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A behavioral cascade: Top-predator induced behavioral shifts in planktivorous fish

and zooplankton

Pia Romaret and Lars-Anders Hansson

Department of Limnology, Ecology Building, University of Lund, S-223 62 Lund, Sweden

Abstract

It is well known that the effects of direct (lethal) predator-prey interactions propagate through food webs (the
trophic cascade). However, in the present study we show for the first time that, parallel to the trophic cascade, there
exists a “‘behavioral cascade” in the sense that behavioral responses, induced by the nonlethal presence of a top
predator, are transmitted down the food chain over more than one trophic link. By using a new method, horizontal
echo sounding, in an enclosure study in a shallow lake in southern Sweden, we recorded the swimming activity
and refuge use of young-of-the-year (0+) roach (Rutilus rutilus) in the presence and the absence of acaged predatory
fish. By connecting the predator avoidance behavior of 0O+ roach with that of zooplankton throughout summer, we
show that species interactions are more dynamic than had been predicted earlier by food web theory. In our study,
0+ roach changed their behavior by becoming less active in early summer and by hiding in arefuge in late summer
in the presence of a piscivore, and this caused Daphnia to spend more time feeding in the open water than when
piscivores were absent. Thus, we conclude that, to explain patterns of habitat use in natural systems, it is of crucial
importance that we recognize the existence of behavioral cascades.

Food web interactions have been one of the dominant re-
search areas in ecology during the past two decades. Now-
adaysthere is an amost complete consensus (but see Persson
1999) that effects of predator-prey interactions may cascade
through the food web (Carpenter et al. 1985; Mazumder
1994; Pace et al. 1999). However, theoretical, as well as
empirical, aspects of food chain theory are largely based on
consumption; that is, most studies presuppose that the only
important interaction between predator and prey is that they
actually meet and that the prey is consumed.

During the past decade, evidence has emerged suggesting
that the presence of a predator or grazer may induce a
change in behavior (Lima and Dill 1990; Turner and Mit-
telbach 1990; Hansson 2000) or morphology (Bronmark and
Miner 1992; Peacor and Werner 1997) of the prey. Such
indirect interactions are termed behaviora indirect interac-
tions (Blls) (Miller and Kerfoot 1987), trait-mediated indi-
rect interactions (Abrams et al. 1996), or interaction-modi-
fications (Wootton 1993). It has been demonstrated that Blls
can be quantitatively important (Wootton 1994; Abrams et
al. 1996), and it is believed that Blls are widespread in many
food webs and that their importance has been underestimated
(Miller and Kerfoot 1987; Wootton 1993; Abrams et al.
1996; Sih et al. 1998; Persson 1999). Existing studies of
behaviorally mediated indirect effects have shown that a
shift in prey traits can affect the density of the prey’s re-
sources or the prey’s competitors (Turner and Mittelbach

* Corresponding author (piaromare@limnol.lu.se).

Acknowl edgments

We thank C. Bronmark, D. E. Schindler, and two anonymous
reviewers for valuable comments on earlier version of this article.
We also thank T. Nydén, N. Carlsson, M. Gyllstrom, J. Johansson,
K. Nilsson, A. Olsson, and M. Svensson for help in the field and
in the lab.

We acknowledge financial support from the EC project SWALE,
from MISTRA through the VASTRA program, from the Swedish
EPA (to L.-A. H.) and from FORMAS (to P R).

1990; Sih et al. 1998)—for example, indirect effects con-
sisting of one behaviora link. It is, however, theoretically
possible for shifts in prey behavior to in turn affect the be-
havior of the prey’s resources or the prey’s competitors, and
these behavioral shifts may cascade through the food web
and ultimately affect the abundance of distantly linked spe-
cies. Such linked behavioral interactions are potentially im-
portant, because behavioral adjustments can occur much
more rapidly and extend further than numerical effects. If
behavioral effects often occur in tandem—that is, indirect
effects consisting of two or more behavioral linkages—the
power of behavioral interactions is multiplied, and the are
likely to be especialy important.

