapidus on the Baltic clam Macoma balthica, a biomass dominant in Chesapeake Bay, and (2) burial depth and survival of M. balthica. For the predation experiments,
12 M. balthica were transplanted into replicate 1200 l mesocosms at 48 clams m–2 under normoxia
(> 8 mg O2 l–1) or low dissolved oxygen (low DO; < 2 mg O2 l–1) either without or with a male blue crab
that was allowed 2 d to feed upon the clams. Predation-induced proportional mortality of clams was
significantly lower under low DO than under normoxia in all 3 years. Thus, under short-term hypoxia,
both crab feeding efficiency and trophic transfer from M. balthica to blue crabs were reduced.
Changes in clam burial depth due to oxygen levels was determined by establishing normoxic and low
DO treatments in replicate 208 l aquaria in 2 years. Burial depth after exposure to oxygen treatments
for 48 h did not differ as a function of oxygen level. None of the clams died after 2 d of low DO, 27%
died after ~6 d, and 90% died after 21 d. Short-lived hypoxia therefore reduces the ability of crabs to
forage upon clams efficiently and increases clam survival, whereas long-term hypoxia may increase
the availability of clam prey to predators through mortality and movement to the surface. Thus, shortlived hypoxia is likely to reduce the transfer of benthic prey to higher trophic levels, although longerterm exposure may increase transfer.
KEY WORDS: Hypoxia · Dissolved oxygen · Callinectes sapidus · Blue crab · Macoma balthica · Baltic
clam · Predator-prey · Chesapeake Bay · Benthos
Resale or republication not permitted without written consent of the publisher

The role of environmental perturbations, such as
anoxia (0 mg O2 l–1) and hypoxia (< 2 mg O2 l–1), in determining the outcome of food web dynamics is poorly
known (Breitburg 1992, Diaz & Rosenberg 1995, Breitburg et al. 1997, Rabalais & Turner 2001). Hypoxic and
anoxic zones are increasing in areal extent and duration in marine systems with increases in anthropogenic
influences such as eutrophication (Rosenberg & Loo

1988, Rabalais et al. 1994), and further worsening of
conditions due to global warming or escalated anthropogenic influences may alter the productivity base
needed for important fishery species (Diaz & Rosenberg
1995). In general, hypoxia is detrimental because of
faunal reductions associated with persistent severe hypoxia (Holland et al. 1977, Stachowitsch 1984). However,
transfer of benthic production to higher trophic levels
may be facilitated in areas of low dissolved oxygen because of the migration of infauna to shallower burial
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depths (Diaz et al. 1992). In this study, we examined
whether short-lived hypoxia is beneficial or detrimental
to dominant benthic organisms in Chesapeake Bay.

Hypoxia in Chesapeake Bay
In Chesapeake Bay, hypoxia typically occurs in summer, in association with algal blooms and stratification
of the water column (Haas 1977, Officer et al. 1984,
Seliger et al. 1985). Within Chesapeake Bay, the York
River experiences 2 to 3 hypoxic events each summer
which characteristically last days to weeks (Pihl et al.
1991), whereas certain areas of the Rappahannock
River may suffer anoxia for months (Llansó 1992). Such
hypoxic events can either stress or kill resident organisms (e.g. Holland et al. 1987, Breitburg 1992, Dauer et
al. 1992, Diaz et al. 1992, Breitburg et al. 1997). These
short, episodic, hypoxic events in the lower York River
(Officer et al. 1984) helped determine a realistic duration for our experimental investigations of predatorprey interactions under hypoxia.
The specific ecological effects of low dissolved oxygen on the benthos depend on the duration and amplitude of the events. Short-lived hypoxia may not have
severe consequences for the biota, and the resident
species may develop a tolerance to periodic stress (e.g.
York River; Pihl et al. 1991). Alternatively, many infaunal species are physiologically stressed, emerge from
the sediments during hypoxia (Steimle & Radosh 1979,
Jørgensen 1980, Stachowitsch 1984, Diaz et al. 1992,
Nilsson & Rosenberg 1994), and may be exploited by
epibenthic predators during less severe hypoxia (Pihl
et al. 1992, Nestlerode & Diaz 1998, Taylor & Eggleston
2000).

cause extensive mortality in many species (Hines &
Comtois 1985, Weigelt & Rumohr 1986, Llansó 1992,
Diaz & Rosenberg 1995). By increasing susceptibility of
prey to predators, hypoxia may change the population
structure of macrobenthic communities (Jørgensen
1980, Breitburg 1992, Pihl et al. 1992).

