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ABSTRACT: Low dissclved oxygen concentrations, caused by density stratification of the water column
and excess nutrient inputs, occur in many aquatic habitats. Laboratory experiments we conducted indi-
cated that low dissolved oxygen has the potential to strongly alter the absolute and relative importance of
a suite of estuarine predators of fish larvae. At dissolved oxygen concentrations <2 mg1-?}, predation on
naked goby Gobiosoma bosc larvae by an important invertebrate predator of plankton in Chesapeake
Bay (the sea nettle scyphomedusa Chrysaora quinquecirrha) increased. In contrast, at the same oxygen
concentrations, predation by 2 vertebrate predators, juvenile striped bass Morone saxatilis and adult
naked goby, decreased. Changes in consumption of larvae most likely resulted from impaired ability of
larvae to escape the scyphomedusa, and decreased attack rates by adult and juvenile fishes. Fish preda-
tors increased gill ventilation rates even at oxygen levels higher than those leading to decreased preda-
tion. However, we could detect no comparable change in behavior of the sea nettle even at 1 mg 17!, the
lowest oxygen concentration tested. The observed changes in trophic interactions occurred at dissolved
oxygen concentrations that are not lethal during short exposures, and that commonly occur in the Chesa-
peake Bay and other eutrophic estuaries during summer. Thus, low oxygen has the potential to cause
significant changes in the importance of alternate trophic pathways in estuarine systems.

KEY WORDS: Chesapeake Bay - Fish larvae - Hypoxia - Naked goby - Predation - Scyphomedusa -

Striped bass

INTRODUCTION

The persistent or episodic occurrence of low dis-
solved oxygen (hypoxia) is an important physical fea-
ture of many aquatic habitats including eutrophic estu-
aries and lakes, nearshore coastal waters, fjords, lakes
experiencing winterkill conditions, and the oxygen
minimum layer of the deep-sea. In shallow marine sys-
tems, hypoxia generally occurs during summer when
density stratification of the water column limits reaera-
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tion of bottom waters (Renaud 1986, Turner et al. 1987,
Swanson & Parker 1988, Rabalais et al. 1991). Oxygen
depletion in these estuaries and coastal waters is often
exacerbated by excess nutrient loadings (Officer et al.
1984, Boesch 1987, Elmgren 1989, Rosenberg et al.
1990), and is predicted to become more common in the
event of global warming (Kennedy 1990).

In this paper we describe experiments that examined
how low dissolved oxygen affects the vulnerability of
fish larvae to their important predators in the Chesa-
peake Bay, USA, and in estuaries along much of the
east coast of North America. Dissolved oxygen concen-
trations in much of the mesohaline Chesapeake Bay
are below 50% saturation during the summer (e.qg.
Officer et al. 1984, Price et al. 1985, Malone et al. 1986,
Magnien et al. 1987). Such oxygen concentrations are
physiologically stressful to many fish species (Rom-



236 Mar. Ecol. Prog. Ser. 104: 235-246, 1994

bough 1988), resulting in reduced larval survival,
development and growth (Siefert & Spoor 1974, Rogers
et al. 1982, US-EPA 1986, van der Veer & Bergman
1986). Studies of freshwater teleosts indicate that low
dissolved oxygen concentrations also can modify juve-
nile and adult growth rates, feeding rates, habitat use,
and susceptibility to predation, as well as adult repro-
ductive activities (Magnuson et al. 1985, Suthers & Gee
1986, US-EPA 1986, Kramer 1987, Poulin et al. 1987,
Saint-Paul & Soares 1987). Low dissolved oxygen in
Chesapeake Bay and its tributaries is thought to limit
populations of ecologically and economically impor-
tant finfish and shellfish species through both habitat
restriction and direct mortality (Kemp & Boynton 1981,
Officer et al. 1984, Price et al. 1985, Breitburg 1988,
1992, Coutant & Benson 1988, Osman et al. 1990).

Under current conditions, some Chesapeake Bay
waters consistently reach oxygen concentrations that
are rapidly lethal to most fish species. However, a
larger volume of water has summer dissolved oxygen
concentrations in the range of 1.0 to 4.0 mg 17! (Jordan
et al. 1992y — levels that are tolerable at least during
brief exposures but that may alter feeding and swim-
ming behaviors and long-term prospects for growth
and survival (US-EPA 1986, D. C. Miller unpubl.).

The influence of moderate levels of hypoxia on
trophic structure and species interactions in estuarine
systems is not known. Experiments with freshwater
fish and invertebrates (Poulin et al. 1987, Rahel & Kolar
1990) and field sampling of estuarine fishes (Pihl et al.
1992) suggest that predator-prey interactions will be
altered. This outcome should be expected because
most aspects of trophic interactions are potentially in-
fluenced by low dissolved oxygen, e.g. the abundance
and distribution of both predators and prey, the ability
to capture prey, and the ability to avoid predation.

The net effect of low oxygen on predator-prey inter-
actions should depend on individual responses of all
strongly interacting species and life stages. For exam-
ple, low dissolved oxygen concentrations could be
beneficial to a predator if the primary effect were to
increase the vulnerability of its prey. In contrast, low
dissolved oxygen could have a net detrimental effect
on a predator that requires higher oxygen levels for
efficient prey capture than is required by its prey for
efficient escape behavior. Because vertebrate and
invertebrate predators vary in both physiology and
behavior, it might be expected that their predatory
capabilities would be affected differently by low oxy-
gen concentrations. Our results suggest that even
within a single estuarine food web, low oxygen can
lead to increased prey capture by some predators, but
decreased prey capture by others, thereby potentially
leading to important shifts in carbon flow in the eco-
system.

