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ABSTRACT: Periodic oxygen deficiency as a secondary effect of eutrophication has become more fre-
quent in coastal zones of the northern Baltic Sea. As a sublethal effect oxygen deficiency may affect
important functions in the zoobenthic community, e.qg. predator-prey relationships. A method for
studying change in predation efficiency of the predatory isopod Saduria entomon (L.) under oxygen-
deficient conditions was developed and applied in a series of aquarium experiments with S. entomon
as predator and the amphipods Corophium volutator Pallas and Bathyporeia pilosa Lindstrom as prey
organisms. C. volutator represents less-active (with respect to swimming) species while B. pilosa is
more active. The experiments with S. enfomon and C. volutator were performed in 95, 50, 30 and 17 %
oxygen saturation, and those with S. entomon and B. pilosa in 95, 50 and 35 % saturation. S. entomon
preyed significantly (p < 0.01) on C. volutator except at the 17 % oxygen level. S. entomon had a sig-
nificant effect on B. pilosa in 95% (p < 0.01) and 50% (p < 0.05) oxygen saturation but the predation
effects were significantly reduced in 35% oxygen. These results indicate the existence of oxygen
threshold values where predation efficiency of S. entomon declines depending on the prey species.
Changes in predation rates may alter prey population size and dynamics. In the species-poor Baltic Sea
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changes in predator-prey relationships may cause changes at the community level.
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INTRODUCTION

Anthropogenic nutrient load in shallow coastal areas
has increased over the last decade and the effects at
the ecosystem level have become more evident (see
Gray 1992 and references therein). The semi-enclosed,
brackish Baltic Sea is, owing to its restricted horizontal
and vertical water exchange, particularly susceptible
to anthropogenic inputs (Nehring & Matthaus 1991).
Discharges of nutrients to the Baltic have increased
considerably: from 10 000 t of phosphorus and 300000 t
of nitrogen annually at the end of the 19th century to
around 80000 and 1200000 t respectively, today
(Larsson et al. 1985). This leads indirectly to frequent
hypoxic conditions in both the deeper and shallower
areas (Cederwall & Elmgren 1990). In the coastal
regions that are particularly influenced by river dis-
charges and direct inputs of waste-water and sewage,
eutrophication 1s increasing rapidly, although in the
Baltic basins deteriorated oxygen conditions in the
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near-bottom water and subsequent phosphate accu-
mulation can be considered natural rather than anthro-
pogenic (Nehring & Matthaus 1991). The effects of
eutrophication on zoobenthos in shallow, coastal areas
(above the halocline) include an increase in abun-
dance and biomass and a decrease in species number,
inducing changes in the structure and function of ben-
thic communities (Pearson & Rosenberg 1978, Elmgren
1989, Bonsdorff et al. 1991). Below the halocline,
oxygen deficiency may reduce total benthic biomass
(Weigelt 1991). Since benthic organisms significantly
amplify nitrification and denitrification processes by
removing nitrogen as gas from the sea to the atmo-
sphere (up to 50% removal; Seitzinger et al. 1984),
defaunation induced by hypoxia can lead to a self-
acceleration of the eutrophication process (Kemp et al.
1990). The ecological impacts of hypoxia or anoxia can
be extensive but difficult to evaluate due to the inher-
ent variability of natural biological communities, which
respond continuously to the influence of a multitude of
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biological and environmental factors. Due to the lack
of information regarding lethal and sublethal effects of
low oxygen levels for many species, a clear under-
standing of biological impacts is still difficult to obtain
(Winn & Knott 1992). Weigelt (1991) considers oxygen
deficiency the only event which has such drastic con-
sequences for the benthos as total community break-
down. If the community does not undergo a complete
breakdown, functionally important interactions can be
expected to be disturbed. One behavioural response of
benthic infaunal organisms to severe hypoxia and
anoxia is that they emerge from the sediment (Jor-
gensen 1980). Pihl et al. (1992}, in a study on the diet of
bottom-feeding fish and crustaceans during hypoxia,
found that the predators achieved optimal prey
exploitation during or immediately after hypoxia. The
gut contents of the predators contained significantly
larger, deeper-burrowing prey. These changes in the
sediment depth distribution of infauna, leading to
increased prey availability to both transient and resi-
dent predators, may have an important impact on com-
munity structure and function (Rosenberg & Loo 1988,
Pihl 1989, Baden et al. 1990, Pihl et al. 1991). The
response to oxygen deficiency at both the community
and population level is dependent on exposure time,
frequency and severity. Depending on the ability of a
species to either escape or tolerate the stress of oxygen
deficiency, and on the function of the species (prey or
predator, trophic level), a different response at the
community level is expected (Breitburg 1992). The
present study was designed to test for changes in pre-
dation efficiency and predation rate of a predator-prey
system experiencing oxygen deficiency at different
levels. The aim was to obtain a better knowledge of
changes in the relationship between a predator and its
prey, i.e. in predation rate, due to increasing stress by
decreasing oxygen levels. A gradual decrease in oxy-
gen content was used to determine the possible thresh-
old level at which the function (as prey or predator)
ceases. Two different prey species were used to look
for any possible impact of prey behaviour, here charac-
terized by mobility (level of swimming activity).