Ecosystem effects
The severity and duration of hypoxia may affect
trophic transfer through food webs (Breitburg 1992,
Breitburg et al. 1997). In areas where hypoxia is brief,
the weakened and exposed infauna may be exploited
successfully by predators (Nestlerode & Diaz 1998),
whereas in habitats with severe hypoxia, fish and
invertebrate predators would be physiologically
stressed and unable to exploit weakened infauna
(Holland et al. 1987). For example, in the York River,
the level of hypoxia (0.2 to 0.8 mg l–1), its short duration
(2 to 14 d) and the relatively small area affected
(depths > 9 m) may allow exploitation of infauna by
epibenthic predators (Diaz & Rosenberg 1995). Moribund species on the sediment surface may be consumed by epibenthic predators that enter the area to
feed (Pihl et al. 1992). Such ‘positive’ energy transfer is
not enabled in areas where there is severe hypoxia
(e.g. upper Chesapeake), and the benthos is killed
directly and is thus unavailable to predators later in
the season (Holland et al. 1987). Therefore, the effects
of hypoxia could be beneficial to a predator if its prey
becomes more vulnerable, or detrimental to a predator
if the predator itself is adversely affected by hypoxia
(Breitburg et al. 1992).

Study species
Behavioral responses to hypoxia
Organisms have developed behavioral responses
associated with hypoxia that enable them to survive
under adverse conditions. Often, the first response of a
mobile organism is to increase its respiration rate, or
migrate away from hypoxic areas (Pihl 1989, Baden
et al. 1990, Pihl et al. 1991, Lenihan et al. 2001). In
response to hypoxia, some organisms stretch their
siphons or arms (Jørgensen 1980) into the water
column, where oxygen concentrations are higher. For
example, during hypoxia Macoma balthica in Danish
fjords (Jørgensen 1980) and Mya arenaria in North
Carolina (Taylor & Eggleston 2000) extend their
siphons, making them vulnerable to epibenthic predators. Mild hypoxia (2 to 3 mg l–1) may only cause
mortality in sensitive infauna (e.g. crustaceans and
echinoderms), whereas severe hypoxia (~1 mg l–1) can