Study organisms

We used larvae of the naked goby Gobiosoma bosc
as prey. Larvae of the naked goby are very abundant
from late spring through summer in the Chesapeake
Bay and its tributaries (e.g. Academy of Natural Sci-
ences 1981, Olney 1983, Shenker et al. 1983), as well
as in many estuarine systems along the Atlantic and
Gulf of Mexico coasts of the United States (e.g. Allen &
Barker 1990). Small forage species such as the naked
goby reproduce within the Chesapeake Bay and its
tributaries when low dissolved oxygen conditions are
severe, and produce larvae that can be exposed to
hypoxic conditions throughout their development.
Naked goby larvae hatch from benthic eggs, which are
attached primarily to the inside of articulated oyster
shells (Nero 1976). Larvae are found throughout the
water column during most of their development, but
prior to settlement they undergo a demersal schooling
phase when they are abundant within a few cm of the
substrate of oyster reefs (Breitburg 1989, 1991).

Adult naked goby, juvenile striped bass Morone sax-
atilis, and a scyphomedusan, the sea nettle Chrysaora
quinquecirrha, were selected as predators. Adults of
the naked goby are abundant benthic fishes in oyster
reefs in the Chesapeake Bay. They eat a variety of
mobile invertebrate taxa (Nero 1976), and their prox-
imity to demersal and settling naked goby larvae, as
well as the occasional observation of these rapidly di-
gested prey in their guts (Nero 1976), suggest that can-
nibalism may be a significant source of larval mortality.
Juvenile striped bass are opportunistic predators that
consume a wide range of planktonic and benthic prey
(Markle & Grant 1970, Boynton et al. 1981, Setzler-
Hamilton & Hall 1991). Fish larvae compose a major
portion of the diet of juvenile striped bass, and naked
goby larvae can, at times, be their main prey (Markle &
Grant 1970). The sea nettle is believed to be a major
predator on plankton in the Chesapeake Bay (Cargo &
Shultz 1966, Feigenbaum & Kelly 1984, Purcell 1992)
and a key link in the Bay system that provides top-
down control on plankton productivity, perhaps in the
mainstem Bay (Baird & Ulanowicz 1989), but especially
in its tributaries (Purcell 1992). Peak periods of abun-
dance of this scyphomedusan coincide both with the
period of the most severe hypoxia and the highest
abundances of naked goby larvae (Massman et al.
1963, Cargo & Schultz 1967, Olney 1983, Shenker et al.
1983, Dalton 1987). Laboratory and mesocosm studies
indicate that sea nettles may be the most important
predator on fish larvae in the Chesapeake Bay (Cowan
& Houde 1992, 1993). In other systems, predation by
siphonophores and cnidarian medusae may lead to lar-
val mortality rates as high as 60 to 97% d~' (Purcell
1984, 1985, Purcell & Grover 1990).
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METHODS

Larval culture. Goby eggs and the egg-guarding
males were collected from the field during May to
August. Egg-quarding males were kept isolated with
the nest until eggs hatched. Larvae were cultured in
751 tanks maintained at 24 to 28°C. Larvae were fed
the rotifer Brachionus plicatilis at nominal prey densi-
ties of 2000 17! for the first 2 wk posthatch. Older larvae
were fed brine shrimp Artemia sp. nauplii at nominal
densities of 500 17!, Culture methods were similar to
those described for the bay anchovy Anchoa mitchilli
(Houde 1977, 1978).

Collection and maintenance of predation. We col-
lected adult naked gobies from the Patuxent River near
Solomons, Maryland, USA. Adult naked gobies were
maintained in the laboratory prior to use in experiments
under ambient salinities (13 to 17 ppt) at 24 to 26°C,
and were fed frozen brine shrimp Artemia sp. Juvenile
striped bass were obtained from the fish hatchery
operated by the Potomac Electric Power Company at
Chalk Point, Maryland. They were maintained in the
laboratory prior to experiments at ambient salinities
and temperatures, and were fed ‘'salmon chow’ pellets
at 10% body wt d-'. Sea nettles were collected by
hand in the Patuxent River near Solomons, during
the late afternoon or evening prior to experiments.
They were held at 24 to 26°C and were not fed since
they were collected close to the time of experiments.

Predation on fish larvae. Laboratory
experiments were designed to test the
effects of dissolved oxygen concentra-
tion on predator consumption rates on
fish larvae. We only tested oxygen
concentrations in which both larvae
and predators survived exposures of at

All experiments utilized a randomized block design,
such that each trial used a uniformly aged group of lar-
vae from a single nest. Except as noted, only a single
trial at each oxygen concentration was performed with
each clutch (the blocking factor) and predators were
not reused. Experiment duration, larval age, larval
density and tank size varied among the 3 predators
(Table 1). Our goal was to set conditions under which
the predator could feed in a relatively natural manner
but deplete no more than approximately 50% of the
prey under saturated (control) oxygen concentrations.