TEST ORGANISMS

The isopod Saduria (Mesidotea) entomon (L.) is a
euryhaline, invertebrate predator living in an environ-
ment with high risk of exposure to both hypoxia and
anoxia, as it is found throughout the depth range of the
Baltic Sea. It is one of the most important invertebrate
predators in the Baltic (Leonardsson 1986, 1991, Sand-
berg & Bonsdorff 1990, 1993, Ejdung & Bonsdorff 1992,
Hill & Elmgren 1992) and an important food item for
fish (e.g. cod, flounder, sculpin; Leonardsson et al.

1988). Normally, S. entomon is completely buried in
the bottom substratum and emerges for feeding, repro-
duction and migration. It has a nocturnal foraging
activity pattern (Hill & Elmgren 1992). This species is
well suited to sustaining long periods of hypoxia due to
its low respiratory level, increased haemocyanin con-
centration and carrying capacity when exposed to
hypoxia, and respiratory alkalosis (increase in haemo-
lymph pH, probably increasing oxygen affinity;
Hagerman & Oksama 1985). It also tolerates prolonged
anoxia (up to 300 h, salinity 7%., 8°C) due to a
metabolic strategy adapted for anaerobic conditions
{(Hagerman & Szaniawska 1990), and it is also able to
survive exposure to sulphide by detoxifying H,S in the
midgut gland (Visman 1991).

Corophium volutator Pallas is an opportunistic, eury-
haline amphipod (3 to 34 %) common on most soft bot-
toms. It is one of the most common and abundant
species on the sheltered intertidal and shallow bottoms
of northwestern Europe (e.g. Moller & Rosenberg
1982). The organisms live buried in tubes where they
obtain oxygen-rich water by ventilatory activity of
their pleiopods. They feed on detritus or act as filter-
feeders (Fenchel et al. 1975).

The amphipod Bathyporeia pilosa Lindstrém is a
common inhabitant of sandy beaches and is extremely
euryhaline (Mettam 1989). It i1s an active swimmer,
tolerant of environmental stress and starvation
(Mettam 1989). Because the Baltic Sea is non-tidal, B.
pilosa is forced to live in sediments which are always
covered by water; hence living conditions differ
greatly from those in the intertidal zone (i.e. there is
a greater risk of oxygen-depleted conditions). The
oxygen demand of B. pilosa increases strongly with
temperature (Fish & Preece 1970) and therefore the
oxygen content of the interstitial water is especially
critical in summer (Nicolaisen & Kanneworff 1983).
The species feeds on sessile microbenthic diatoms
and detritus (Dahl 1973).

Compared with Bathyporeia pilosa, Corophium
volutator are less active, and swimming exhausts them
within a short time (Jensen & Kristensen 1990).