In the present study, we aim to show the existence of a
behavioral cascade consisting of two behaviora links, and
we focus on an aquatic food chain/web, a system in which
trophic interactions are well studied (Persson 1999). We used
piscivorous fish as the top predator, different-sized young-
of-the-year (0+) fish as the intermediate predator, and zoo-
plankton as prey. Because the antipredator strategy of 0+
fish changes during early ontogeny (Werner and Gilliam
1984; Eklov and Diehl 1994), we expected several behav-
ioral mechanisms to be involved. During early summer,
schooling O+ fish may decrease activity in response to the
presence of a predator, and, later during the summer, larger
0+ fish may respond by seeking cover in a predator-free
space, a refuge (Turner and Mittelbach 1990; Persson and
Eklov 1995; Christensen 1996). In aquatic systems, some
vegetation may provide such a refuge for O+ fish and also
for their zooplankton prey. In shallow waters, various zoo-
plankton groups have been shown to perform diel horizontal
migrations in the presence of fish—that is, they hide in the
vegetation during day and use open water during night
(Timms and Moss 1984; Lauridsen and Buenk 1996; Laur-
idsen et al. 1996). This, however, means that, in the presence
of a piscivorous predator, O+ fish and their zooplankton prey
may meet in the same refuge: zooplankton seek refuge in
the presence of O+ fish, and O+ fish seek refuge in the
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The existence of a behavioral cascade

Piscivore
0+ fish | 0+ fish
Zoo [T Zoo

Fig. 1. A conceptua figure illustrating the expected behavioral
cascade from piscivorous fish to zooplankton in the presence of a
refuge (dotted area), acting in concert with the trophic cascade.
Thick arrows indicate traditional lethal predator-prey links (cascad-
ing trophic interactions), whereas dotted arrows indicate the pro-
posed nonlethal, behavioral cascade induced by the presence of a
predator.

presence of piscivores (Fig. 1). In our study, done in a shal-
low area of a eutrophic lake, we studied the distribution of
both 0+ fish and cladoceran zooplankton in large enclosures
that included open water and vegetation. O+ fish and zoo-
plankton were present in the enclosures during the whole
summer season; thus, 0+ fish were studied from the larval
to the juvenile stage. To study the behavior of 0+ fish of all
sizes, we used horizontal split-beam echo sounding, a new
tool with considerable potential to study fish behavior in
experimental setups even in shallow water (Romare 2001).
Four of the eight enclosures in our setup were exposed to
caged piscivorous fish during short periods (~24 h) at five
occasions during the summer season. By exposing the inter-
mediate predator to a nonlethal predator for relatively short
intervals, we argue that any observed difference between
treatments in the distribution of O+ fish and of cladoceran
zooplankton will largely be a result of behavioral responses.

Our main hypotheses were that the behavior of the inter-
mediate predator (0+ fish) is affected by the presence of a
top predator and that the behavior of the intermediate pred-
ator in turn affects refuge use by the prey (cladoceran zoo-
plankton). We hypothesized that, if a behavioral cascade ex-
ists, cladoceran density will be higher in the vegetation than
in open water in the absence of piscivores, because zoo-
plankton seeks refuge from fish predation (Fig. 1). When
(nonlethal) piscivores were added, however, this difference
in zooplankton density between habitats would decrease or
be reversed, because some cladoceran groups would move
out from the vegetation into open water when O+ fish moved
into the vegetation (Fig. 1). Corroboration of these hypoth-
eses would suggest that cascading trophic interactions are
not merely based on direct confrontations between predator
and prey but that they also include a more complex behav-
ioral dimension—a ‘' behavioral cascade.”

Material and Methods

Performance—The experiment was carried out in the
shallow Lake Krankesjon (area 2.9 km? mean depth 1.5 m;
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maximum depth 3.0 m), a moderately eutrophic lake in
southern Sweden. (For a more thorough description of the
lake, see Hargeby et a. 1994.) The experimental site was a
nonvegetated area with a homogeneous, sandy/silty bottom.
The water depth varied between 1.1 and 1.3 m, and the tem-
perature varied between 19°C and 25°C during the experi-
mental period.

Eight triangular enclosures were built in a fanlike config-
uration, and each enclosure was 4.0 m long, 2.4 m wide in
the back end, and 0.7 m wide in the front end. Along one
side of each enclosure, we placed artificial vegetation (un-
twined nylon ropes) that functioned as a refuge from pred-
ators. For further details on the experimental setup, see Ro-
mare (2001). We assigned four of these enclosures to a
piscivore treatment. For practical reasons, because we need-
ed to have open water to be able to rotate the transducer
pole, the inner part of the experimental arena was only
sealed off between the two treatments; thus, the four enclo-
sures in each treatment had to be placed next to each other
(for further description, see Romare 2001). In each of the
eight enclosures, one small, covered cage was put in the
nonvegetated corner, furthest away from the transducers.
Twenty-four hours before monitoring the enclosures, two pi-
scivorous perch (1520 cm total length) were put in each of
the cages placed in the four enclosures of the piscivore treat-
ment. When the piscivores were inside the cage, O+ roach
could not detect them visually. Prior to being placed in the
cages, the perch had been kept in aquaria and fed 0+ roach.

