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Avoidance by Daphnia magna of fish and macrophytes:
Chemical cues and predator-mediated use of macrophyte habitat

Abstract—Recent biomanipulation studies suggest that
macrophytes are an important refuge from fish predation
for large pelagic zooplankton. We conducted two labora-
tory experiments that tested the behavioral responses of
Daphnia magna to a macrophyte (Myriophyllum exalbes-
cens L.) and a sunfish (Lepomis cyanellus Rafinesque) and
whether responses were chemically (for fish) or structurally
(for macrophytes) mediated. In the first experiment, we
measured Daphnia response to four treatments in separate
38-liter tanks. In controls without macrophytes and fish,
~15% of'the daphnids were found in the central zone (~50%
of the tank area); the others were found around the tank
perimeter (especially in the corners). With macrophytes
present, 80% of the daphnids were found in the central
zone (unvegetated in all treatments). When fish or fish odor
alone were present ~35% and ~45%, respectively, of the
Daphnia occupied the central zone. Thus, chemically me-
diated avoidance of Lepomis caused Daphnia to increase
its occupation of macrophytes. In the second experiment,
we tested whether the repellent effect of Myriophyllum re-
sulted from structural characteristics of the macrophyte;
the results suggest that both chemical and structural cues
contributed to Daphnia avoidance of the macrophyte.
Overall, our results are consistent with the suggestion that
large pelagic zooplankton may use macrophytes as a refuge
in shallow lakes where vertical migration is restricted.

Macrophytes fill multiple roles in ecosystem function
(Carpenter and Lodge 1986) and in the mediation of pred-
ator-prey interactions involving fish and macroinverte-
brates (Crowder and Cooper 1982; Savino and Stein 1982).
Investigators have suggested that macrophytes provide a
refuge to Daphnia from fish predation and thus contribute
to biomanipulation efforts to reduce phytoplankton
standing stock (Timms and Moss 1984; Jeppesen et al.
1991). Scheffer et al. (1993) suggested that macrophyte
refuges for Daphnia contribute significantly to the sta-
bility of the high Daphnia-low phytoplankton-high mac-
rophyte state in shallow lakes.

Recent documentation of diel horizontal migration of
zooplankton in shallow lakes, in which large zooplankton
congregate in or near macrophytes and other littoral zone
structure during the day, are consistent with this hypoth-

esis (e.g. Davies 1985; Paterson 1993). The assumption
is that macrophytes in shallow lakes, as in the metalim-
nion and hypolimnion in deeper lakes (e.g. Gliwicz 1986;
Ringelberg 1991; Lampert 1993), offer large zooplankton
a refuge from fish predation. (Timms and Moss 1984;
Jeppesen et al. 1991). However, we know of no direct test
of the hypothesis that zooplankton movement into mac-
rophytes is a response to fish. The use of macrophyte
habitats by pelagic zooplankton seemingly contradicts
earlier field (Hasler and Jones 1949; Pennak 1966) and
laboratory (Pennak 1973) results that suggest that daph-
nids are repelled by macrophytes. We hypothesized that
when faced with a choice of remaining in the presence of
fish or moving into macrophytes, predation-vulnerable
zooplankton seek refuge in macrophytes despite their re-
pellency. We conducted laboratory experiments to test
whether macrophytes repel Daphnia in the absence of
fish, whether Daphnia avoids fish, and whether behav-
ioral avoidance of fish overrides avoidance of macro-
phytes. We also tested whether the stimuli for avoidance
behavior were structural for macrophytes and chemical
for fish.