MATERIALS AND METHODS

General experimental conditions. To study the
response of Saduria entomon to oxygen deficiency, a
technique using aquarium experiments with different
oxygen concentrations was designed. The prey species
were collected in July-August using an Ekman-Birge
grab. They were extracted in the laboratory to avoid
rough handling in the field. S. entomon were collected
using baited traps (dead fish) and maintained in a
storage aquarium where they were fed dead fish or
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mussels. Brood-carrying females were not used in the
experiments. The animals were placed in transparent
aquaria (bottom area 121 cm?) with a 3 cm thick azoic
sediment layer (sieved, 0.5 mm sand and clay, deep-
frozen for 48 h, ~20°C). The mean organic content (loss
on ignition, %) of the sediment was 0.3%. These
aquaria were submerged in larger (60 x 30 x 29 cm)
holding tanks, one for the control aquaria (normoxia,
95% oxygen saturation) and one for the treatment
aquaria with reduced oxygen contents. Reduced
oxygen saturation in the water was achieved by Nj-
bubbling and kept constant by adding N, if the oxygen
level increased. The oxygen content was continually
monitored with a YSI model 57 oxygen meter con-
nected to a recorder. The oxygen meter was calibrated
daily by Winkler titration. Circulation in the system
was maintained by recirculating water at 0.2 1 min™'
through the aquaria by a peristaltic pump (Cole-
Palmer). To avoid differences in oxygen saturation
among the smaller experimental aquaria each small
aquarium received oxygen-deficient water with a sep-
arate tube tipped with an injection needle. The oxygen
saturation was gradually reduced simultaneously both
for the prey and predators, in order to avoid a shock
reaction due to sudden oxygen reduction. While
reducing oxygen saturation the predators were kept in
separate aquaria. In the normoxia treatment, the oxy-
gen saturation was kept at approximately 95% by
using aquarium air pumps, and was measured by a
portable DO meter and by Winkler titration. All exper-
iments were performed under 12:12 h light:dark, 4 to
5%o salinity and 12 to 15°C. All experiments were run
for approximately 60 h and the predators were starved
for 48 h before each run. The prey species were
allowed to acclimatize in the aquaria for a minimum of
5 h in normoxia before the oxygen level was reduced.
The appropriate oxygen level was achieved after
approximately 10 h. For the predation treatment, 1
predator was used per aquarium to avoid competition
between the predators. Control treatments without
predators were run for controlling mortality due to fac-
tors other than predation. The aquaria were covered
with a 0.5 mm mesh net to prevent the prey and preda-
tor from escaping to the surrounding water. For each
treatment 5 replicates were run and statistically
analysed with a 1-way ANOVA. Inactive predators and
those that moulted during the experiment were not
included in the analysis.

Aquarium Expt 1. The first experiment was designed
to test for changes in the predation efficiency of
Saduria entomon [mean length ( SE) 37.4 £ 0.7 mm]
with 15 Corophium volutator per aquarium (1327 ind.
m~) (mean length 4.7 + 0.1 mm) as prey in 4 different
oxygen treatments: 95 {normoxia), 50, 30 and 17 %
oxygen saturation (see Table 1).

Aquarium Expt 2. In the second experiment 30
Bathyporeia pilosa per aquarium (2654 ind. m*) [mean
length (£ SE) 3.7 + 0.1 mm] were used as prey organ-
isms in 3 different oxygen treatments: 95, 50 and 35 %
oxygen saturation. The mean length of Saduria
entomon was 36.3 + 0.9 mm (see Table 2).

Prey abundances were chosen to match the natural
densities in shallow areas in the northern Baltic Sea
(Blomgvist & Bonsdorff 1986, Mattila & Bonsdorff
1989). At the end of the experiments water samples for
Winkler titration were taken from each small aquar-
ium. Subsequently the entire contents of the small
aquaria were sieved through a 0.5 mm mesh and the
remaining prey were counted. The position in the sed-
iment and condition (swimming activity in normoxic
water) of both the predator and remaining prey were
recorded.