Predation by adult naked gobies was tested only
with postflexion larvae (>7.3 mm), which exhibited
bottom-oriented behavior and would therefore be sus-
ceptible to cannibalism. Larvae used for these experi-
ments were 24 to 28 days posthatch (dph) (Table 1),
and thus did not vary appreciably in age among
blocks. Smaller larvae are more often found higher in
the water column where they would be unavailable to
benthic adult and juvenile gobies. Striped bass and sea
nettles were tested with the full range of larval stages
because these predators feed throughout the water
column. All predators were starved overnight prior to
use in experiments.

At the end of each experiment, water from tanks was
siphoned through a sieve, and all recovered larvae
were collected and scored as live or dead. Sizes of
predators [standard length (SL) for fish, bell diameter
for sea nettles], and measured dissolved oxygen con-

Table 1. Experimental conditions for predation experiments. Experiment start
and end data for temperature were first averaged for each replicate before sum-
mary statistics presented here were calculated. Size of predators is given as
standard length for fish, and bell diameter for the sea nettle. Sat.: air-saturated;

dph: days posthatch

least several hours. Experimental i .
ks filled with 1 filt d Experimental conditions Predator
tanks filled w1 ] Hm hiere wgter Juvenile  Adult naked Sea nettle
from the mesohaline Patuxent River striped bass goby
were bubbled with N, or air:N,; mix- ———
tures to obtain desired dissolved oxy- Type of experimental tank Aquaria Aquaria Cylindrical
. plastic
en concentrations. Predators were

g . . Size of experimental tank 761 761 2201
then added directly to the main part of ) ) _

. Duration of experiment 35 min 4h 2h
the experimental tanks. Larvae were Nominal
s . . ominal oxygen
initially pla_ced 1'n separate plastic and concentration tested (mg 1-4) Sat.,4,3,2 Sat,3,2,1 Sat, 3,21
mesh acclimation chambers. After Measured temperature (°C) 259402  253+01  258%0.1
predaﬁors a?d larvae were added, No. of replicate blocks tested 13 4 7
experllmenta tanki wer(ej sealed, ng No. of predators tank-! 1 3 1
animals were acchimated to test dis- Size of predators 424106  409+1.0  883+22
solved oxygen concentrations for 1 h. |X + SE (range) mm]| (35-53) (33-49) (70-110)
Larvae were then released into the No. of larvae 40 20 50
main test arena and exposed to pre- Age of larvae (range: dph) 0-24 24-28 1-22
dators by tipping larval acclimation Size of larva: notochord length 4 07 7 3-10.0 29-80
chambers via attached lines that ran (range; mm) R DA R
through each tank lid.
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centrations and temperatures for each treatment are
given in Table 2. Untransformed data {numbers of lar-
vae consumed) were used for all statistical analyses of
dissolved oxygen effects since variances were not
heteroscedastic for any experiment (F,. test, all p >
0.05). A posteriori tests were made with least-squares
means comparisons.

Several deviations from the standard analysis and
experimental design occurred in experiments utilizing
sea nettles as predators. First, data from sea nettle
experiments were analyzed in 2 ways, each making a
different assumption about larvae that were dead and
opaque upon retrieval. Opaque larvae had been dead
for a longer period of time than it took for us to empty
experimental containers, and were therefore not killed
during the retrieval process. A total of 3, 13, 9 and 25
dead, opaque larvae were retrieved from the control,
3mgl-!,2mgl-'and 1 mg 1! treatments, respectively.
These larvae may have been killed by sea nettles but
not consumed, or may have died as a result of
handling. We feel it is likely that most of this mortality
was due to contact with sea nettles. The larvae are
unlikely to have died as a result of exposure to low
oxygen since naked goby larvae survived longer expo-
sures to 1.0 mg 17! in related experiments (Breitburg

unpubl.). Opaque larvae were rarely found in experi-
ments with either of the predatory fishes. Because of
the presence of these larvae, we analyzed data once
reflecting larval mortality (opaque larvae included)
and once reflecting sea nettle consumption (opaque
larvae not included with those consumed). The results
were qualitatively similar. Second, 1 clutch of larvae
was used for 2 replicates, but since the ages and devel-
opmental stages differed (8 vs 22 dph, preflexion vs
postflexion), these were considered to be independent
replicates for statistical analyses. Finally, the 3 mg 17!
dissolved oxygen treatment was omitted in 1 of the 7
replicate blocks because of a shortage of experimental
animals.

Eifects of low dissolved oxygen on predator behavior.
We were also interested in whether changes in con-
sumption rates were due to changes in the behavior of
predators or their prey. Gill ventilation rates were esti-
mated for fish predators as an indicator of low oxygen-
induced stress. Striped bass were placed in individual
76 1 aquaria. Dissolved oxygen concentrations were
then reduced to target levels of 2.0, 3.0, and 4.0 mg 17!
by bubbling with N,. Control tanks were bubbled with
air. Fish were acclimated to test oxygen levels for 1 h,
after which the number of operculum movements were

Table 2. Experimental conditions and predator sizes for predation experiments. na: treatments not done for that predator. Preda-

tor size was identical for all treatments with naked goby predators on amphipod prey because the same individuals were used for

all oxygen concentrations tested. Experiment start and end data for dissolved oxygen were first averaged for each replicate be-
fore summary statistics presented here were calculated