In Chesapeake Bay, the infaunal clam Macoma
balthica is a facultative deposit and suspension feeder
which can burrow to ~30 cm in depth (Hines & Comtois
1985, Hines et al. 1990). This species dominates benthic biomass and contributes substantially to trophic
transfer through the benthic–pelagic food web (Holland et al. 1987, Baird & Ulanowicz 1989, Hagy 2002).
M. balthica populations on the western and eastern
North Atlantic shores are morphologically and genetically distinct (Beukema & Meehan 1985, Meehan et
al. 1989); thus, European and American populations
should be studied separately. In Europe, M. balthica
appears fairly tolerant to low DO: 50% of individuals
survived as long as 15 d when oxygen with hydrogen
sulfide was bubbled into closed 1 l jars with ambient
sediment (Henriksson 1969). The lethal dose (LD50) for
M. balthica in Germany at 0.15 mg O2 l–1 (10°C, 17 ppt)
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burial depth in response to hypoxia (e.g. Mya arenaria:
is 21 d (Dries & Theede 1974). Conversely, 90% of
Taylor & Eggleston 2000); however, changes in burial
M. balthica and M. mitchelli in a 100 km2 area of
depth of Macoma balthica with hypoxia have not been
the Neuse River, North Carolina, were killed when
examined. Given that M. balthica in Europe appears
hypoxia lasted more than 3 wk (Buzzelli et al. 2002).
fairly tolerant to low DO (Jørgensen 1980), we preMild or short-lived hypoxia may lead to behavioral
dicted that M. balthica from Chesapeake Bay would
responses in clams, such as extension of siphons into
not reduce its burial depth due to hypoxic conditions.
the water column, but behavioral modifications such
as changes in burial depth of Macoma balthica are
unknown. Siphon extension, subsequent siphonMATERIALS AND METHODS
nipping, and resultant decreased burial depth may
cause increased vulnerability of clams to epibenthic
Crab-clam interactions. Crabs Callinectes sapidus
predatory fishes and crustaceans (Pihl et al. 1992).
were collected in the Rhode River, a subestuary of
Moreover, decreases in burial velocity, as observed in
Chesapeake Bay, using trawls or crab traps, and clams
a European population of M. balthica (Tallqvist 2001),
Macoma balthica were collected with a suction dredge
may negatively impact predator avoidance.
(Eggleston et al. 1992). Only healthy, active crabs and
The blue crab Callinectes sapidus plays an important
clams exhibiting rapid valve closure upon touching
role in energy transfer in estuaries (Baird & Ulanowicz
were used. Animals were held in flowing estuarine
1989) and is abundant and actively foraging from late
water under normoxia and natural phytoplankton levspring through autumn in Chesapeake Bay (Hines et
els until the beginning of the experiments. Crabs were
al. 1990). Benthic infaunal clams comprise the highest
fed clams ad libitum until 48 h before the predation tripercentage of the blue crab diet (Hines et al. 1990,
als began. Large mesocosm tanks (1 × 2 × 0.5 m; 1200 l)
Mansour 1992, Ebersole & Kennedy 1995). Although
were filled with 15 cm of azoic muddy-sand sediment
some studies have shown blue crabs to be more sensi(~12.5% silt and clay) and 10 ppt water to ~20 cm
tive to low DO than their clam prey (Das & Stickle
above the sediment surface (Fig. 1). Mesocosms were
1993, 1994, Diaz & Rosenberg 1995), recent studies
located outdoors and supplied with unfiltered estuarhave shown that crabs can forage in hypoxic waters in
ine water from the Rhode River so that water temperathe field (G. Bell & D. B. Eggleston unpubl. data) and
tures and plankton levels were equivalent to field
can move into such zones to feed on stressed infauna
levels. We transplanted 12 M. balthica into a 0.25 m2
(Pihl et al. 1991, Nestlerode & Diaz 1998).
In this study, our objectives were to examine the
patch (48 clams m–2) in each mesocosm, which all had
effects of low DO on predator-prey interactions bea mesh-lined bottom (for easier clam retrieval). This
tween the Baltic clam Macoma balthica and the blue
density falls within the natural range of adult clam
crab Callinectes sapidus in Chesapeake Bay. We meadensities (20 to 200 clams m–2) in the system (Seitz et
sured faunal responses to low DO in large 1200 l outal. 2001).
door mesocosms and 208 l aquaria. Specifically, we
In each year, 1 of 2 oxygen treatments was randomly
tested the effects of hypoxia upon (1) predation by blue
assigned to each mesocosm, normoxia (> 8 mg l–1), or
crabs on Baltic clams, and (2) burial depth and survival
low DO (target level < 2 mg l–1), with 3 to 5 replicates of
of M. balthica from Chesapeake Bay. We examined
each (Table 1). In some cases, only 6 mesocosms were
whether hypoxia is detrimental or beneficial to the
used for 1 trial with replicates for each of the 2 treattrophic interactions between 2 major species in the Chesapeake Bay ecosystem.
Our results were expected to describe
changes in predator-prey dynamics under
hypoxia, as was described in previous investigations in pelagic food webs and field
studies at broad spatial scales. We hypothesized that crab predation would not be
enhanced unless clam burial depth was
reduced by hypoxia.
To examine the mechanisms underlying
any changes in crab predation on clams
due to hypoxia (examined in the mesocosm
Fig. 1. Experimental set-up in crab-clam Callinectes sapidus-Macoma balexperiment), we determined whether Mathica predation mesocosm. We transplanted 12 clams into a 0.5 × 0.5 m plot,
