Oecologia (1993) 95:210-219

Oecologia

© Springer-Verlag 1993

Interaction of a biotic factor (predator presence) and an abiotic factor
(low oxygen) as an influence on benthic invertebrate communities

Cynthia S. Kolar*, Frank J. Rahel

Department of Zoology and Physiology, University of Wyoming, Laramie, WY 82071, USA

Received: 23 October 1992 / Accepted: 7 April 1993

Abstract. We examined the response of benthic in-
vertebrates to hypoxia and predation risk in bioassay and
behavioral experiments. In the bioassay, four in-
vertebrate species differed widely in their tolerance of
hypoxia. The mayfly, Callibaetis montanus, and the beetle
larva, Hydaticus modestus, exhibited a low tolerance of
hypoxia, the amphipod, Gammarus lacustris, was inter-
mediate in its response and the caddisfly, Hesperophylax
occidentalis, showed high tolerance of hypoxia. In the
behavioral experiments, we observed the response of
these benthic invertebrates, which differ in locomotor
abilities, to vertical oxygen and temperature gradients
similar to those in an ice-covered pond. With adequate
oxygen, invertebrates typically remained on the bottom
substrate. As benthic oxygen declined in the absence of
fish, all taxa moved above the benthic refuge to areas
with higher oxygen concentrations. In the presence of
fish mayflies increased activity whereas all other taxa
decreased activity in response to hypoxia. Mayflies and
amphipods remained in the benthic refuge longer and
endured lower oxygen concentrations whereas the verti-
cal distribution of caddisflies and beetie larvae was not
influenced by the presence of fish. As benthic oxygen
declined in the presence of fish, all but the beetle larva
reduced activity over all oxygen concentrations com-
pared to when fish were absent. As benthic oxygen con-
tinued to decline, mayflies and amphipods moved above
the benthic refuge and were preyed upon by fish. Thus,
highly mobile taxa unable to tolerate hypoxia (mayflies
and amphipods) responded behaviorally to declining
oxygen concentrations by migrating upward in the water
column. Taxa that were less mobile (beetle larvae) or
hypoxia-tolerant (caddisflies) showed less of a response.
Taxa most vulnerable to fish predation (mayflies and
amphipods) showed a stronger behavioral response to
predator presence than those less vulnerable (caddisflies
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and beetle larvae). Because invertebrates differ in their
ability to withstand hypoxia, episodes of winter hypoxia
could have long-lasting effects on benthic invertebrate
communities either by direct mortality or selective preda-
tion on less tolerant taxa.
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tor-intimidation — Behavior

Episodic disturbance and predation often interact to
influence community structure. Typically, this involves
loss or reductions in predators due to severe abiotic
conditions and a subsequent restructuring of the com-
munity as species previously held in check by predators
come to dominate the system. In alpine ponds, winter
freezing of the water column eliminates amphibians and
results in a zooplankton community dominated by large
species: where amphibians persist, small zooplankton
dominate (Dodson 1970). A brief period of unsuitable
temperature-oxygen conditions during summer stratifi-
cation can cause fish die-offs that in turn cause long-last-
ing changes in the phytoplankton community and ulti-
mately water quality of eutrophic lakes (Vanni et al.
1990). Elimination of piscivorous fish by brief periods of
winter anoxia can result in complete transformation of
fish and zooplankton communities as changes in preda-
tor-prey interactions cascade through lower trophic
levels (Tonn and Paszkowski 1986; Carpenter 1988 ; Hall
and Ehlinger 1989).

Episodes of unfavorable, abiotic conditions can affect
community interactions even though organisms may not
be directly killed. Behavioral avoidance of unfavorable
conditions may result in organisms migrating to new
environments where they face increased predation or
competition (Sousa 1984; Wolf and Kramer 1987). For
example, young perch Perca flavescens leave cattail beds
and move into areas with higher predation risk when
dissolved oxygen concentrations in prairie ponds drop
during summer nights (Suthers and Gee 1986). Estuarine



fish migrate inshore during periods of summer hypoxia
even though this may result in exposure to lethal tem-
peratures or reduction in reproductive success (Coutant
1985; Breitburg 1992).

Benthic invertebrates may be particularly vulnerable
to interactions between severe abiotic stress and preda-
tion. Seasonal or episodic occurrence of low dissolved
oxygen concentrations (hypoxia) in the benthic region is
common in both marine and freshwater habitats (Green-
bank 1945; Rossignal-Strick 1985; Swanson and Parker
1988; Rahel 1990). Shallow lakes having extended
periods of ice-cover are prone to winterkill, i.e. the de-
velopment of low oxygen and associated conditions (c.g.
elevated hydrogen sulfide levels) stressful to aquatic or-
ganisms. In extreme cases, the entire water column be-
comes anoxic and massive mortality of aquatic organ-
isms results. Often, however, low oxygen is limited to the
benthic region and mobile aquatic organisms can avoid
mortality by migrating up in the water column (Nagell
1977; Magnuson et al. 1985).