We conducted two experiments in August-September
1994. The first experiment tested the behavioral response
of Daphnia magna Straus to combinations of the presence
of a macrophyte (Myriophyllum exalbescens L.), green
sunfish (Lepomis cyanellus Rafinesque) and associated
odor, and sunfish odor alone. The second experiment
tested whether the stimulus for avoidance of Myriophyl-
lum was structural (visual, tactile, etc.). Daphnia was pur-
chased from Ward’s Natural Science Establishment and
kept in fish-free laboratory aquaria. In experiments, we
only used Daphnia >2 mm long so that the animals were
easily observable and could not enter fish enclosures (see
below). We collected aboveground portions of apparently
vigorous Myriophyllum from Stone Lake (Cass County,
southern lower Michigan) and held them in fish-free lab-
oratory aquaria for no more than 2 d before experiments.
We used dipnets to collect Lepomis (4—5-cm total length)
from St. Joseph Lake (campus of the University of Notre
Dame. Indiana) and kept them in laboratory aquaria.
Young green sunfish eat zooplankton, such as large cla-
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Fig. 1. Setup of 38-liter tanks (from above): I—peripheral
zone (50% of the total area) either covered with macrophytes
or without macrophytes; I —central zone always without mac-
rophytes; III—cage for fish. Zones I and II are separated by
netting (see text).

docerans (Carlander 1977), and green sunfish are com-
mon in ponds, lakes, and streams throughout central North
America (Robinson and Buchanan 1988). D. magna can
survive in the parts of habitats in which green sunfish
live, at least in the absence of fish. If fish are present, D.
magna needs an effective refuge to survive (Lauridsen
and Buenk in prep.). Consequently, the interaction we
simulated in the laboratory could occur in the field.

Both experiments were conducted in half-filled 38-liter
glass aquaria in a controlled climate room (20°C) with a
15:9 L/D cycle. Each aquarium was separated by vertical
plastic netting (mesh openings, 20 X 20 mm) into two zones
of equal area (Fig. 1). The oval central zone of the tanks
(50% of the tank) was without macrophytes in all treat-
ments. In all treatments, the center of this open area
contained a cylindrical fish enclosure cage (7-cm diam =
3% of the tank area) of standard fiber-glass window
screening (mesh size, 1 X 1.5 mm), which was too small
for Daphnia to pass through.

In treatments with natural macrophytes (in both ex-
periments), the peripheral part of each tank contained 36
shoots of Myriophyllum, each 10-15 cm long, producing
a biomass of 128+13 g dry wt m~2. For the treatment
with plastic macrophytes (second experiment), we pur-
chased artificial Myriophyllum verticillatum (Second Na-
ture Plantastics). To control for differences between plas-
- tic and real macrophytes in shoot diameter [2.92+0.49
and 3.64+0.75 cm (mean=SD, n = 50), respectively] and
internode distance [1.13£0.12 and 1.59+0.35 cm (n =
50), respectively], we equalized the plant-filled water vol-
ume (PV) by regulating the number of plastic macrophyte
stems according to

P I/real = P Vplastic

— [(7rr [z)lastic)Lplastic]N plastic(I plastic/ I real) X
| 4

r is shoot radius; N is number of stems; L is mean mac-
rophyte length; 7 is internode macrophyte distance; and
Vis total water volume, PV is similar to the term “percent
volume infested” introduced by Canfield et al. (1984).
For both real and plastic macrophytes, PV was 28% of
the total water volume in the tanks, comparable to mac-
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Fig. 2. Percentage of Daphnia magna in the central zone in
the four treatments of the first experiment. ANOVA P-value is
for the treatment effect (conducted for hour 6). Tukey’s test
results are indicated by vertical broken line that connects treat-
ments that do not differ significantly (NS).

rophyte-dominated mesotrophic-eutrophic shallow lakes
(Canfield et al. 1984; Schriver et al. 1995).

At the start of each experiment, we added 10 Daphnia
to the central zone of each aquarium. In both experi-
ments, the response variable was the visually determined
number of Daphnia in the central zone monitored at 1-
2-h intervals for 6 h. Experiments were stopped after 6
h because preliminary experiments lasting 24-30 h showed
that the daytime response did not change after 4-6 h.