Predator: Variable
prey 1mg!!
Striped bass: Dissolved oxygen na
larvae (mg1 % n=13)
Predator SL na
{mm; n =129
Naked goby: Dissolved oxygen 1.09+0.12
larvae (mg "% n = 4)
Predator SL 405+ 0.2
(mm; n=12)
Naked goby: Dissolved oxygen 0.99+ 0.04
amphipods (mg 1 ™% n = 4}
Predator SL 413103
{mm; n = 12)
Sea nettle: Dissolved oxygen 1.08 £0.04
larvae fmgltn=7)
Predator bell 84.8+43
diameter (mm; n = 7}
Predator volume 883+ 12.2

(ml; n= 7]

2mgl-! 3mgl-! 4mgl! Control
2.05+0.02 3.06 £ 0.02 4.01+£0.02 7.60+ 0.07
42,1113 418+1.2 419+1.0 437+ 1.0
2.13%0.09 3.04 £ 0.06 na 6.70 £ 0.34
41.9%0.3 398+£0.2 na 41.0+20.2
1.86+0.16 2.83£0.02 na 6.48 = 0.23
41.3+£0.3 41.3+03 na 413403
2.09 % 0.03 2.90 £ 0.02 na 6.67 £ 0.29
93.2+54 85.0+ 3.8 na 90.3%4.1
111.7+12.2 91.7+8.3 na 95.0+ 96

“Predator size was inadvertently measured for only 12 of the 13 experiments utilizing juvenile striped bass

Dissolved oxygen treatment
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counted for 3 min. Three replicates were completed for
each target dissolved oxygen concentration; each fish
was used for only a single observation. Gill ventilation
rates of adult naked gobies were determined as part of
a related study (Breitburg 1992). Adult males and PVC
tubes, which were used as nest and shelter sites, were
placed individually in 105 1 aquaria. After an initial
observation, tanks were bubbled with a series of
air:N, mixtures that had decreasing percentages of
oxygen, and finally with 100 % N, in order to decrease
oxygen concentrations by approximately 1 mg 17* h™1.
Gill ventilation rates were counted for 10 s during each
hourly observation when the fish was oriented in a
manner that permitted an unobstructed view of its
opercula. Because opercular movements were not
always visible, the actual number of hourly counts on
each of the 20 test fish and the oxygen concentrations
at which each fish was observed varied. These data
are therefore presented only to provide a qualitative
impression of the response of adult naked gobies to
decreasing oxygen concentrations.

Contraction rates of the medusa bell were measured
for sea nettles. Increased bell contractions at low oxygen
concentrations could increase the volume of water pass-
ing over their tissues, while decreased bell contraction
rates might reduce the energetic costs of swimming.
Either of these changes in swimming activity could
influence encounter rates between sea nettles and their
larval prey. We tested the effects of dissolved oxygen
(‘oxygen experiment’) and the effects of repeated han-
dling (‘handling experiment’) in nested repeated mea-
sures experiments with 2 sea nettles per 76 1 aquarium
of 1.0 um filtered Patuxent River water. In the 4 oxygen-
experiment aquaria, sea nettles were tested sequentially
in air-saturated, 3 mg 17!, 2 mg 1"}, and 1 mg 1!
dissolved oxygen concentrations. To test the effects of
handling and the order of oxygen treatments tested, sea
nettles in 4 handling-experiment aquaria were repeat-
edly observed at approximately the same time intervals
as experimental individuals, but all measurements were
made in air-saturated water.

Sea nettles for these experiments were collected
from the Patuxent River near Benedict, Maryland, by
dip-net and held in 20 1 buckets of filtered river water.
Sea nettles were acclimated to the test dissolved oxy-
gen levels for a minimum of 15 min after which bell
contractions of each individual were counted for 3 min.
After the final count, bell diameter (cm) and total vol-
ume (ml) were measured for each sea nettle.

To further examine the effect of low oxygen on pre-
dation by fish, we tested the ability of adult naked gob-
les to capture gammarid amphipods at nominal oxygen
concentrations of 1.0, 2.0 and 3.0 mg 1! dissolved OXYy-
gen and in an air-saturated control. We used a Latin
square experimental design with groups of 3 adult

naked goby in each tank. A total of 4 groups of 3 fish
were rotated through each of the dissolved oxygen
treatments such that each group of predators was
tested once at each oxygen concentration. With this
experimental design, each group of fish was exposed
to the 4 dissolved oxygen treatments in a different tem-
poral order, thus minimizing biases due to learning.

On the day of these experiments, adult gobies were
transferred to four 20 1 tanks, each containing 3 oyster
shells. The tanks were then sealed and bubbled with
100% N, until desired dissolved oxygen levels were
reached. After the gobies were acclimated for 1 h, 200
field-collected gammarid amphipods were added to
each tank. The adult gobies were allowed to feed for
4 h, after which time they were removed, the tanks
were drained, and amphipods were counted. Four
replicates of each treatment were conducted. Adult
naked gobies were maintained on adult brine shrimp
between replicates.

RESULTS
Juvenile striped bass

Consumption of naked goby larvae by juvenile striped
bass declined significantly at low dissolved oxygen
levels (Table 3; Fig. 1a). Fewer than half the number of
larvae were consumed at dissolved oxygen concentra-
tions of 2 mg 17! than at 3 mg 17! or higher. A posteriori
least-squares means comparisons (SAS 1988) indicated
that consumption at 2 mg 1~ differed significantly from
that at other tested oxygen concentrations.