coma balthica reduced burial depth in reresulting in 48 clams m–2. An air and nitrogen gas (N2) mixture was bubbled
into tanks
sponse to hypoxia. Some clams do reduce
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of known length with a slightly buoyant
tag was glued to the shell of each clam.
In each tank, the shell length (anterior
to posterior) of individual tagged Macoma balthica was measured, and the
clams were buried anterior end down to
Trial
Season
Mean
Oxygen
Clam
Predation Replicates
the top of the shell. After acclimation to
year
temperature treatment density duration
per
their normal burial depth and living
(°C)
(m–2)
(h)
treatment
position (71 h in 1999, 24 h in 2001), the
1999
Fall
16
N, L
48
48
3
monofilament line was pulled taut, and
2000 Summer
20
N, L
48
48
5
the length of line exposed above the
2001 Summer
26
N, L
48
48
4
sediment surface was measured. The
clam’s baseline burial depth was determined by subtracting the length of line
above the sediment after acclimation from the original
ments; in this case, trial was used as a fixed factor and
length of line. Subsequently, the aquaria were subwas non-significant. Since there was no significant
jected to 2 treatments, normoxia (> 8 mg O2 l–1) and low
effect of trial (within a year) on clam mortality (2000
DO (< 2 mg O2 l–1). Oxygen levels were lowered slowly
ANOVA: p = 0.432; 2001 ANOVA: p = 0.717), all trials
within a year were pooled. Low oxygen levels were
over 3 to 4 h in the low DO aquaria. Normoxic and low
maintained by bubbling an air and nitrogen mixture
DO conditions were achieved with bubbled air or an air
into each mesocosm, and normoxic levels were mainand nitrogen mixture, respectively. In 1999, after 6, 12,
tained by bubbling air only. These levels were moni24, 30, 48, 72, and 147 h of DO treatment, clam burial
tored with a YSI DO probe 15 cm below the water
depth was measured. For each tank, a single mean
surface and were adjusted daily. Hypoxic tanks ranged
change in burial depth was estimated from the 10 or
from 1.6 to 6.0 mg O2 l–1, and normoxic tanks from 9.8
20 clams, and the replicates of each treatment were
to 11.7 mg O2 l–1, although values that deviated far
used for comparison (ANOVA) between DO treatfrom those intended were adjusted quickly. A sheet of
ments. Additionally, we recorded the length of siphon
bubble-wrap plastic was placed on the water surface of
exposed and any other notable behavioral changes in
each mesocosm to limit gas exchange. Clams were
clams in 1999 when temperatures were 15 to 17°C.
allowed to acclimate to treatments for 48 h.
Clams were considered dead if their siphons were lying
In half of the replicates of each DO level, an adult
flaccid on the sediment surface or if gaping shells were
male intermolt blue crab (125 to 170 mm carapace
visible.
width) was starved for 48 h, acclimated to hypoxic conIn 2001, final burial depth was determined after the
ditions (~2.0 mg l–1) for 24 h, and added randomly to
48 h DO treatment only. In addition, using heaters, the
a mesocosm (‘with crab’ treatment). In the remaining
replicates, no crab was added (‘without crab’ treatment). Crabs were allowed to feed under experimental
conditions for 2 d and then were removed. Remaining
clams were retrieved by lifting the mesh lining and
sieving sediments in each mesocosm. Proportional
mortality (PM) was determined for clams in each mesocosm; mean PM for each treatment was arcsinesquare-root-transformed (to homogenize variance:
Underwood 1997) and compared by ANOVA using O2
level, year (fall 1999, summers 2000, 2001), and crabs
(+ or –) as factors. Temperature varied among years
(Table 1).
Clam vertical migration. Clams collected from the
Rhode River were transplanted into 208 l aquaria with
10 or 20 clams in 2 replicate aquaria per treatment
(normoxic or low DO) in 1999 and with 10 clams in 4
Fig. 2. Macoma balthica. Predator-induced proportional
replicate aquaria per treatment in 2001. Each tank had
mortality under 2 hypoxia treatments (hypoxic, normoxic) in
20 cm of rinsed Rhode River muddy-sand sediment
3 years (1999, 2000, 2001). In each year for each replicate,
(~12.5% silt and clay) and 13 ppt water to a depth of
12 clams were transplanted into a 0.25 m2 patch (48 clams
30 cm above the sediment surface. A monofilament line
m–2) in each mesocosm. DO: dissolved oxygen
Table 1. Experimental framework for mesocosm deck tank experiments that
examined predation by Callinectes sapidus on Macoma balthica. N: normoxia
(> 8 mg O2 l–1); L: low dissolved oxygen (< 2 mg O2 l–1). In each year for each
replicate, 12 M. balthica were transplanted into a 0.25 m2 patch, resulting in a
density of 48 clams m–2
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ambient water temperature within each tank was set to
either 17°C (Trial 1) or 26°C (Trial 2). As in 1999, DO
was normoxic (> 8 mg l–1) in 4 randomly selected
aquaria, and hypoxic (< 2 mg l–1) (with a 3 to 4 h adjustment period) in the remaining 4 aquaria. Water temperature and DO levels were measured and adjusted
periodically to ensure maintenance of target levels. In
2001, change in burial depth was examined (2-way
ANOVA) with DO treatment and temperature as factors. A final 2-way ANOVA using data from both years
was conducted to compare differences in burial depth
after 48 h of hypoxia as a function of DO and year.