The artificial vegetation was put in the enclosures on 7
June 1999, and, during the following week, zooplankton
could enter the enclosures from the lake through 1-mm mesh
windows (most zooplankton were <1mm in the lake at that
time; Romare unpubl. data). Before the start of the experi-
ment, the enclosures were completely sealed off from the
lake but were open to the sediments. About 60 roach larvae
(mean length, 15 mm) caught in the lake were added to each
enclosure by 17 June. Additional 0+ roach (20 roach on the
first two occasions and 10 roach on the following occasions)
were caught in the lake and added to the enclosures the day
before each sampling, to compensate for expected mortality.
The mean size of 0+ roach was 20 mm at the start of the
experiment, 24 mm in early July, 33 mm in late July, and
40 mm at the end of the experiment. On six occasions during
the experimental period, an inoculum of mixed zooplankton
from the lake was added to each enclosure.

The O+ roach distribution was monitored on five occa-
sions during the experiment: 23 and 29 June, 13 and 30 July,
and 11 August 1999 (hereafter called weeks 25, 26, 28, 30,
and 32, respectively). Monitoring the behavior of 0+ fish of
al sizes in large-scale field enclosures is not possible using
traditional techniques, such as direct observations, so we
used the horizontal echo sounding technique (Kubecka 1996;
Romare 2001) to record the distribution and the swimming
behavior of O+ fish. Monitoring of 0+ fish distribution was
performed by means of a SSIMRAD EY500 120 kHz echo
sounder, using two split-beam transducers. The two trans-
ducers were put on top of each other, to monitor the entire
water depth. We monitored the fish distribution in each en-
closure for 4 min at noon and at midnight and at the same
time zooplankton were collected. We considered these sam-
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pling periods to be representative for day and night fish be-
havior, respectively (based on two 24-h samplings, Romare
unpubl. data). Zooplankton were sampled with a 1-m-long
tube sampler (diameter, 48 mm) at three sites in the open
water (a pooled total of 10 liters) and at two sites within the
artificial vegetation (a pooled total of 7 liters) at noon. Be-
cause of practical problems with sampling in the vegetation
in darkness, only the pelagic volume was sampled at mid-
night. The sampled water was filtered through a 45-um net,
and zooplankton was preserved in Lugol solution and later
counted and size measured at 40X magnification.

Data analysis and statistics—A detailed description of the
echo sounding data analysis is presented in Romare (2001),
so the basic data analysis will only be outlined in brief here.
Data analysis was performed using a combination of an echo
processing system (echo counting and trace tracking) and
direct observations of printed echograms. Because of the in-
tegration of noise, a direct quantification of fish numberswas
not possible. Instead, we manually defined “‘fish echoes”
from echograms and assessed where in the transducer beam
these echoes were located (Romare 2001). From the regis-
tered patterns on the echograms and the distribution of *‘fish
echoes’ in the beam, we observed different behavioral pat-
terns of 0+ roach. These behavioral patterns were divided
into four categories: (1) O+ fish swimming as active single
fish in the open water, (ASF observed as short lines of con-
secutive echoes on the echogram), (2) 0+ fish appearing in
schools in the open water, (observed as swarms of echoesin
changing patterns on the echogram), (3) 0+ fish aggregating
close to the vegetation (‘“‘fish echoes” present on the echo-
gram and located near the ‘‘vegetation side” of the beam),
and (4) all 0+ fish hiding inside the vegetation (no, or very
few, “‘fish echoes’ present on the echogram). When a mix-
ture of two behaviors was observed in one enclosure, we
considered this enclosure to belong by 50% to the first be-
havioral group and by 50% to the second group.

We used the proportion of daytime number of fish echoes
(the number of daytime echoes divided by the sum of day-
time and nighttime echoes) as a relative estimate of 0+ fish
presence in open water during daytime. The abundance es-
timate was standardized in this way because the exact num-
ber of O+ roach present in each enclosure was not known.
To test whether the daytime proportion of O+ fish echoes
present in the open water changed over time and whether
this differed between treatments, we used repeated-measures
analysis of variance (RMA) with season as the repeated fac-
tor, including all sampling occasions. Because Levene's test
showed that variances differed between treatments, propor-
tions were arcsine transformed prior to analysis.