RESULTS
Corophium volutator vs Saduria entomon

The oxygen content during the experiments was
stable. For details on hydrography see Table 1. The
survival rate of Corophium volutator (Fig. 1) in the
control treatments was > 90 %, independent of oxygen
content, with a mean mortality rate of 5% (Table 1).
Significant predation effects (p < 0.01, 1-way ANOVA)
were recorded when comparing each control of 95,
50, 30 and 17 % oxygen saturation with the predation
treatments in 95, 50 and 30 % oxygen. No significant
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Fig. 1. Corophium volutator. Survival rate in aquarium Expt 1.
Bars show the mean number of surviving C. volutatorin each
treatment. Treatments are: control for 95, 50, 30 and 17 % oxy-
gen saturation, and predation (= Saduria) for 95, 50, 30 and
17 % oxygen saturation. Significant differences were found
between treatments connected by the end points of the
horizontal lines in the figure (**"p < 0.01, **p < 0.05)
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Table 1. Experimental set-up, hydrographical conditions and results from Expt 1 studying changes in predation rate of Saduria
entomon on Corophium volutatorin 95, 50, 30 and 17 % oxygen saturation

No. of replicates

No. S. entomon aquarium™

S. entomon size {mm t SE)
No. C. volutator aquarium™!:
Start
Final (x SE)

Survival (%)

Oxygen:
*mgl '+ SE
Min.-max. mg 17!
X % + SE
Min.—max. %

Temperature:
X°C+SE
Min.-max. °C

Control

13.6+09

Initial C. volutator size (mm * SE)

95% O,
Saduria

15 15

1.4+06

91 9.3
4802

10.1 + 0.07
9.4-10.3
94.8+0.68
89-98

13.0+0
13-13

50% O, 30% O, 17% O,
Control Saduria Control Saduria Control Saduria
5 5 5 5 5
- 1 - - 1
- 376+ 1.2 - 36.5+ 1.5 - 384+16

15 15 15 15 15
14+£05 1.7+038 148202 37+1.1 146102 132416
93 93 98 25 97 38
471203 4.2+0.15 48+0.2
52%0.08 3.1+0.04 1.8+ 0.05
4.2-6.2 2.8-35 1.3-2.0
495+ 0.8 295+0.5 16.7 £ 0.5
40-59 27-34 13-19
12,7+ 0.06 13.0+ 0.2 129+ 0.06
12.2-13.2 12.2-14.3 12.6-13.5

predation effect was recorded for the predation treat-
ment with 17% oxygen compared to the controls.

When comparing the predation treatments significant
differences were found between 95% and 30% (p <
0.05), 95% and 17% (p < 0.01), 50% and 17% (p <
0.01) and 30% and 17 % (p < 0.01), with the lowest pre-
dation rate occurring in 17 % oxygen saturation (88 %

survival of C. volutator).

Bathyporeia pilosa vs Saduria entomon

The oxygen content was stable during the experi-
ment (Table 2). The survival rate of Bathyporeia pilosa
(Fig. 2) in the control treatments was >90%, indepen-
dent of the oxygen content, with a mean mortality rate
of 5.2% (Table 2). Significant (p < 0.01) predation

effects were recorded when comparing each control of

Table 2. Experimental set-up, hydrographical conditions and results from Expt 2 studying changes in predation rate of Saduria

entomon on Bathyporeia pilosa in 95, 50 and 35 % oxygen saturation

No. of replicates

No. S. entomon aquarium™

S. entomon size (mm t SE)

No. B. pilosa aquarium ™!