Table 3. Macoma balthica. Student-Newman-Keuls (SNK)
comparisons of clam mortality from the interaction of DO
treatment (hypoxic = < 2 mg O2 l–1, normoxic = > 8 mg O2 l–1)
and crab Callinectes sapidus treatment (with or without crab)
in 3-way ANOVA for mesocosm predation experiments.
Given the non-significant year effect, the averages from all
3 years were used for SNK comparisons

RESULTS

day. Moreover, the mesocosms did not show changes
on the surface of the sediment that would be indicative
of changes in redox level (i.e. no white bacteria was
growing during the 48 h predation period).

Crab-clam interactions
Proportional mortality of clams was significantly
higher under normoxia than hypoxia for all 3 years, regardless of ambient temperature (Fig. 2, Tables 1 & 2).
The O2 × crab treatment interaction effect was significant (Table 2), precluding conclusions about the main
effects and requiring 4 Student-Newman-Keuls (SNK)
comparisons (Table 3). For the ‘with crab’ treatment,
significantly more clams were eaten under normoxia
(35.6 ± 10.1%) than under hypoxia (8.9 ± 4.2%). In the
high DO treatment, the presence or absence of crab
had a significant effect. Other SNK comparisons were
not significantly different.
Clams in the ‘without crab’ treatment were retrieved
within the 0.25 m2 plot area, demonstrating a lack of
horizontal clam movement. No crabs died during the
predation trials and all appeared healthy after the
experiment. Crab position within the tanks changed
daily, indicating movement, although they were not
directly observed moving within mesocosms during the

Treatment
With crab
Without crab
Normoxia
Low DO

Comparison
Normoxia > low DO
Normoxia = low DO
With crab > without crab
With crab = without crab

p-value
< 0.01
>> 0.1
< 0.01
>> 0.1

Clam DO tolerance and vertical migration
In the burial depth experiments, Macoma balthica
survived well for the first 2 d, but then began dying.
After about 6 d (147 h) of hypoxia, 22 of 30 clams had
survived. After 2 wk, 20 of the 30 hypoxic clams had
survived, and after 3 wk, 3 of 30 had survived (Fig. 3).
In both 1999 and 2001, clam burial after 48 h of
hypoxia did not differ appreciably from the 24 h acclimation depth, as clams rose in the sediment only
slightly further under hypoxia (0.52 cm) compared to
normoxia (0.24 cm). Clam burial depth did not differ
significantly as a function of oxygen treatment, but did
differ between years, and there was no interaction
(2-way ANOVA: Table 4). Clams resided ~0.5 cm
deeper in the sediment in 1999 than in 2001, possibly
due to more flocculent, softer sediments and larger