Avoidance of low benthic oxygen by vertical migra-
tion to the ice-water interface has been observed among
aquatic invertebrates (Sikorowa 1968; Nagell 1980; Brit-
tain and Nagell 1981). This strategy works when fish are
absent, but can result in substantial mortality from
predation when fish are present (Rahel and Kolar 1990).
Because benthic invertebrates differ in their ability to
withstand low oxygen concentrations (Jacob et al. 1984;
Davies et al. 1987) and in their vulnerability to fish
predators (Crowder and Cooper 1982; Morin 1984),
winter hypoxia could alter benthic community com-
position through both direct mortality and enhanced
vulnerability to predation. Thus, interaction of an abiotic
factor (hypoxia) and a biotic factor (predation) could
have important consequences for benthic invertebrate
assemblages in waters that develop dissolved oxygen
gradients during winter ice-cover.

We examined how various benthic invertebrates bal-
ance the conflicting demands of avoiding low benthic
oxygen and fish predation. We exposed benthic in-
vertebrates having different locomotor abilities to hypox-
ia under simulated winter conditions in the presence and
absence of fish. The mayfly, Callibaetis montanus, and the
amphipod, Gammarus lacustris, represented invertebra-
tes with good swimming ability; and the caddisfly, Hes-
perophylax occidentalis, and beetle larva, Hydaticus
modestus (Nilsson 1981, suggested this species be called
H. aruspex), represented non-swimmers. Our objectives
were: 1) to rank benthic invertebrate taxa in their relative
ability to survive hypoxia; 2) to document behavioral
responses of the invertebrates to hypoxia and determine
how predators modify these responses; 3) to rank the
invertebrates in their relative vulnerability to predation
by fish. With this information, we should be able to
predict the responses of the benthic invertebrates to the
combined stresses of low oxygen and predation risk in
ponds that experience periodic winter hypoxia.
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Materials and methods

Bioassay : Tolerance of anoxia

Bioassays were run to rank invertebrates by their ability to with-
stand hypoxia. Both the bioassay and behavioral experiments used
a flow-through laboratory apparatus to remove the oxygen and chill
experimental water to 4° C. The system created vertical temperature
and dissolved oxygen gradients similar to those found during winter
in shallow ponds with oxygenated, 0° C water under the ice and
hypoxic, 4° C water near the bottom substrate (see Fig. 2 in Rahel
and Kolar 1990). The system relied on the temperature-dependent
density of water to maintain temperature and dissolved oxygen
stratification within the experimental chamber and is described
elsewhere (Rahel 1989). Oxygen was removed by bubbling nitrogen
through the incoming water.

We modified the system described above for the bioassay. After
water left the oxygen-stripping columns and the chilling tank, it
flowed into a small Plexiglas tank (35 x 22 x 15 ¢cm) placed in a 4° C
water bath. A sodium sulfite solution (20-40 mg/L) dripped into
this tank to further reduce the dissolved oxygen to about
0.15+0.05 mg/L O,. Similar concentrations of sodium sulfite did
not alter fish behavior (Kramer and McClure 1982). Wolf and
Kramer (1987) used sodium sulfite to produce hypoxia in a variety
of laboratory and field studies with no apparent ill effects. The
system was set up and allowed to run for 12 h until the dissolved
oxygen concentration equilibrated. Dissolved oxygen concentration
was measured with a Yellow Springs Instruments Model 57 dis-
solved oxygen meter (Yellow Springs Instruments, Anitoch, OH,
USA). We collected invertebrates from fishless ponds at the Red
Buttes Laboratory, about 20 km south of Laramie, WY. All organ-
isms were kept in holding tanks at 4° C for 2 weeks prior to use in
a 12-h light 12-h dark light regime. Each invertebrate was used only
once. In the bioassay, invertebrates were subjected to a single low
dissolved oxygen concentration for 48 h.

Ten individuals of each invertebrate species were placed in
separate plastic mesh boxes, submerged in anoxic water and ob-
servations on survival were taken every 6 h over a 48 h period. The
following invertebrate species were used: the amphipod Gammarus
lacustris, the mayfly nymph Callibaetis montanus, the caddisfly larva
Hesperophylax occidentalis, and the beetle larva Hydaticus modes-
tus. Because these invertebrates become lethargic in anoxia, it was
necessary to standardize survival determination. To do this, mesh
boxes were removed from the experimental chambers and placed in
normoxic water at every check period. An animal was considered
dead when it did not respond to prodding after 30 s. The mesh boxes
were then replaced in the tank. Two replicate bioassays were run.
We submerged ten individuals of each species in plastic mesh boxes
in 4° C normoxic water for the duration of the bioassay as controls.
Survival of control individuals was monitored along with in-
vertebrates submerged in water with low oxygen.