Start
Final (£ SE)
Survival (%)
Initial B. pilosa size (mm * SE)
Oxygen:
Xxmgl '+ SE
Min.-max. mg 17!
X % + SE
Min.-max. %
Temperature:
xX°C+ SE
Min.—max. °C

95% O, 50% O,
Control Saduria Control Saduria
5 5 5
- - 1
- 352+15 - 38.0+19

30 30 30 30
29+ 05 123+ 34 29+0.5 12.2+3.1
96 96 41
_ 3.6+0.1
102+ 0.03 53+0.03
10.0-10.3 5.0-56
965+ 0.3 50.2+03
95-98 47-53
13.0+£0 13.4+0.1
13-13 12.2-14.5

|

Saduria

35% O,
Control

5 5
- 1
- 35812

30 30
274 +07 217140
91 73
38%0.1

3.7+£0.08
3.3-43

359108
32-42

14.0+ 0.1
13.5-15.5
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Fig. 2. Bathyporeia pilosa. Survival rate in aquarium Expt 2.

Bars show the mean number of surviving B. pilosa in each

treatment. Treatments are: control for 95, 50 and 35 % oxygen

saturation, and predation (= Saduria) for 95, 50 and 35 % oxy-

gen saturation. Significant differences were found between

treatments connected by the end points of the horizontal lines
in the figure (***p < 0.01, *"'p < 0.05)

95, 50 and 35 % oxygen with the predation treatments
in 95 and 50 % oxygen saturation. For the predation
effects in 35% oxygen no significant effects were
detected. When comparing the different predation
treatments significant differences were found between
95% and 35% (p < 0.05) and between 50% and 35%
(p < 0.01), with the lowest predation rate occurring in
35 % oxygen saturation (73 % survival of B. pilosa).

General behaviour of the test organisms

Both the prey and predators were in good condition
(swimming activity high when placed in normoxic
water) at the end of every treatment in Expt 1.
Corophium volutator was evenly distributed in the top
layer of the sediment with tubes visible at the sediment
surface. In the treatment with 17 % oxygen saturation
Saduria entomon emerged completely and was stand-
ing upon the sediment ventilating its gills. After Expt 2,
Bathyporeia pilosa were mainly found at 2 cm depth in
the sediment, and the individuals found at the end of
the treatments were all in good condition, as well as
the predators. The behaviour of the experimental ani-
mals was not studied in detail, to avoid disturbing their
nocturnal activity.

DISCUSSION

Changes in the physical environment lead to altered
physiological and ecological couplings which cause
the physiologically affected organisms to change their

behaviour. These changes might distort the ecological
balance between a predator and prey. Because of the
low species diversity in the brackish Baltic Sea, the
functional response (rate of predation) of a predator
may be a major determinant of the structure of the
entire community (Abrams et al. 1990). Changes in the
interaction between a predator and prey can be illus-
trated by examining the rate of predation at different
oxygen levels, i.e. on a stress gradient (Fig. 3). In this
study the rate of predation changed with increasing
sublethal abiotic stress, shown as a decrease in preda-
tion. The time spent foraging is expected to change
due to increased stress (Abrams 1982), and inverte-
brates have been shown to vary foraging time in rela-
tion to risks (Menge 1974). The different effects on the
predation rates of Saduria entomon given 2 different
prey types indicates that too high a foraging effort is
needed for more active prey (i.e. Bathyporeia pilosa)
under stressful conditions, even if the prey abundance
1s relatively high, facilitating high encounter rates (n =
30 B. pilosa compared to n = 15 Corophium volutator
per aquarium). C. volutator is more easily exhausted
by swimming compared to the more active and distur-
bance-tolerant B. pilosa, thus making C. volutator
easier to hunt. However, both species are potentially
important as food for S. entomon. Oxygen deficiency
might lead to changes in prey behaviour, which might
increase their susceptibility to predation (Pihl et al.
1992), but this was not recorded for C. volutator and B.
pilosa in the present study, where a pronounced pre-
dation in low oxygen treatments did not occur. It is not
clear whether, in more tolerant crustaceans, hypoxia
reduces the normal metabolic rate as occurs in bivalves
and annelids (Zebe 1991). However, the present study
was based on short-term experiments and it is difficult
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Fig. 3. Rate of predation by Saduria entomon when given a