Larval age and predator size both varied during the
course of the experiment. Striped bass were tested on
newly hatched through late postflexion larvae because
they potentially overlap in distribution with the full age
range of larvae in the field. Because our experimental
striped bass were growing, predators in some of the

Table 3. Morone saxatilis preying on Gobiosoma bosc larvae.

Results of randomized block ANOVA for effect of dissolved

oxygen concentration on no. of larvae consumed by juvenile

striped bass. Results of the a posterior tests are given below;

treatments not connected by a common underline differed at
the p < 0.05 level

Source df Sums of squares F P
Dissolved 3 705.48 3.90 0.016
oxygen

Block 12 2289.48 3.17 0.004
Nominal oxygen 2 3 4 Saturated
concentration: -
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Fig. 1. Morone saxatilis, Gobiosoma bosc and Chrysaora quin-

quecirrha preying on G. bosc larvae. Numbers of prey con-

sumed by juvenile striped bass, adult naked gobies and sea

nettles under reduced and air-saturated oxygen concentra-
tions. dph: days posthatch

later tests were slightly larger than those in tests run
earlier in the summer. However, neither larval age
nor predator size consistently affected the number of
larvae consumed within dissolved oxygen treatments.
Multiple regression analyses were run separately for
each dissolved oxygen treatment with predator size
and larval age as independent variables. Striped bass
standard length explained nearly 50 % of the variation
in number of larvae consumed in the 3 mg 17! dissolved

oxygen treatment (r* = 0.49, F = 9.56, p = 0.0114), but
no other significant effects of predator size or larval
age were found (all other p > 0.4). Thus the significant
block result of the initial ANOVA (p = 0.004) that
tested for dissolved oxygen effects remains largely
unexplained. Randomized block ANOVA also indi-
cated that while striped bass standard length did not
vary significantly among dissolved oxygen treatments,
it did vary significantly among blocks (dissolved oxy-
gen: F=1.12, p = 0.354, df = 3; block: F =467 p <
0.0003, df = 11; Table 2).

Observations of experimental tanks indicated that
the Jow dissolved oxygen concentrations tested
affected the predatory behavior of juvenile striped
bass. With decreasing concentrations of dissolved oxy-
gen, striped bass first became agitated, swimming in
short, erratic bursts uncharacteristic of their normal
swimming behavior. As oxygen was reduced to 2 mg
1-!, the fish became noticeably less active, often
remaining motionless in a corner of the tank. In con-
trast, naked goby larvae appeared to swim normally
even at 2 mg 17!, the lowest oxygen concentration
tested with juvenile striped bass as predators. Gill ven-
tilation rates also indicated that striped bass were
under low oxygen stress even at oxygen concentra-
tions with high predation rates. Ventilation rates were
significantly higher at 2, 3 and 4 mg 17! than at air-sat-
urated control oxygen concentrations (1-way ANOVA:
F=33.81, p <0.0001, df = 3; Fig. 2a ).

Adult naked goby

Predation on larvae by adult naked gobies was sig-
nificantly affected by dissolved oxygen concentration
(Table 4; Fig. 1b). Numbers of larvae consumed
decreased with decreasing oxygen concentration from
a high of 8 larvae in air-saturated controls and 3 mg 17!
tanks to a low of 0.75 at 1 mg 17%. In a posteriori least-

Table 4. Gobiosoma bosc preying on G. bosc larvae. Results of
randomized block ANOVA for effect of dissolved oxygen con-
centration on number of larvae consumed by adult naked
gobies. Results of the a posteriori tests are given below; treat-
ments not connected by a common underline differed at the

p < 0.05 level
Source df Sums of squares F P
Dissolved 3 13.53 25.74  0.0001
oxygen
Block 3 2.15 4.09  0.0436
Nominal oxygen 12 3 Saturated
concentration: -




Breitburg et al.: Hypoxia and predator-prey interactions 241

A. Striped bass
250+

200+

1504

Gill ventilation rate

Gill ventilation rate

45+

40+

354

Bell contraction rate

30- C. Sea nettle

2h+—— T
0O 1 2 3 4 5 6 7 8

Dissolved oxygen (mg17)

Fig. 2. Morone saxatilis, Gobiosoma bosc, Chrysaora quin-
quecirrha. Measures of physiological stress of predators ex-
posed to low dissolved oxygen (no. of gill ventilations or bell
contractions min~!). The regression line fitted to the naked
goby data is meant only to guide the eye. Data include multi-
ple observations of several individuals, and are therefore not
independent. However, no individual was observed more
than once at a single dissolved oxygen concentration

squares means comparisons, only the 1 mg 17! treat-
ment differed significantly from other tested oxygen
concentrations. However, there was a tendency
towards decreased consumption at 2 mg 17! dissolved
oxygen as well. Dissolved oxygen concentrations and
temperatures measured in experimental tanks are

Table 5. Gobiosoma bosc preying on amphipods. Results of

Latin square ANOVA for effect of dissolved oxygen concen-

tration on no. of gammarid amphipods consumed by adult

naked goby. Results of the a posteriori tests are given below;

treatments not connected by a common underline differed at
the p < 0.05 level

Source df Sums of squares F P
Dissolved 3 9939.19 7.93 0.017
oxygen

Predator group 3 4429.19 3.53 0.088
block

Date block 3 1336.06 3.20 0.105
Nominal oxygen 1 2 3 Saturated
concentration:

given in Table 2. Randomized block ANOVA indicated
that predator SL was similar among dissolved oxygen
treatments and among blocks (dissolved oxygen: F =
0.10, p = 0.955, df = 3; block: F=1.24, p = 0.350, df = 3;
Table 2).