A repeated-measures ANOVA was used to test for differences
in how the invertebrates responded to hypoxia (Neter et al. 1990).
The repeated measure was time and the subject was species. Pair-
wise differences were examined with Scheffe’s F-test.

Behavioral experiments: Response hypoxia and fish

To determine the effect of predators on the response of invertebrates
to hypoxia we exposed the same four invertebrates used in the
bioassay to reduced benthic oxygen concentrations with and with-
out fish present. We began each trial by placing the four taxa
together in the experimental chamber (55 cm x 26 cm x 55 cm; 78 1).
The beetle and caddisfly larvae were predaceous but did not appear
to influence the behavior of other invertebrates and were fed
chironomid larvae prior to testing. We used eight individuals of
each invertebrate taxon in our experimental aquaria resulting in
densities of 56 individuals of each taxon/m2. Though benthic ma-
croinvertebrate densities vary with macrophyte density (Pennak
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1978; Crowder and Cooper 1982), the densities used in our experi-
ments were within the range of natural densities reported for taxa
in lentic environments: mayfly nymphs 81-50/m? (Okland 1964;
Allison and Harvey 1988); caddisflies 57-200/m? (Thorp and Ber-
gey 1981; Allison and Harvey 1988); beetles 18-29/m?, (Thorp and
Bergey 1981; Allison and Harvey 1988); and up to 10,000 Gam-
marus sp./m? (Pennak 1978). Beetle larvae were stocked at higher
densities than reported in the literature to allow a sufficient sample
size for data collection.

Brook trout (Salvelinus fontinalis,; 80-90 mm total length) used
as predators in the behavioral experiments were collected from
Crow Creek in the Pole Mountains (15 km east of Laramie, WY).
Twenty fish were kept in a common tank and fed live invertebrates
for 2 weeks prior to experimentation (the same four taxa used in
experiments were offered daily but only mayflies and amphipods
were eaten). Fish were starved for 24 h prior to each experiment and
were used in only one trial per day. One fish was randomly selected
for each trial. To begin each trial, the experimental chamber was set
up with a benthic refuge from fish predators and vertical tem-
perature gradient of O° C water at the top and 4° C at the bottom
of the tank (Fig. 1). Ambient light conditions were 9.05 micromoles/
s/m? (Li-Corp. spherical quantum sensor model number LI-
193SA), which are typical of a dimly lit pond under ice-cover
(Greenbank 1945). After this gradient was created, eight inverte-
brates of each species were gently pipetted into the tank below the
layer of crushed ice.

We allowed invertebrates to acclimate for 1 h before beginning
observations on activity and vertical distribution. Activity was
measured as the proportion of individuals of a species moving at
apoint in time. As mayfly nymphs had two distinct ways of moving,
their activity was divided into swimming and crawling motions. The
proportion of each species beneath or attached to the underside of
the screen was used as a measure of vertical distribution. In calculat-
ing the percent of invertebrates above the refuge and the percent
active in trials with a predator the denominator used was the
number remaining uneaten. Behavioral observations on in-
vertebrate distribution and activity were made every 20 s through
the experiment. A new rotation through observations of all species
was begun every 3 min.

After the acclimation period, we gradually reduced oxygen with-
in the refuge by bubbling nitrogen through the inflowing water. In
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Fig. 1. Experimental tank used in the behavioral experiments.
A 1.4 cm mesh screen was placed 2 cm above the tank bottom to
serve as a benthic refuge from predators. Plastic plants provided
cover for the invertebrates. A temperature gradient was produced
by having a layer of crushed ice on top and 4° C water flowing
across the tank bottom

trials with a predator, a fish was added. Brook trout typically rested
on the screen for about 20-30 min after addition; throughout the
rest of the experiment, fish displayed aggressive predacious behav-
ior (e.g. pecking at refuge screen), chased and captured prey. Dis-
solved oxygen concentrations within the benthic refuge declined
from about 4.5 mg/L to 0.1 mg/L O, over 2 h. The benthic dissolved
oxygen was noted each time a prey item was consumed. As the
dissolved oxygen approached 1 mg/lL O,, sodium sulfite
(20-40 mg/L) was added to further reduce the oxygen concentration
(Wolf and Kramer 1987). Fifteen trials with fish and 15 without
were performed in this manner.

To confirm that changes in invertebrate behavior were due to
changes in oxygen concentration and not merely acclimation to the
experimental chamber, we conducted preliminary trials where oxy-
gen concentration remained unchanged over 2 h. No changes in
invertebrate behavior or distribution were observed in the absence
of declining benthic oxygen (Kolar 1992).