To test whether the piscivore treatment had any effect on
0+ roach behavior during the period when O+ roach were
present in open water, we compared the number of enclo-
sures during weeks 25, 26, and 28 (a total of 12 enclosures
per treatment) in which the behavioral group **active single
fish™ was registered. Because this test was not based on real
numbers of fish but on the presence or absence of behavioral
categories, we used Fisher's exact test and tested for day-
and nighttime differences separately.

We tested for spatial and temporal differences in cladoc-
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eran density (expressed as biomass) using one-factor RMA,
with season as the repeated factor. We tested whether cla-
doceran enclosure density (open water and vegetation day-
time densities) differed between the two treatments over the
season and whether overall cladoceran density (data from all
enclosures included) differed between open water and veg-
etation and between day and night. To test for treatment
effects on the spatial distribution of cladocerans, we com-
pared the proportion of cladoceran biomass present in open
water (cladoceran daytime open water density divided by the
sum of open water and vegetation daytime densities) be-
tween treatments, and, to test for effects on the temporal
distribution, we compared the proportion of cladocerans pre-
sent during daytime (cladoceran daytime open water density
divided by the sum of daytime and nighttime open water
densities).

To test for a difference in Daphnia size distribution be-
tween habitats (using data from weeks 25 and 26, when large
Daphnia were abundant), we used a paired Kolmogorov-
Smirnov test, lumping all Daphnia measurements together
among replicates. The differences in cladoceran enclosure
biomass and in spatial and temporal distribution within the
enclosures were analyzed for the three dominant zooplank-
ton taxa (Daphnia, Ceriodaphnia, and Bosmina spp.). Zoo-
plankton biomass data were log or arcsine transformed (pro-
portions) prior to analysis.

Results

The 0+ roach changed their daytime behavior during
summer from schooling in the open water, to staying close
to, or inside the vegetation (Fig. 2). During nighttime, 0+
roach mainly occurred as single fish swimming in the open
water throughout the summer (Fig. 2). In the absence of
piscivores, O+ individuals were actively swimming (feed-
ing) during daytime in early summer (weeks 25-28). In the
presence of piscivores, however, such behavior was only de-
tected the first week (Fig. 2). Hence, there was a difference
in the daytime behavior (ASF) of O+ fish between treatments
in early summer (Fisher's exact test p < 0.05) but no dif-
ference between treatments during nighttime (Fisher’'s exact
test, not significant).

The mean proportion of O+ roach that stayed in open
water during day (the daytime share of fish echoes) is shown
through time for both treatments in Fig. 3. There was no
significant effect of season or treatment alone. The signifi-
cant interaction between treatment and season (RMA), how-
ever, indicated that the development over the season differed
between treatments (season X treatment, sums of squares =
0.8, mean squares = 0.2, F,,, = 4.8, p = 0.015, Green-
house-Geisser = 0.04). As seen in Fig. 3, the proportion of
0+ roach in open water declined when piscivores were pre-
sent, whereas, when piscivores were absent, there was no
decrease in the proportion of 0+ roach outside the vegeta-
tion during summer (Fig. 3). Although O+ roach did not
enter the vegetation in the absence of piscivores, they aso
changed their behavior during late summer to aggregating
close to the vegetation (Fig. 2).

The dominant cladoceran groups, seen over the whole sea-
son, were Ceriodaphnia, Daphnia, and Bosmina spp. Also
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Fig. 2. The proportion of enclosures in which 0+ roach appeared as active single fish (ASF),
in schools (SCHOOL), staying close to the vegetation (CVEG), or hiding inside the vegetation
(INVEG). The figures show the distribution during day and night, with and without piscivores.
There were four enclosures used in the analysis at all occasions except in the no-piscivore treatment
week 30 day and weeks 26 and 30 night, when we used three.

occurring in occasiona high numbers were Diaphanosoma
and Polyphemus spp., but they were not present all through
the summer and are therefore not included in the analysis.
Total cladocerans, Daphnia, Ceriodaphnia, and Bosmina
mean densities (log mg L) during daytime in vegetation
versus open water (Fig. 4A-D) and during night versus day
(Fig. 4E—H) are shown in Fig. 4.