Qualitative observations of experimental tanks indi-
cated that adults became less active in the 1 mg 17}
treatment. In addition, gill ventilation rates of adult
naked gobies rose steadily from air-saturated to 1 mg
17! oxygen concentrations (Fig. 2b}). In some replicates
of the 1 mg 17! treatment, larvae were at the surface of
the water, but all adults remained on or near the tank
bottom.

Tests with gammarid amphipods support the obser-
vation of reduced predatory activity by adult naked
gobies at low oxygen concentrations. The predation
pattern on amphipods was similar to that found for pre-
dation on larvae (Table 5; Fig. 1b). Approximately half
as many amphipods were consumed at 1 mg 1-! dis-
solved oxygen as at saturated oxygen levels. In a pos-
teriori tests, consumption of amphipods was signifi-
cantly lower at both 2 mg 17! and 1 mg 1~! as compared
to air-saturated levels.

Sea nettle

In contrast to results for the 2 predatory fishes, mor-
tality and consumption of naked goby larvae in the
presence of sea nettles increased at low oxygen con-
centrations (Tables 6 & 7, Fig. 1c). Mortality of naked
goby larvae exposed to sea nettle predators averaged
65 to 80% higher in the 2 mg 17! and 1 mg 17! treat-
ments than in air-saturated controls. A posteriori least-
squares means comparisons indicated that the 1 and
2 mg 1! dissolved oxygen treatments differed signifi-
cantly from higher oxygen concentrations tested. Con-
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sumption of larvae by sea nettles also increased by
approximately 60 % in the 2 mg "' and 1 mg 1! treat-
ments as compared to controls. Analysis of variance
indicated a significant effect of dissolved oxygen on
consumption, and a posteriorl comparisons indicated

Table 6. Chrysaora quinquecirrha preying on Gobiosoma

bosc. Results of randomized block ANOVA for effect of dis-

solved oxygen concentration on larval mortality in the pres-

ence of sea nettles. Opaque dead larvae were included in the

mortality estimates. Results of the a posteriori tests are given

below; treatments not connected by a common underline
differed at the p < 0.05 level

Source df Sums of squares F p
Dissolved 3 1196.87 5.69 0.007
oxygen

Block 6 1094.91 2.60 0.056
Nominal oxygen 1 2 3 Saturated
concentration:

Table 7. Chrysaora quinquecirrha preying on Gobiosoma bosc.

Results of randomized block ANOVA for effect of dissolved

oxygen concentration on consumption of naked goby larvae by

sea nettles. Opaque dead larvae were not included in con-

sumption estimates. Results of the a posteriori least-squares

means comparisons are given below; treatments not connected
by a common underline differed at the p < 0.05 level

Source df Sums of squares F p
Dissolved 3 935.34 3.63 0.034
oxygen

Predator group 6 756.98 1.47 0.247
block

Nominal oxygen 1 2 3 Saturated
concentration: _—

Table 8. Chrysaora quinquecirrha. Results of nested ANOVAs testing for effect
of dissolved oxygen concentration on bell contraction rates of sea nettles. Sepa-
rate analyses were done for the control group (individuals maintained at satu-
rated oxygen concentrations for each of the 4 observations) and the experimen-
tal group of animals (individuals subjected to decreasing oxygen concentrations

during repeated observations)

significant differences among low and high oxygen
concentration treatments.

Neither predator size nor larval age significantly af-
fected the number of larvae consumed within dissolved
oxygen treatments. In multiple regression analyses run
separately for each dissolved oxygen treatment and the
2 measures of sea nettle size, bell diameter, sea nettle
volume, and larval age did not significantly affect the
number of larvae that died or were consumed (all p >
0.05). Randomized block ANOVAs also indicated that
neither bell diameter nor sea nettle volume varied sig-
nificantly among dissolved oxygen treatments (diame-
ter: F=1.01, p = 0.293, df = 3; volume: F =137, p =
0.2906, df = 3) but bell diameter did vary significantly
among blocks (diameter: F=2.46, p =0.033, df = 5; vol-
ume: F=2.86, p<0.0521, df = 5; Table 2).

Unlike results for the 2 fish predators, our measure of
oxygen stress in the sea nettle was unaffected by dis-
solved oxygen even at concentrations as low as 1 mg
1-!. Sea nettles averaged 41.2 = 0.6 bell contractions
min~! for all observations combined (n = 64). Bell con-
traction rates were similar at all dissolved oxygen con-
centrations, with treatment means ranging from 39 to
42 contractions min~! (Table 8, Fig. 2). Handling also
had no effect on bell contraction rates; the difference
between mean contraction rates for the first and final
measurement periods was <1 contraction min~!, and
there were no significant differences between any of
the observation periods (Table 8).