A repeated-measures ANOVA was used to test whether in-
vertebrate activity or vertical distribution was effected by the
presence of a fish predator and to test the effect of declining benthic
oxygen on invertebrate behavior. A separate repeated-measures
ANOVA was performed on each species. Oxygen concentration was
the repeated measure and the subject was predator presence or
absence. Oxygen concentrations were grouped into eight categories
(=4.5,4.5-3.01, 3.0-2.01, 2.0-1.51, 1.50-1.01, 1.0-0.51, 0.50-0.26,
<0.25 mg/L O,). As there was a missing value in the highest
category of dissolved oxygen (=4.5 mg/L}) in three of the 30 trials,
data from these trials were excluded from analyses. A non-
parametric Wilcoxon signed rank test was used to examine the
behavioral shift of mayfly locomotor activity when fish were present
(Snedecor and Cochran 1980). A repeated-measures ANOVA was
also used to examine between-species differences in the percent of
invertebrates above the refuge in the presence and again in the
absence of fish. The repeated measure was dissolved oxygen and the
subject was species. Pairwise differences were examined with Schef-
fe’s F-test. Unless stated otherwise, F values reported are results of
repeated-measures ANOVAs,

Results
Bioassay . Tolerance of anoxia
Four invertebrate species were exposed to 0.1 mg/L O,

for 48 h in the bioassay. Invertebrates became lethargic
within 6 h of beginning the bioassay and migrated to the
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Fig. 2. Survival of invertebrates submerged in water with 0.1 mg/L
O, for 48 h during the bioassay. Results of two trials plotted (each
with 10 individuals per taxon); curves represent mean survival over
both trials. Specific names given in text
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Fig. 3A-D. Percent of remaining invertebrates above the benthic
refuge as a function of oxygen concentration and the presence/
absence of fish. In trials with a predator, the denominator used to
calculate percent above refuge was corrected for number of uneaten
invertebrates. N=15 trials with and 15 without predators, 8 in-
dividuals per taxon. Specific names given in text

underside of the plastic mesh boxes. Survival was similar
for each species between the two trials (Fig. 2). No
mortality was seen in control trials. Taxa exhibited a
wide range of tolerances to hypoxia and the repeated-
measures ANOVA detected significant differences
among species (between subject effects, F=43.27, 3,4 df,
P<0.01). Based on mean survival at the end of the
bioassay, the mayfly nymph and the beetle larvae were
most sensitive to low oxygen, the amphipod was inter-
mediate in tolerance, and the caddisfly was quite tolerant
of hypoxia (Scheffe F-test; a=0.05).
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Fig. 4A-D. Invertebrate activity as a function of oxygen concentra-
tion and the presence/absence of fish is shown. In trials with a
predator, the denominator used to calculate percent moving was
corrected for number of uneaten invertebrates. N=135 trials with
and 15 without predators, 8 individuals per taxon and trial. Specific
names given in text

Behavioral experiments. Response to hypoxia and fish

In the absence of fish, all four taxa responded to declin-
ing benthic oxygen by moving off the bottom to areas
with higher dissolved oxygen (within subject effects;
Fig. 3A, F=103.67, 1,7 df, P<0.01; Fig. 3B, F = 168.04,
1,7 df, P<0.01; Fig. 3C, F=9547, 1,7 df, P<0.01;
Fig. 3D, F=50.88, 1,7 df, P<0.01). In all four cases,
significant interaction was present between dissolved
oxygen concentration and the presence or absence of fish
(P<0.01). Examination of Fig. 3 shows that this interac-
tion is explained by a change in magnitude of response:
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as dissolved oxygen concentrations declined, the effect of
fish on the vertical distribution of invertebrates became
greater.

Mayflies and amphipods endured lower oxygen con-
centrations in the presence of fish compared to when they
were absent (between subject effects; Fig. 3A, F=96.59,
1,25 df, P<0.01; Fig. 3B, F=88.65, 1,25 df, P<0.01).
Both taxa moved above the refuge in response to declin-
ing oxygen levels, but at any given oxygen concentration
more of each taxa were found within the refuge when fish
were present compared to when fish were absent. The
vertical distribution of caddisflies and beetle larvae was
unaffected by fish presence (between subject effects;
Fig. 3C, F=0.00, 1,25 df, P=1.00; Fig. 3D, F=1.55,
1,25 df, P=0.23). Increased use of the benthic refuge in
the presence of fish was due to avoidance of the upper
portion of the tank and was not merely a result of the
removal of invertebrates that strayed above the screen.
In many cases, invertebrates moved above the benthic
refuge but quickly returned to it after being chased by
fish. By contrast, in the absence of fish, invertebrates that
moved above the refuge often remained there. Further,
in six replicates with a predator where few invertebrates
were eaten (one amphipod and one or two mayflies),
uneaten invertebrates still remained in the benthic refuge
longer as oxygen declined just as in replicates where more
invertebrates were consumed. Therefore, the increased
percentage of invertebrates in the benthic refuge in the
presence of fish was not solely because prey above the
refuge was removed by predators but reflected avoidance
of the riskier areas of the tank.