In the first experiment, we measured Daphnia response
to four treatments: control (i.e. without macrophytes, fish,
or fish odor); with macrophytes, but without fish or fish
odor; with macrophytes and fish and fish odor; and with
macrophytes and fish odor, but without fish. In treat-
ments with fish or fish odor, two fish were added to the
fish cage in the center of the central zone 24 h before the
experiment started. In treatments with fish odor, the fish
were removed immediately before the experiment start-
ed. This experiment was blocked for time because con-
ducting all 10 replicates on the same date was not log-
istically possible: N = 5 on 23 August; N = 5 on 26 August.

In the second experiment, aquaria were set up as for
the first experiment except that no fish cages were in-
cluded (because no fish or fish odor treatments were in-
cluded). To test whether the repellent effect of macro-
phytes (see below) resulted from structural stimuli, we
measured Daphnia response to three treatments: control
(i.e. without macrophytes); with natural Myriophyllum;
and with plastic macrophytes. This experiment was
blocked for time: N = 5 on 31 August; N = 5 on 2 Sep-
tember; N = 5 on 5 September.

Both experiments were analyzed with a two-way ANO-
VA (block and treatment main effects). Responses reached
a near-asymptote after <1 h; the datum in the ANOVA
for each aquarium was the number of Daphnia in the
central zone at hour 6. When the block effect was not
significant (first experiment), Tukey’s test was applied to
data pooled across blocks to test differences between treat-
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Fig. 3. Percentage of Daphnia magna in the central zone in
the three different treatments in each of three experimental blocks
(A,B,C) of the second experiment. ANOVA P < 0.01 for the
block-specific treatment effect (conducted for hour 6) on all three
experimental blocks. Block-specific Tukey’s test results are in-
dicated by vertical broken lines that connect treatments that do
not differ significantly (NS).

ments. When the block effect was significant (second ex-
periment), a one-way ANOVA and Tukey’s test were ap-
plied within each block.

In the first experiment, there was a significant treatment
(but no block) effect (treatment MS = 6,629.17, F3 5, =
25.87, P < 0.01; block MS = 122.50, F, 3, = 0.47, P =
NS; txbMS = 89.17, F; 3, = 0.35, P = NS). In the control
treatment, 12% of the Daphnia occupied the central area
at 6 h (Fig. 2); the remainder aggregated primarily in
aquarium corners. Relative to this behavior in the con-
trol, Daphnia strongly avoided macrophytes: 73% of the
Daphnia occupied the central zone when macrophytes

were in the peripheral zone (Fig. 2). Consistent with our
hypothesis, however, macrophyte avoidance was partially
overcome in the presence of Lepomis and in the presence
of Lepomis odor only, with 34 and 46% of Daphnia in
the central zone, respectively (Fig. 2). The latter two treat-
ments were the only two that did not differ significantly
(Tukey’s test, P > 0.05; Fig. 2).

In the second experiment, treatment (MS = 9,075.00,
F, 3 = 75.00, P < 0.01), block (MS = 3,775.50, F,35 =
31.20, P < 0.01), and interaction (MS = 932.2, F, ;5 =
P < 0.01) effects were all significant. Because of the sig-
nificant block and interaction effects, we conducted in-
dependent one-way ANOVAs and Tukey’s tests to test
for treatment effects within each block. In all three blocks,
the rank order of treatments was the same, with the least
number of Daphnia in the central zone in the control
treatment (no macrophytes) and the greatest number in
the central zone in the real Myriophyllum treatment (Fig.
3). The absolute magnitude of the Daphnia response in
control treatments was similar in all blocks, with 20-28%
in the central zone (Fig. 3). However, in the first block,
there was no significant difference between plastic mac-
rophytes and control treatments (Fig. 3A). Results of this
block suggest that avoidance of macrophytes is chemi-
cally mediated. In contrast, in the second and third blocks,
these treatments differed significantly, but no difference
existed between the real and plastic macrophyte treat-
ments (Fig. 3B, C). Results of the last two blocks therefore
suggest that macrophyte avoidance is structurally medi-
ated.