DISCUSSION

Our results suggest that both the relative and
absolute importance of vertebrate and invertebrate
predators of fish larvae can by altered under low dis-
solved oxygen concentrations. Low dissolved oxygen
concentrations modified the behavior of both predators
and their prey, and therefore the vulnerability of larvae
to predation. Effects of low oxygen on predation on fish
larvae is particularly important because predation may
be the major cause of mortality during
the early life stages of fishes (Bailey &
Houde 1989) and has the potential to
be a regulating factor in the recruit-
ment process (Sissenwine 1984).

Low oxygen appeared to have some-
what different effects on the behavior

Source df  Sums of squares
Handling Dissolved oxygen 3 275
experiment Tank 12 146.75
Oxygen Dissolved oxygen 3 13.03
experiment Tank 6 644.88

of each species and life stage tested.

F b These varying responses were re-
006  0.982 flecteq in _vanation in the magnitude
0.74  0.696 and direction of the effect of low oxy-
069 0572 gen op consumption of fish larvae.
284  0.027 Predation by the 2 vertebrate preda-
tors at 2 mg 17! oxygen concentration
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was 25 to 50% lower than at air-saturated levels. In
contrast, larval consumption by the scyphomedusa
increased by more than half at the same 2 mg 17! oxy-
gen level.

Of the predators tested, striped bass was the most
sensitive to low oxygen concentrations. Gill ventilation
increased significantly even at 4 mg 17! oxygen con-
centrations, although fish continued to capture prey at
a high rate at 4 mg 17" These results suggest that juve-
nile striped bass become physiologically stressed at
oxygen concentrations that are quite high relative to
those found in many areas of Chesapeake Bay during
summer. Other studies indicate similar sensitivity of
juvenile striped bass and suggest that dissolved oxy-
gen concentrations of at least 3 mg 17! are required for
survival (Setzler-Hamilton & Hall 1991).

The direct effect of low oxygen on the attack rate of
juvenile striped bass is the most likely cause of the
50% decrease in consumption of larvae at 2 mg 17! in
our experiments. At 2 mg 17! dissolved oxygen, juve-
nile striped bass often appeared lethargic or remained
motionless. In contrast, we observed no change in lar-
val behavior that would decrease their susceptibility to
predation at 2 mg 1='. Appetite depression under low
oxygen conditions has been previously noted in labo-
ratory feeding trials with artificial diets (Setzler-Hamil-
ton & Hall 1991).

Adult naked gobies are generally more tolerant of
low dissolved oxygen than are striped bass. Field sam-
pling and laboratory experiments indicate that oxygen
concentrations as low as 0.75 mg 1~! would not affect
survival, large-scale movement, or nest-site fidelity
during exposure durations 2 to 3 times the length of
those used in our predation experiments (Breitburg
1992). Nevertheless, adult naked gobies did exhibit in-
creased gill ventilation rates and decreased consump-
tion at 1 and 2 mg 1"! — oxygen concentrations that
frequently occur in moderate and deep areas of meso-
haline Chesapeake oyster reefs (Sanford et al. 1990).

Decreased attack rates by adult naked gobies most
likely explain the decreased consumption of gammarid
amphipods at 1 and 2 mg 1%, and the trend towards
decreased consumption of naked goby larvae at 2 mg
17! dissolved oxygen. In our experimental tanks, am-
phipods had no effective escape from predators and
remained on the bottom of the tanks at all oxygen con-
centrations tested. Amphipod activity did not appear to
change with dissolved oxygen concentration. Thus
changes in consumption of this prey were most likely
due to low oxygen-induced changes in behavior of the
predator, not to changes in amphipod behavior. As
indicated above, we also saw no obvious change in
larval behavior that would contribute to decreased
frequency of success of attacks by fish predators at
2 mg 17'. However, at 1 mg 17, the lowest oxygen con-

centration tested, different behaviors of adults and lar-
vae led to spatial separation of the predator and some
prey in addition to altered predatory behavior. In the
1 mg 17! treatment, we observed larvae at the water
surface, presumably respiring in the surface film.
Observations in this study, more detailed observations
in other laboratory experiments (Breitburg 1992), and
field observations (Breitburg unpubl.) indicate that
adult naked gobies do not employ aquatic surface res-
piration until oxygen concentrations fall well below 1
mg 17!, The tendency for larvae to move to the surface
at 1 mg 17! also may explain why predation on larvae
declined more sharply than predation on amphipods
tested at the same oxygen concentration.

The sea nettle is considerably more tolerant of low
dissolved oxygen concentrations than are either of
the vertebrate predators we tested, indicating that in-
creased larval consumption at low dissolved oxygen
results from impaired ability of larvae to escape or
avoid attack. In 96 h tests, sea nettle survival was
100% at 1 mg 1"! during the initial 24 h period, exhib-
ited a 96 h LCso of 0.72 mg 17! (C. E. Zastrow, E. D.
Houde & L. Linley unpubl.). Furthermore, bell contrac-
tion rates did not change as oxygen concentrations var-
ied between 1 mg 1! and air-saturated levels. In other
experiments with 1 h acclimation periods to match pre-
dation experiments, bell contraction were similar at
1.5 mg 1! dissolved oxygen and in air-saturated con-
trols (Breitburg & Pacey unpubl. data). If tentacle
extension also remained similar, these results suggest
that the ability of sea nettles to capture prey and the
volume of water they ‘search’ for prey is unaffected by
oxygen concentrations as low as 1 mg 171 It is likely
that low oxygen has a greater effect on the swimming
behavior of fish larvae than that of sea nettles, and that
this difference results in increased larval consumption
at low dissolved oxygen concentrations.