Invertebrates also altered their activity in response to
declining benthic oxygen. Amphipods, caddisflies and
beetles decreased overall activity as benthic oxygen de-
clined (within subject effects; Fig. 4B, F=39.15, 1,7 df,
P<0.01; Fig. 4C, F=36.42, 1,7 df, P<0.01; Fig. 4D,
F=58.63, 1,7 df, P<0.01). Mayflies, however, increased
activity as benthic oxygen declined (within subject ef-
fects; Fig. 4A, F=13.44, 1,7 df, P<0.01). Significant
interaction was present between dissolved oxygen and
predator presence or absence in the case of the am-
phipods and caddisflies (P<0.05). Again, Fig. 4 shows
that this interaction is explained by a change in mag-
nitude of invertebrate response. While fish were present,
mayflies, amphipods and caddisflies were less active over

Table 1. Mean percentage of invertebrates above the benthic refuge
as benthic oxygen declined in the behavioral experiments. Bars
represent means that are not significantly different using Scheffe’s
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Fig. 5. Mayfly crawling movement as a function of oxygen con-
centration in the presence and absence of fish. Mayfly movement
consisted of swimming or crawling. Symbols: 2z with fish; O with-
out fish

all oxygen concentrations compared to when fish were
absent (between subject effects; Fig. 4A, F=12.62, 1,25
df, P<0.01;, Fig. 4B, F=88.54, 1,25 df, P<0.01;
Fig. 4C, F=13.26, 1,25 df, P<0.01). Mayfly nymphs
also altered their type of locomotion in response to
predators. Without fish, mayflies often swam in the water
column. With fish present, they decreased overall activity
(Fig. 4A) but significantly increased proportion of crawl-
ing locomotion (Fig. 5; Wilcoxon signed rank tests,
P<0.05). Unlike the other taxa, beetle larvae activity
was not influenced by the presence of predators (between
subject effects; Fig. 4D; F=0.33, 1,25 df, P=0.57).
Differences among invertebrate species with respect to
the percent above the benthic refuge were significant
both in the absence and presence of fish (between subject
effects; F=86.10, 3,44 df, P<0.01; F=18.88, 3,56 df,
P<0.01). Table 1 shows the mean percentage of in-
vertebrates above the refuge as benthic oxygen declined
in the presence and absence of fish. In the absence of fish,
the rankings of invertebrates by mean percentage above
the refuge remain the same over all oxygen categories:
amphipods > mayflies > caddisflies > beetles. In the pre-
sence of fish, however, the invertebrate rankings differ by
oxygen category. In each of the six oxygen categories
greater than 0.50 mg/L O, the mean percentage of cad-
disflies above the refuge was higher than other in-
vertebrates (though not always significantly different; see

F-test (w=0.05). A=amphipod, B=Dbeetle, C =caddistly, M =may-
fly. Specific names given in text

Dissolved oxygen concentration (mg/L)
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Predator A 19 A 21 A 31 }A 41 ‘A 52 A 60 A 69 A 72
Absent M 18 M 19 M 26 ‘ M 36 M 46 M 353 M 357 M 6l
CcC 15 Cc 16 Cc 25 Cc 3 Cc 33 C 38 C 4 Cc 43
B 4 B 8 B 11 B 13 B 18 B 21 B 22 B 25
Predator Cc 12 CcC 15 c 17 c 22 C 25 Cc 30 A 35 A 49
Present A 12 M 12 B 11 B 12 M 16 A 24 M 30 M 46
M 12 B 10 M 11 A 12 A 16 M 22 C 30 Cc 33
B 5 A 9 A 10 M 10 B 14 B IS5 B 17 B 20




Table 2. Mortality due to fish predation as benthic oxygen declined.
The percent eaten is based on 120 individuals of each species (eight
individuals in each of 15 replicates). Of the total individuals eaten,
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the number eaten at various oxygen concentrations are shown.
Most of the predation occurred as oxygen concentrations declined
below 1 mg/L. Specific names given in text

Taxon Number % of Number eaten at various Vulnerability to
eaten Total Oxygen concentrations (mg/L) fish predators?
Eaten ~30 32 21 <10
Mayfly 45 38 5 8 8 24 high
Amphipod 30 25 2 3 10 15 high
Caddisfly 0 0 0 0 0 0 low
Beetle 0 0 0 0 0 0 low

* Vulnerability to young brook trout (80-90 mm TL)