constant number of prey (Corophium volutator, O; Bathy-

poreia pilosa, B} at different oxygen levels. The response is
illustrated as percent of prey consumed
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to say if changes in metabolic rate (here reflected by
number of prey consumed) are detectable under these
circumstances, as S. entomon is relatively inactive with
a low metabolic rate (Hagerman & Szaniawska 1988).
The oxygen concentration was reduced in the water
according to the methods used by Rosenberg et al.
(1991) and not by increasing the biological oxygen
demand (e.g. organic enrichment). The tolerance of
benthic infauna to hypoxia may not be identical if low
oxygen concentration is initiated within the sediment
(Rosenberg et al. 1991).

In Expt 1 (Corophium volutator as prey} a change in
predator behaviour was registered at 17 % oxygen sat-
uration (severe hypoxia). Under experimental condi-
tions Saduria entomon is able to utilize all available
oxygen but is forced to emerge from the sediment at
low oxygen saturation due to the slow water transport
through the interstitial pore system (Hagerman & Sza-
niawska 1988). At 17 % oxygen saturation S. entomon
was no longer buried in the sediment but instead was
standing on the sediment with its gills above the sedi-
ment surface, thus increasing ventilation. The behav-
ioural reactions of the test organisms to oxygen defi-
ciency are of vital importance, and more detailed
investigations are needed to understand changes in
the relationship between a prey and predator.

The recovery of macrobenthic assemblages from
hypoxia should be largely structured by the relation-
ship between timing of the return to normoxic condi-
tions and species life history. It is important to consider
the tolerance of larvae and adults to hypoxia when
assessing the recolonization success of the species col-
onizing the hypoxia-affected habitats (Llansé 1991). In
a study comparing 2 different habitats, one exposed
(regulated by physical factors) and one sheltered (reg-
ulated by biotic factors), Duineveld et al. (1991) found
a difference in recovery after severe oxygen defi-
ciency. The benthic community rapidly regained its
former structure in the more exposed area, but in a
more protected muddy-sand habitat a similar event
may lead to more permanent changes due to the
importance of biological interactions (Duineveld et al.
1991). In the Baltic Sea the uppermost littoral zones
and the deeper soft bottoms can be characterized as
short-lived, unpredictable habitats. The littoral zone is
subject to severe natural stressors, while the deeper
parts (below the thermo- and halocline) are irregularly
affected by oxygen deficiency (Leppdkoski & Bons-
dorff 1989) As opportunism seems to be important in
ecosystems subjected to multiple natural and man-
induced perturbations {Desprez et al. 1992), predation
effects on opportunistic species (e.q. Corophium volu-
tator) are important (see Bonsdorff 1989 and refer-
ences therein). Saduria entomon is known to affect
macrofaunal colonization under normoxic conditions,

by acting both as a disturber (bioturbation) and as a
predator (Aarnio et al. 1991, Ejdung & Bonsdorff 1992).
Because S. entomon is very tolerant to both hypoxia
and anoxia and is also known to survive starvation for
longer periods of time, it is possible for this predator to
be present during the recovery. While C. volutator uti-
lize an opportunistic migration pattern (Bonsdorff &
Osterman 1985), S. entomon could alter C. volutator
population size and dynamics. The different behaviour
of the prey species changes the availability of the prey
during progressive hypoxia. According to these results
Bathyporeia pilosa, being a more active species and
thus more difficult to locate, is less affected by preda-
tion during hypoxia compared to C. volutator. Hypo-
thetically, an increase in the population size of B. pilosa
could be expected if this species were able to main-
tain its reproductive output under hypoxic conditions.
More detailed studies on the tolerance of the prey
species to hypoxia are needed to fully understand the
effect of changed predation pressure during and after
hypoxic stress. As hypoxia induces changes in inter-
actions between species it could influence species
composition, expressed as decreased diversity, leading
to an impoverishment of the benthic community struc-
ture. This could lead to simplified interactions between
different trophic levels, affecting the dynamic equilib-
rium (Bonsdorff 1985) of a community.
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