Table 2. Macoma balthica. Three-way ANOVA of arcsine-,
square-root-transformed proportional mortality d–1 from
1999, 2000, and 2001 mesocosm predation experiments.
Factors consisted of DO treatment (hypoxic = < 2 mg O2 l–1,
normoxic = > 8 mg O2 l–1), year (1999, 2000, and 2001), and
crab treatment (with or without crab). ***p < 0.005; *p < 0.05;
ns
p > 0.05
Source of variation
O2 treatment
Year
Crab treatment
O2 × Year
O2 × Crab
Year × Crab
O2 × Year × Crab
Error

SS

df

MS

F

0.3466
0.3610
1.2291
0.0748
0.3465
0.3610
0.0748
2.5704

1
2
1
2
1
2
2
32

0.3466
0.1805
1.2291
0.0374
0.3466
0.1805
0.0374
0.0803

4.31*
2.25ns
15.30***
0.47ns
4.31*
2.25ns
0.47ns

Fig. 3. Macoma balthica. Percent survival in hypoxic tanks
versus days since hypoxia was initiated in 1999 burial-depth
experimental tanks (10 or 20 clams per tank)
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Table 4. Macoma balthica. Two-way ANOVA of change in
burial depth from depth at 24 h acclimation to depth after 48 h
of oxygen treatment in the laboratory. Factors consisted of
oxygen treatment (hypoxic = < 2 mg O2 l–1, normoxic = > 8 mg
O2 l–1) and year (1999 and 2001). ***p < 0.005; ns p > 0.05
Source of variation
O2 treatment
Year
O2 × Year
Error

SS

df

MS

F

0.208
7.345
0.029
5.749

1
1
1
16

0.208
7.345
0.029
0.359

0.58ns
20.44***
0.08ns

clams in 1999. Because different effects were tested in
each year (prolonged hypoxia in 1999, temperature in
2001), both years were examined separately.
In 1999, mean (± SE) burial depth of Macoma balthica
after 24 h acclimation in normoxia was –5.82 ± 1.39 cm
and after 71 h of normoxia it was –7.13 ± 1.13 cm (not
significantly different than 24 h acclimation [ANOVA;
p = 0.622]). After 48, 71, 78, and 147 h of hypoxia, burial depth was not significantly different from acclimation depth (Fig. 4; ANOVAs: 48 h, p = 0.885; 78 h, p =
0.834; 147 h, p = 0.614), and clams did not reduce bur-

Fig. 5. Macoma balthica. Mean (±1 SE) burial depth after 24 h
acclimation (normoxia) and after 48 h of hypoxic or normoxic
treatments (Trt) at 2 temperatures in 2001 (10 clams per tank)

ial depth until just before death. Redox potential (Eh)
was not measured, but hypoxic tanks smelled of sulfur
and had white bacteria on their surfaces.
In 2001, at the end of 24 h acclimation, clams had
buried to a mean depth of –4.9 ± 1.2 cm, and following
the 24 h acclimation period, overall vertical movement
averaged an additional 0.4 ± 0.6 cm rise in the sediment (Fig. 5). This minimal movement was not affected
by temperature or dissolved oxygen, and there was no
interaction (2-way ANOVA; Table 5). The burial
depths may have been shallower than those in the
field, since there were no predators in the tanks.

Clam siphon extension
In hypoxic aquaria in 1999, the length of Macoma
balthica siphons stretched upward into the water column increased with increasing duration of hypoxia
(Fig. 6). In normoxic aquaria, siphons were observed
stretching horizontally across the sediment surface
(a typical feeding activity: Lin & Hines 1994) but never
vertically upward into the water column. Siphon extension did not occur during the first 8 h after the initi-

Table 5. Macoma balthica. Two-way ANOVA of effects of
oxygen treatment (hypoxic = < 2 mg O2 l–1, normoxic = > 8 mg
O2 l–1) and temperature (17 and 26°C) on vertical movement
in 2001. ns p > 0.05
Source of variation
Fig. 4. Macoma balthica. Burial depth and hypoxia level in
(a) hypoxic aquaria and (b) normoxic aquaria over time in
1999 (10 or 20 clams per tank). 0 h since hypoxia = measurements after 71 h acclimation period. Bars indicate mean
(–1 SE) burial depth; line and data points indicate mean
dissolved oxygen level