Table 1). The rankings of the three remaining taxa
change with oxygen category but the means are never
significantly different. Below 0.50 mg/L O,, the same
rankings emerge as in the absence of fish (although the
significant differences between means vary): amphipod
and mayfly > caddisfly > beetle. Thus, the presence of fish
inhibited the npward movement of amphipods and may-
flies until benthic oxygen fell to < 0.50 mg/L.
Amphipods and mayflies responded strongly to ben-
thic hypoxia by moving off the bottom in the highest
proportions and enduring lower oxygen concentrations
in the face of predation risk. The oxygen concentration
(mean + SE) at which 50% of the surviving mayflies had
left the refuge was 1.50+0.10 mg/L when fish were ab-
sent but 0.20+0.04 mg/L when fish were present
(Fig. 3A; t-test for unequal variances, t=11.36, df= 14,
P<0.01). Similarly, the oxygen concentration at which
50% of surviving amphipods moved off the bottom was
1.65+0.13 mg/L. O, in the absence of predators but
0.31+0.05 mg/L when fish were present (Fig. 3B; #test
for unequal variances, t=10.03, df=14, P<0.01). Com-
parable values could not be calculated for caddisflies and
beetle larvae because the majority of these invertebrates
did not move above the refuge in every trial, even during
hypoxia (see Figs. 3C and D). Fish did seem to inhibit
the upward movement of caddisflies, however. In 12 of
the 15 trials without fish, 50% of the caddisflies were
above the refuge for at least two observations made when
oxygen concentrations were below 2.0 mg/L. In trials
with fish, only three out of 15 trials had 50% of the
caddisflies above the refuge for at least two observations.
The degree of invertebrate behavioral response to
predators was related to the vulnerability of the taxa to
fish predation. Table 2 qualitatively categorizes in-
vertebrate vulnerability to predators based on the total
number of invertebrates eaten during the behavioral ex-
periments. Given that all four invertebrate taxa were
offered to the fish daily in the holding tank but that only
mayflies and amphipods were eaten, the caddisfly and
beetle appeared invulnerable to the size of fish predators
used. We believe that the lack of predation on caddisflies
is a result of the size of brook trout used since the same
species of caddisfly has been found in stomachs of larger
brook trout near the pond where we collected inverte-
brates (F. Rahel, unpublished data). Beetles, however,
appeared inpalatable in our experiments and were not
found in the stomachs of larger trout though they were

available in the pond mentioned above (F. Rahel, unpub-
lished data). Although mayflies and amphipods altered
their behavior in the presence of fish, they still experi-
enced higher predation as benthic oxygen declined, es-
pecially below 1 mg/L. O, (Table 2).

Discussion

Oxygen depletion at the substrate-water interface affects
the distribution and activity of benthic organisms and
species-specific mortalities resulting from hypoxia have
been noted. For example, Nagell and Fagerstrom (1978)
found the mayfly Cloeon dipterum persisted during winter
anoxia but the stonefly Nemoura cinerea was eliminated
by winter anoxia in a small pond. In a similar study,
Westwood et al. (1983) showed that mosquito larvae

" Aedes sp. survived 25 days beneath ice in pools where

dissolved oxygen remained high, but died in pools where
dissolved oxygen fell drastically. The effects of in-
vertebrate winter die-offs from hypoxia can remain ev-
ident during subsequent seasons. For example, commun-
ity level changes persisted into the summer after winter
anoxia in Severson Lake, MN (Schindler and Comita
1972). Water transparency was greater due to a change
in the zooplankton community and this allowed in-
creased macrophyte growth. The historically common
copepod Diaptomus siciloides was eliminated from the
lake, while smaller zooplanktors such as rotifers were
replaced by larger species such as Daphania pulex. Since
this anoxic event was severe enough to kill all fish and
there was little inflow or outflow into the lake, the aquat-
ic community was not expected to recover quickly.

If prey can tolerate conditions that predators cannot,
a period of environmental harshness can create local
refuges by eliminating predators (Meffe 1984). Tonn and
Paszkowski (1986) found this to be true for mudminnow-
perch assemblages in northern Wisconsin following
severe winterkill of adult yellow perch. Mudminnow
Umbra limi densities increased due to high survival and
recruitment of yearlings in the absence of predation by
perch. Similarly, taxon-specific invertebrate survival may
be important in structuring benthic invertebrate com-
munities following severely hypoxic conditions. Britt
(1955a) found that a 2-day summer anoxic event in the
western basin of Lake Erie in 1953 killed massive num-
bers of mayfly nymphs Hexagenia sp. ; in some places the
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entire Hexagenia population had been killed. The popu-
lation had not recovered by 1954 (Britt 1955b) and re-
mained low even 20 years later (Brinkhurst 1974). Thus,
hypoxia is an important mechanism controlling benthic
assemblages by selectively eliminating intolerant species
or by eliminating fish predators.

Our experiments suggest that winter anoxia can in-
fluence community structure even if mortality due to
anoxia does not occur. The mechanism would involve
selective predation on taxa that respond to low oxygen
conditions by moving up in the water column, thus be-
coming highly vulnerable to fish predation. Such upward
migrations during benthic hypoxia have been observed
in two species of mayflies in Swedish ponds (Sikorowa
1968) and in the four taxa we studied.