There was no difference in total cladoceran, Daphnia,
Ceriodaphnia, or Bosmina enclosure biomass between treat-
ments (RMA, total cladocerans, trestment: F,, = 0.4, not

0.4 1

o
)

Share of daytime fish echoes

@ Piscivores absent

®  Piscivores present
T T

25 26 27 28 29 30 31 32

Week

Fig. 3. Mean numbers (+ standard error) of fish echoes (ex-
pressed as the daytime share of the total number of echoes regis-
tered both day and night) at all monitoring occasions, without and
with piscivores present. Note that, in the treatment without pisci-
vores, only three enclosures were included at each date because the
noise level in one of the replicates was too high to get a reliable
number of fish echoes.

significant; season: F,,, = 0.4, not significant, treatment X
season: F,,, = 0.9, not significant; Daphnia, treatment: F, ¢
= 0.9, not significant; season: F,,, = 6.4, p = 0.003; treat-
ment X season: F,,, = 0.4, not significant, Fig. 5). The
change in diel distribution of cladocerans, observed in both
treatments, showed a higher cladoceran density in open wa-
ter during night than during day. This was evident for Daph-
nia and Bosmina but not for Ceriodaphnia (Table 1). Total
cladocerans, Daphnia, and Ceriodaphnia, but not Bosmina,
also showed a significantly higher density in the vegetation
than in open water during day (RMA, Table 1). For Daphnia,
the magnitude of the habitat separation during day differed
between treatments—that is, depending on whether pisci-
vores were present. The proportion of Daphnia (biomass) in
open water during day was significantly higher when pisci-
vores were present than where no piscivores were present
(RMA, Table 2, Fig. 6). On the first two sampling dates,
large Daphnia (>1.0 mm) were present in the enclosures,
and during that time the size distribution of Daphnia differed
between habitats in the absence but not in the presence of
piscivores (Kolmogorov-Smirnov paired test, without pisci-
vores: week 25 p = 0.01, n = 65, 27; week 26 p = 0.000,
n = 65, 32; with piscivores. weeks 25 and 26, not signifi-
cant, n = 61, 60 and 26, 32; Fig. 7). For Ceriodaphnia and
Bosmina, the addition of piscivorous fish had no effect on
refuge use (RMA, Table 2), and the diel distribution did not
differ between treatments for any of the cladoceran groups
(RMA, Table 2).

Discussion

Trophic cascades have been identified as one of the major
structuring forces for both fish and zooplankton communities
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Fig. 4. Mean density of total cladocerans and dominant cladoceran taxa (mg L) in open water and in vegetation during the day (A-D)
and during night and day in open water (E-H) of the experimental enclosures with and without piscivores present. Each bar represents the
mean =+ standard error (n = 4) at one sampling occasion. Data were log transformed. Cladoceran groups included are Daphnia, Cerioda-
phnia, and Bosmina spp. Note that open-water day densities are shown in both A-D and E—H and that there were no data from night
samplings during week 30.
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Fig. 5. Mean enclosure density (daytime open water and veg-
etation densities) of cladocerans (mg L) in the experimental en-
closures without and with piscivores present. Each data point rep-
resents the mean + standard error (n = 4) at one sampling occasion.
Values are log transformed.

(Carpenter et al. 1985; Hansson 1992; Mazumder 1994). In
contrast to density-mediated trophic cascades, behaviorally
mediated interactions may lead to a rapid redistribution of
prey and thereby to a rapid change in the number of prey
encountered in different habitats. In our study, the behavioral
responses in 0+ roach, as well as in Daphnia, were induced
when they were exposed to caged piscivores for just 24 h.
When piscivores were added, 0+ roach lowered their feed-

Table 1. Habitat (vegetation vs. open water) and diel (day vs.
night) effects on overall cladoceran density (mg L) in the exper-
imental enclosures, including data from both treatments. Data were
log transformed prior to analysis. Differences tested with one-factor
RMA with season as the repeated factor.

Habitat Season Habitat X
Season X (df = 1,14) (df = 4,56) Season
Habitat F p F p F p

Total cladocerans 34,0 0.000 13 NS 2.7 NS

Daphnia sp. 135 0.002 96 0.000 09 NS
Ceriodaphnia sp. 348 0000 02 NS 32 0.305
Bosmina sp. 40 NS 36 0024 22 NS

Diel Season Diel X

(df =1,3) (df = 3,39 Season

Season X Diel F p F p F p

Total cladocerans 143 0002 20 NS 27 NS

Daphnia sp. 156 0002 65 0003 12 NS
Ceriodaphnia sp. 1.8 NS 21 NS 30 NS
Bosmina sp. 306 0000 28 NS 33 NS

NS: not significant.