O2 treatment
Temperature
O2 × Temperature
Error

SS
0.49
0.0025
0.1225
3.985

df
1
1
1
15

MS
0.49
0.0025
0.1225
0.55

F
1.48ns
0.01ns
0.37ns
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Fig. 6. Macoma balthica. Mean (±1 SE) length of siphon protrusion above sediment surface versus number of hours since
hypoxia was initiated in hypoxic aquaria in 1999 (10 or
20 clams per tank). Vertical protrusion of siphons in normoxic
aquaria was negligible

ation of hypoxia, but increased to 1.78 cm after 30 h. At
30 h hypoxia, the length of the siphon extended was
significantly greater in hypoxic than normoxic tanks
(ANOVA: p = 0.016). The siphon extension rate was
0 cm h–1 during the first 8 h and 0.08 cm h–1 from 8 to
30 h of exposure to hypoxia. In 2001, similar siphon
extension in response to low DO was observed but not
quantified.

DISCUSSION
This investigation constitutes a quantitative test of
changes in predator-prey interactions associated with
low dissolved oxygen in benthic habitats of Chesapeake Bay. In our outdoor mesocosm experiments, proportional mortality of clams by crabs was greater under
normoxia than hypoxia, indicating that the crabs were
more adversely affected by hypoxia than the clams.
Moreover, in burial-depth experiments, Macoma balthica did not migrate to the sediment surface in response to hypoxia. Rather, clams remained stationary
and only moved to the surface immediately before
death after ~2 to 3 wk of hypoxia. This suggests that
the lowered mortality under hypoxia is due to crab
behavioral changes in the absence of clam behavioral
changes. Thus, hypoxia adversely affects the predatorprey interaction between Callinectes sapidus and
M. balthica, which may have serious implications for
trophic dynamics in Chesapeake Bay.
The Chesapeake Bay population of Macoma balthica
is tolerant of short-term hypoxia, since no mortality
occurred during 48 h of low DO. Although 75% of
clams survived for 6 d, 90% had died after 3 wk of low
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DO. This is comparable to 90% mortality of M. balthica
and M. mitchelli after 3 wk of hypoxia in field sites in
North Carolina (Buzzelli et al. 2002). Many clams,
however, remained buried at approximately their
initial burial depth until death in our experiments. The
possibility remains that there were sublethal effects of
hypoxia upon clams, such as reduced somatic growth
or effects upon reproduction (Nilsson & Sköld 1996)
that we did not measure. Overall, our data suggest that
M. balthica in Chesapeake Bay is quite tolerant of
changes in dissolved oxygen for a period of days to
weeks, which is an exposure interval typical for several
subestuaries of the bay. For example, 7 d is the mean
duration for an hypoxic event in the York River (Officer
et al. 1984). Thus, under short-lived hypoxia, trophic
transfer from M. balthica to blue crabs may be reduced
rather than enhanced.
The behavioral response of Macoma balthica was
not a reduction in burial depth, as in the soft-shelled
clam Mya arenaria (Taylor & Eggleston 2000), but
rather an extension of siphons into the water column
after 30 h of hypoxia. This siphon extension was probably an effort to reach higher oxygen levels further up
in the water above the sediment-water boundary layer;
for example, Macoma balthica can survive 9 wk under
algal mats by extending siphons to normoxic overlying
waters (Thiel et al. 1998). Similarly, limb extension
under hypoxia has been seen in brittle stars (Nilsson &
Sköld 1996). The siphon extension rates of M. balthica
we observed were substantially slower than those of
M. arenaria, which extends its siphons 2 cm into the
water column after only 4 to 8 h of hypoxia (Taylor &
Eggleston 2000). M. balthica’s siphon extension in our
experiments occurred soon enough after the onset of
hypoxia (8 to 30 h) to allow siphon-nipping by crabs in
the experimental mesocosms. However, little siphonnipping probably occurred and probably did not reduce
clam burial depth, as little predation-induced mortality
was observed under hypoxia.