In most studies of predator intimidation, prey must
respond to only one factor, namely the presence of preda-
tors. By contrast, in our experiments, prey had to re-
spond to both the presence of a predator and stressful
oxygen concentrations. The taxa we examined appear to
make a trade-off between these conflicting stresses by
remaining in low oxygen conditions longer in the
presence of a predator. Such a trade-off would have
physiological costs associated with low oxygen con-
ditions, but these presumably are offset by the reduced
probability of mortality due to fish predation. Ultimate-
ly, however, if oxygen concentrations become low
enough, prey are forced to leave the benthic region and
predation rates increase.

Because invertebrates differ in their ability to tolerate
hypoxia, there should be a succession of species leaving
the bottom substrate as oxygen levels decline. Based on
the upward movement of invertebrates as benthic oxygen
declined in the absence of fish (Fig. 3) and on their
physiological tolerance of low oxygen (Fig. 2), we predict
that as benthic oxygen declines, in the absence of fish, the
mayfly and amphipod would move off the substrate first.
As benthic oxygen declined further, the caddisfly would
migrate next, followed by the beetle larva. These predic-
tions are in agreement with the multi-species behavioral
tests but seem at odds with the bioassay results in the case
of the beetle larvae which were intolerant of low oxygen
(Fig. 2) but showed little upward movement during
hypoxia (Fig. 3). Though many dytiscid larvae require
atmospheric contact (Merritt and Cummins 1984),
Roughley and Pengelly (1981) report that larvae of the
genus Hydaticus have a network of large trachea for
respiration. Diffusion of oxygen into the tracheal system
apparently was insufficient in hypoxic water (100% mor-
tality after 36 h at 0.1 mg/L. oxygen). Perhaps because of
the beetle’s slow, crawling locomotion it may have been
more energetically efficient for the beetle to reduce activ-
ity and remain within the refuge as long as possible.
Nagell and Fagerstrom (1978) suggested a similar ratio-
nale to explain why a mayfly nymph that swam well
increased activity during hypoxia but a stonefly nymph
that swam poorly decreased activity during hypoxia.
They suggested that if an invertebrate’s only recourse is
to creep along a substrate to escape stressful conditions,
it would be advantageous to remain motionless to keep
energy expenditures low until conditons improve.

Given that invertebrates should act to minimize their
risk of predation (Sih 1980; Main 1987), the order of
species migration from the substrate as benthic oxygen
declines may be altered by the presence of fish. We found
that mayflies and amphipods left the substrate first in the
absence of fish but that the caddisfly left first in the
presence of fish (Table 1). Based on the upward move-
ment of invertebrates as benthic oxygen declined in the
presence of fish (Fig. 3; Table 1) and on their vulnerabil-
ity to fish predation (Table 2), we predict that as benthic
oxygen begins to decline in ponds and until it falls to
around 0.5 mg/L, fish will inhibit the upward movement
of the amphipod and mayfly and that the caddisfly would
be the first to move upward in the water column. The
caddisfly would be vulnerable only to larger fish. As
benthic oxygen declines below 0.5 mg/L, the amphipod
and mayfly would be forced off the bottom and would
be highly vulnerable to fish predators. The beetle larva
would be the last invertebrate tested to move off the
bottom, not because of the presence of fish (as there was
no effect of fish on beetle behavior) but because of the
energetic benefits discussed above. Differential temporal
migration by invertebrate taxa would lead to pulses of
selective predation on the taxa vulnerable to fish preda-
tors. Thus, pulses of selective predation on macroin-
vertebrates during episodes of hypoxia could be an im-
portant influence on the structure of benthic macroin-
vertebrate assemblages.

In our experiments, mayfly nymphs, amphipods, and
caddisfly larvae reduced their activity in the presence of
predators. Such reductions in activity are a common
behavioral response of invertebrates to predators (Ta-
ble 3). We found that taxa most vulnerable to fish preda-
tion (mayflies and amphipods) showed the greatest re-
sponse to the presence of fish. Taxa less vulnerable to fish
predation (caddisflies and beetle larvae) showed no
change in vertical distribution in the presence of fish.
Further, of the three taxa at some risk to fish predation,
the caddisfly was the least preferred (Table 1) and showed
the smallest separation between the with fish and without
fish curves describing use of benthic refuge (Fig. 3).
Others also have noted that prey most vulnerable to
predators show the greatest behavioral response to
predators. Examples include crayfish (Stein and
Magnuson 1976), shrimp (Main 1987), notonectids (Sih
1982) and mayflies (Peckarsky 1980; Kohler and McPeek
1989). The greater mortality of mayflies and amphipods
was not merely because they spent more time above the
refuge than caddisflies or beetle larvae. When all four
taxa were presented to fish in the holding tank, only
mayflies and amphipods were consumed.