1961

Table 2. Treatment effects (piscivores present vs. absent) on cla-
doceran spatia (vegetation vs. open water) and diel (day vs. night)
distribution in the experimental enclosures. Comparing the propor-
tion of cladoceran density present in open water tested spatial dis-
tribution, and comparing the proportion of cladocerans present dur-
ing daytime tested diel distribution. All proportions were arcsine
transformed prior to analysis. Differences tested with one-factor
RMA with season as the repeated factor.

Treatment

Spatial Treatment Season X Season
distribution daf F p df F p F p
Daphnia sp. 1,4 91 0039 4,16 04 NS 0.1 NS
Ceriodaphniasp. 1,5 09 NS 4,20 24 NS 04 NS
Bosmina sp. 1,3 44 NS 4,12 1.1 NS 0.8 NS
Treatment

Didl Treatment Season X Season
distribution daf F p df F p F p
Daphnia sp. 1,5 01 NS 3,15 04 NS 29 NS
Ceriodaphnia sp. 1,3 15 NS 3,9 23 NS 09 NS
Bosmina sp. 1,3 02 NS 3,9 35 NS 05 NS

ing activity in the open water (i.e., showed less single fish
activity) during early summer and hid in the vegetation dur-
ing late summer, and at the same time the proportion of
Daphnia biomass present in open water increased.

We show that the antipredator strategy of O+ roach
changed during ontogeny. Small 0+ fish have a high meta-
bolic rate and are forced to feed often, trading off the safety
of a refuge against food (Pitcher and Parrish 1993). When
no predation threat is perceived, juvenile fish prefer to feed
as single fish (Irving and Magurran 1997), and accordingly,
in the absence of piscivores, O+ roach in our study were
actively feeding as single fish (ASF) during daytime. When
piscivores were present, however, single-fish activity was
rare, and all fish were schooling, a behavior that reduces
predation risk (Christensen 1996). Large O+ fish are less
affected by food deprivation than small fish and may there-

°
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Fig. 6. Mean proportion of daytime Daphnia spp. biomass (mg
L~%) in open water (daytime open water density divided by the sum
of open water and vegetation daytime densities) in the experimental
enclosures without and with piscivores present. Shown are the mean
of arcsine-transformed proportions + standard error (n = 4).
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Fig. 7. Daphnia spp. size distribution (mm) in open water and
in vegetation in the experimental enclosures without and with pis-
civores. Shown are data from the first two sampling occasions,
when large Daphnia were present in al enclosures (weeks 25 and
26). Prior to analysis, Daphnia length measurements for all repli-
cates within each treatment were lumped together. A paired Kol-
mogorov-Smirnov test showed significant differences between hab-
itats in the absence but not in the presence of piscivores, as
indicated on the graph (* and ns, respectively).

fore be able to stay longer in a refuge (Krause et a. 1998);
thus, we expected O+ roach to move into the vegetation
during late summer in the presence of piscivores. This be-
havior was observed on the last daytime sampling in our
study, when no or very few 0+ roach were observed outside
the vegetation in the piscivore treatment. This notion is
strengthened by the gradual decline in the proportion of 0+
roach staying in the open water during the day in the pres-
ence of piscivores. The same behavioral response was shown
for juvenile roach in an experimental study by Persson and
Ekldv (1995). In afield study, Hall et a. (1979) showed that
golden shiner (Notemigonus crysoleucas), another cyprinid
fish, also aggregated close to dense vegetation during the
day, only foraging in open water during dawn and dusk, and
they suggested that this was probably a predator-avoidance
behavior. Even though roach are primarily visual foragersin
light conditions, they may change to nonaimed feeding dur-
ing darkness (Van den Berg et al. 1994), and, in our study,
single fish activity occurred during night both in the presence
and absence of piscivores. Our observations corroborate re-
sults from a field study that showed that juvenile roach feed
actively as single fish during the night even in the presence
of piscivores (Brabrand and Faafeng 1993).