As a caveat, siphon-extension behavior along with
maintenance of burial depth (observed in laboratory
aquaria) may be possible only in the absence of siphonnipping fishes. In the field, siphons extended into the
water column can be nipped by fishes and crabs (Hines
et al. 1990, Peterson & Skilleter 1994). When siphons are
nipped and siphon length decreases, the clams must
move closer to the sediment surface to feed successfully
(Lin & Hines 1994, de Goeij et al. 2001). The reduction in
clam burial depth would leave clams more susceptible to
predation by blue crabs feeding with tactile search
mechanisms (Hines et al. 1995, Clark et al. 1999a,b).
Therefore, in the field, if fishes can withstand exposure
and enter hypoxic zones, they may be able to nip siphons
and reduce clam burial depth, indirectly increasing blue
crab detection of and predation upon clams.
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Sediment chemistry can greatly influence the response of macrofauna to hypoxia, and tolerance may
depend on the exposure of each population within its
specific habitat. Macoma balthica acclimated to high
sulfide conditions shows high survival during sulfide
exposure (Jahn & Theede 1997). Adult M. balthica can
detoxify sulfide by oxidation to thiosulfate, although
young M. balthica may be adversely affected by it
(Jahn et al. 1997). Although we did not measure redox
potential (Eh) or sulfide concentrations, moderate
hypoxia (>1.8 mg l–1) may not alter Eh in tanks with
recirculating seawater (Nilsson & Sköld 1996), as in
our predation mesocosm tanks.
We examined the effects of short-lived hypoxia on
benthic trophic transfer, thus providing a comparison
to a benthic predator-prey system with a relatively
intolerant mollusk prey (Mya arenaria; Taylor &
Eggleston 2000), to a European benthic community
(Pearson & Rosenberg 1992), to an epifaunal community (Sagasti et al. 2001), and also to a pelagic predatorprey system (Breitburg et al. 1997). Similar to the
reduction in blue crab predation upon Macoma balthica under hypoxia in our experiment, Taylor & Eggleston (2000) reported lower consumption by blue crabs
of M. arenaria despite the clams’ migration toward the
sediment surface under hypoxia. Also, in the SE Kattegat, hypoxia reduced epifaunal predation by ~17 to
23% of normal levels in some predatory shrimp and
crab species (Pearson & Rosenberg 1992). In a pelagic
study, immobile fish eggs displayed decreased mortality under hypoxic stress due to reduced mobility of sea
nettle predators (Breitburg 1992, Breitburg et al.1997).
Thus, reduced predation under hypoxia in both pelagic
and benthic ecosystems agrees with consumer stress
models (e.g. Menge & Sutherland 1987, Seitz 1998).
Moreover, areas subject to short-term hypoxia may
serve as prey refuges if the hypoxia is more stressful to
the predators than to the prey (Menge & Sutherland
1987), as in our study.
This decrease in predator-induced mortality may
initially decrease the overall transfer of benthic production to higher trophic levels, but if hypoxia is prolonged
(i.e. > 3 wk), mortality on the surface could increase
trophic transfer. Alternatively, the mass mortality of infauna in response to severe prolonged hypoxia would
be expected to decrease trophic transfer over the long
term, as affected zones become devoid of prey (Holland
et al. 1977, Stachowitsch 1984).
Increases in eutrophication of coastal zones has led
to increases in the duration and areal extent of hypoxia
(Rosenberg & Loo 1988, Diaz & Rosenberg 1995), particularly in estuarine systems such as Long Island
Sound, Chesapeake Bay, and the Gulf of Mexico.
Shallow systems such as Long Island Sound and the
Gulf of Mexico (Rabalais et al. 1991) experience bouts

of hypoxia similar to those in Chesapeake Bay; therefore, the benthic predator-prey systems may be similarly affected. A demonstration of the detrimental
impact of hypoxia on trophic transfer within the Chesapeake Bay benthic system can serve as a model for
other estuarine systems worldwide.
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