Several potentially important aspects of the in-
vertebrate migration and pulse predation scenario were
not addressed within this study. To avoid predation
during winter hypoxia, benthic invertebrates may mi-
grate upward using downed trees or other avenues which
provide some protection due to cryptic coloration from
fish predators. Higher dissolved oxygen would generally
be found at the underside of the ice or around macro-
phytes if conditions are suitable to allow photosynthesis
(Sculthorpe 1967; Barko et al. 1988). Invertebrates that



Table 3. Studies in which an invertebrate prey organism reduced activity in the presence of a predator

Prey Predator Reference

Oligochaeta

Tubificidae® Creek chub-Semotilus Gilliam et al. 1989

atromaculatus

Crustacea Predaceous copepod Li and Li

Zooplankton Acanthocyclops vernalis 1979
various species

Isopoda Green sunfish — Lepomis cyanellus Holomuzki and Short 1988
Lirceus fontinalis®

Amphipoda Rainbow trout-Salmo gairdneri Williams and Moore 1982

Gammarus pseudolimnaeus®
Gammarus pseudolimnaeus®

Gammarus pulex®
Shrimp

Tozeuma carolinense?
Decapoda

Orconectes propinquus®

Astacus astacus®

Insecta

Plecoptera
Phasganophora capitata®
Agnetina capitata®
Ephemeroptera
Baetis tricaudatus®
Callibaetis montanus®
Odonata
Coenagrion puella®
Ischnura verticalis®

Eight species of fish (predators and nonpredators),
stonefly, mayfly, caddisfly

Sculpin — Cottus gobio

Pinfish — Lagadon rhomboides

Smallmouth bass — Micropterus dolomieui

Perch — Perca fluviatilis

Mottled sculpin — Cottus bairdi

Mottled sculpin
Mottled sculpin

Brook trout — Salvelinus fontinalis

Sticklebacks — Gasterosteus aculeatus or Pungitius
pungitius

Backswimmer — Notonecta glauca

Williams and Moore 1985

Andersson et al. 1986
Main 1987

Stein and Magnuson 1976

Hamrin 1987

Williams 1986

Soluk and Collins 1988
Kohler and McPeck 1989

Rahel and Kolar 1990
Convey 1988

Dixon and Baker 1988

Ischnura elegans® Rainbow trout skin mucous Heads 1985
Hemiptera Green sunfish Sih 1988
Microvelia austrina®
Diptera Backswimmer — Notonecta undulata Sih 1986
Aedes aegypti
Culex pipiens®
Gastropoda Waterborne stimuli from crabs or conspecifics Appleton and Palmer 1988

Thais lamellosa®

a marine invertebrates P lotic invertebrates  © lentic invertebrates

spend daylight hours clinging to the underside of vegeta-
tion, logs and other structure and spend night hours
clinging to the underside of the ice may remain reason-
ably safe from fish predators while obtaining enough
oxygen for survival. Invertebrates may be able to persist
through the winter by moving into riskier oxygen-rich
areas for short periods and then returning to low oxygen
areas to avoid predators (though not quantified, this type
of behavior was observed in the behavioral experiments).
In our experiments, predation rates were high on in-
vertebrates venturing above the screen, but predation
rates would likely be lower in a pond situation where the
habitat is more structurally diverse (Crowder and
Cooper 1982) and where cryptic coloration lends protec-
tion. Emergence from and re-entry into the benthos
poses another dilemma: invertebrates could spend mini-
mal time in the riskier oxygen-rich areas and suffer a
slowed growth rate or could spend minimal time in the
stressful abiotic condition and increase their predation
risk. For immature aquatic insects, enduring hypoxia to
escape predation may translate to later emergence than
individuals of the same species that risked predation.

Without the benefit derived from swarming to over-
whelm predators, the late-emerging adult is at a greater
risk of predation and also has reduced reproductive op-
portunities (Thornhill and Alcock 1983).

In summary, we found that benthic invertebrates dif-
fer greatly in their tolerance of hypoxia and in their
vulnerability to fish predators. Highly mobile taxa sen-
sitive to hypoxia altered behavior more than tolerant
taxa; taxa most vulnerable to fish predation altered be-
havior more than taxa safe from fish predators. When
presented with the combined stresses, invertebrates vul-
nerable to both low oxygen and fish predation attempted
to balance these conflicting demands by remaining longer
in low oxygen water in the presence of predators. Ulti-
mately, these invertebrates were forced to leave the ben-
thic region and experienced an increased predation rate.
Invertebrates differ widely in their ability to withstand
hypoxia and in their vulnerability to fish predators and
these differences should be reflected in the benthic com-
munity assemblages of ponds that develop periodic
hypoxia. The benthic community may be impacted di-
rectly through selective mortality of sensitive taxa or
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indirectly by differential predation on invertebrates leav-
ing the benthos in search of better oxygen conditions.
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