Just as macrophytes may serve as a refuge for O+ roach
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against piscivore predation, recent studies have shown that
the nonletha presence of fish may cause Daphnia to move
into the vegetation (Lauridsen and Lodge 1996); thus, mac-
rophytes may serve as a daytime refuge for zooplankton
groups performing diel migrations between vegetation and
open water (Timms and Moss 1984; Lauridsen et a. 1996).
In our study, we observed (Table 2, Fig. 5) this general diel
migration pattern in Daphnia and Bosmina—partly support-
ing studies performed in Danish eutrophic lakes (Lauridsen
and Buenk 1996; Lauridsen et a. 1996)—whereas Cerio-
daphnia density did not increase in open water during the
night. Thus, it seems that, in our study, zooplankton avoid
the high-predation-pressure habitat of open water during the
day and aggregate in the vegetation. The general cladoceran
distribution patterns observed in both treatments, we believe,
is driven by a combination of factors, including both behav-
ioral shifts (because of the continuous presence of 0+ roach)
and selective foraging by 0+ roach. The cladocerans, Daph-
nia and Bosmina, showed decreasing densities outside the
refuge (open water during the day) but showed remaining
high or increasing densities in the vegetation. This ability to
maintain high density suggests that refuges in the vegetation
alowed for reproduction and, thereby, a buildup of cladoc-
eran populations even in the presence of a high predation
pressure.

As was discussed above, 0+ roach showed two different
antipredator behaviors during the season, and we argue that
both behaviors led to a lower daytime predation pressure on
zooplankton in open water during the treatment periods.
These periods of lowered predation pressure in open water
did not, however, lead to overall higher enclosure densities
in the piscivore compared with the no-piscivore treatment.
This may be explained by both the short duration of the
treatment and by the foraging limitations of small roach.
Small roach (<25 mm) are gape-limited foragers with an
optimal prey size of less than 1mm (Wanzenbock 1995), and
roach feeding rates are also known to decrease in structura
complexity (Winfield 1986; Christensen and Persson 1993;
Schriver et al. 1995; Manatunge et al. 2000). Thus, we do
not find it likely that foraging by small roach in early sum-
mer affected the density of large Daphnia, nor that foraging
inside the vegetation in late summer affected total cladoceran
density substantially during the treatment periods.

We argue that the difference in Daphnia distribution be-
tween treatments observed in our study was not a result of
consumption but of linked behavioral interactions. When
piscivores were added, Daphnia responded to the change in
the predation pressure by 0+ fish by optimizing their habitat
use spatialy. When 0+ roach changed their daytime behav-
ior because of the presence of piscivorous perch, Daphnia
apparently perceived a lower predation risk in open water
and migrated out from the vegetation into the preferred hab-
itat of open water. During early summer, this behavioral re-
sponse seemed to involve primarily large Daphnia, which is
in concert with earlier findings that large Daphnia show a
stronger response (in diel vertical migration) than small
Daphnia to fish kairomones (data from Loose 1992 present-
ed in De Meester et al. 1999). Bosmina and Ceriodaphnia
did not change their daytime habitat in the presence of pis-
civores, which suggests considerable differences in behav-
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ioral responses to predators among zooplankton genera.
Some zooplankton groups may respond to a combination of
actual predation risk and competitive interactions (Stich and
Lampert 1981; Vanni 1986), whereas other groups may not
respond behavioraly at all.

We may only speculate about how the behavioral cascade
induced by the presence of piscivores would affect the out-
come of the trophic cascade in a lake. If pelagic piscivores
and small (0+) planktivores dominate the fish community,
large zooplankton will be able to move out from the refuge
when pelagic piscivores prevents small planktivores from
foraging in open water. In this case, large zooplankton will
probably have a higher total density than if piscivores were
absent, because the predation pressure will be lower in their
preferred habitat. In an even more complex food web, be-
havioral cascades may further complicate the outcome of the
trophic cascade.

In conclusion, by applying horizontal echo sounding tech-
nigues to an experimenta setup, we were able to show that
the behavioral responses of 0+ fish in the presence of a
caged pelagic piscivore, releases Daphnia from the risk of
predation outside the refuge, and enables them to migrate
back to their possibly preferred habitat also during daytime.
Thus, a main conclusion from our study is that the concept
of cascading trophic interactions, based solely on direct con-
sumption links, has to be complemented with a cascading
behavioral interaction concept, because many of the pre-
dicted direct interactions obviously never occur because of
behavioral adjustments among prey at different levels

(Fig. 1).
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