Several mechanisms could lead to the observed
increase in larval consumption by sea nettles at low
oxygen concentrations. A decrease in active avoid-
ance, or a decrease in the ability of larvae to survive
contact with the sea nettle are possible. However, we
consider a third explanation to be more likely. If larvae
swim more slowly or weakly when stressed by low
oxygen, they may be more susceptible to being pas-
sively swept into the medusa's tentacles by vortices
created by contractions of the bell (Costello in press,
unpubl. data). If bell contraction strength, like the
measured bell contraction rate, is unchanged by oxy-
gen concentrations > 1 mg 17!, this mechanism would
increase the capture rate of larvae at low oxygen con-
centrations. Our visual observations of larvae during
predation experiments were designed only to detect
gross changes in position and swimming ability, and
would not have detected changes in swimming speed.
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The importance of the altered predator-prey inter-
actions demonstrated in our experiments will depend
upon how vertical gradients in dissolved oxygen affect
the distributions and co-occurrences of prey and their
predators. Both laboratory experiments and prelimi-
nary analysis of field data suggest that even goby
larvae <1 dph strongly avoid oxygen concentrations
< 1 mg 1", which are lethal during 24 h exposures
(Breitburg unpubl.). However, altered trophic inter-
actions that were observed at oxygen concentrations
near 2 mg 17! are likely to be important to naked goby
larvae. Laboratory experiments that investigated the
behavioral response of larvae to low oxygen in the
absence of predators indicated that naked goby larvae
potentially could be abundant in bottom waters with
2 mg 17! dissolved oxygen, although expected densi-
ties would be lower than where bottom oxygen con-
centrations are near saturation (Breitburg unpubl.,
Houde & Breitburg unpubl. data). Experiments with
mayfly larvae indicate that these invertebrates select
low oxygen environments to avoid predators (Rahel &
Kolar 1990). If overall predation rates in the Chesa-
peake Bay system are lower at 2 mg 1~! than at higher
dissolved oxygen concentrations, goby larvae might
increase their use of this low oxygen zone above that
observed in our predator-free experiments in order to
reduce predation risk.

Of the 3 predators tested, naked goby adults and sea
nettles are likely to be abundant at oxygen concentra-
tions that lead to altered prey consumption rates. Adult
naked gobies are abundant in environments that at
least periodically experience oxygen concentrations of
<2 mg 17! (Breitburg 1992). Densities of adults and
juveniles on Chesapeake Bay oyster reefs can exceed
40 ind. m~% Predation by resident adults on demersal
and settling larvae could be an important factor limit-
ing density of recruits. Oxygen concentrations that are
sufficiently low to periodically reduce predatory activ-
ity of benthic residents, but do not induce larvae to
move higher in the water column, may thus provide
windows of time with increased survival of demersal
larvae, and perhaps increased successful settlement
onto oyster reefs.

The increase in vulnerability of fish larvae to pre-
dation by the sea nettle at oxygen concentrations of 1
and 2 mg 17! may also be quite important in the field.
Preliminary data from field samples indicate that sea
nettles occur in bottom waters even when oxygen
concentrations are below 1 mg 17! (Kiester, Houde &
Breitburg unpubl. data). Sea nettles are important
predators of fish larvae in well-oxygenated surface
waters (Cowan & Houde 1992, 1993). It is probable
that their importance relative to other planktonic
predators increases under reduced oxygen concen-
trations.

In contrast to the importance of oxygen to consump-
tion by adult naked gobies and sea nettles, the poten-
tial decrease in consumption of fish larvae by juvenile
striped bass is unclear. In experiments described here,
we found decreased consumption of larvae only at
2mg 1}, a level that may rarely be experienced in the
field since striped bass avoid oxygen concentrations
below 4 mg 1! (Coutant & Benson 1988). However, the
small container size used in our experiments may have
limited our ability to detect effects of dissolved oxygen
on striped bass feeding behavior. Experiments con-
ducted in 1 m® mesocosms with lower prey densities,
and presumably increased energetic costs of prey
capture, resulted in decreased capture rates at oxygen
concentrations that juvenile striped bass do not
strongly avoid (Breitburg unpubl. dataj.

Intrinsic physical features (depth, freshwater inflow,
etc.) lead to some degree of oxygen depletion in the
absence of human influence in many severely affected
systems including the Chesapeake Bay (May 1973,
Turner et al. 1987, Seliger & Boggs 1988, Malone
1992). Subpycnocline water in the mesohaline Chesa-
peake Bay was probably no higher than 2 mg I™'
during summer, even under pristine conditions (D.
Pritchard pers. comm.). Furthermore, even optimistic
estimates suggest that nutrient reduction in Chesa-
peake Bay will lead to very modest increases in sub-
pycnocline dissolved oxygen concentrations and will
not increase bottom dissolved oxygen above 2 mg 17!
during summer (Jordan et al. 1992). It is therefore sig-
nificant that the critical dissolved oxygen concentra-
tion leading to altered prey consumption rates by both
vertebrate and invertebrate predators in our experi-
ments was between 2 and 3 mg 1~!. Altered predator-
prey interactions in the mesohaline Bay food web are
likely to be important under both present and poten-
tially improved conditions.
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