Results of our first experiment demonstrate clearly that
D. magna will occupy macrophytes to avoid fish. This
result may explain the paradox between documented
macrophyte avoidance by Daphnia and apparent use of
macrophyte habitats as a refuge from fish predation in
shallow lakes. To our knowledge, our results are the first
experimental documentation that behavioral avoidance
of fish at least partially overcomes behavioral avoidance
of macrophytes by zooplankton. The similarity in re-
sponse of Daphnia in the fish and fish-odor-only treat-
ments further suggests that this behavior is predomi-
nantly chemically mediated, which is consistent with oth-
er chemically mediated fish-avoidance behaviors by
Daphnia (De Meester 1993). The identity of the active
compounds is unknown. The importance of chemical
stimuli in the horizontal migration we observed is con-
sistent with the importance of chemical stimuli in the
better documented vertical migration of zooplankton (e.g.
Dodson 1988; Ringelberg 1991; Loose and Dawidowicz
1994). Thus, it is plausible that the behaviors we docu-
mented in the laboratory account for the daytime con-
centrations of large pelagic zooplankton observed in mac-
rophytes in shallow European lakes (Davies 1985; Laur-
idsen and Buenk in prep.).

Avoidance of the macrophyte M. exalbescens by the
pelagic zooplankter D. magna in both our experiments
confirmed earlier findings that macrophytes repel zoo-
plankton (Pennak 1973). Furthermore, results of the first
block of our second experiment (and the consistent rank
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order of treatments in all three blocks) provide strong
support for the suggestion by Pennak (1973) that the zoo-
plankton response to macrophytes is in part chemically
mediated. Chemical repellency might differ among mac-
rophyte species (Pennak 1973; Quade 1969), but the iden-
tity of active compounds and differences in activity among
macrophyte species are unknown.

The similarity in response by Daphnia to real and plas-
tic plants in the second and third blocks of our second
experiment suggests that the structure of macrophytes
also contributes to their repellency. Because Daphnia
clustered in relatively dark aquarium corners in control
treatments (Lauridsen pers. obs.), avoidance of structures
seems to entail a mechanism other than negative pho-
totaxis (see De Meester 1993). It is plausible that mac-
rophytes interfere with locomotion by daphnids. We do
not understand why results differed among blocks of the
second experiment.

We believe that we may have answered one question,
but another remains. It is well documented that small
fish (many of which are zooplanktivores) also use littoral
habitats as daytime refuges from piscivores (e.g. He and
Lodge 1990; Venugopal and Winfield 1993). Although
macrophytes may reduce the per capita effectiveness of
zooplanktivorous fish or, in dense macrophyte beds, even
prevent fish from moving into the beds (Jensen 1994;
Lene Jacobsen unpubl. data), moving into macrophytes
may sometimes expose Daphnia to higher densities of
zooplanktivores. Thus, direct comparisons of mortality
rates in open vs. vegetative habitats are needed to more
fully evaluate the macrophyte refuge hypothesis.

Nevertheless, the Daphnia behaviors we documented
are consistent with the suggestion by Moss et al. (1994)
that macrophytes are important refuges for large zoo-
plankton in shallow lakes and allow zooplankton to sup-
press phytoplankton abundance even in the presence of
zooplanktivorous fish.
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University of Notre Dame
Notre Dame, Indiana 46556
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Feeding-deterrent properties of common oceanic holoplankton from Bermudian waters

Abstract—The feeding-deterrent properties of a suite of
common holoplankton (nine species representing five phy-
la) collected from oceanic waters near Bermuda were in-
vestigated. The common planktivorous fish Abudefdufsax-
atilus (sergeant major) was used as a model predator. With
the exception of the salp Pegea bicaudata, all plankton had
significant ichthyodeterrent properties compared to squid
tissue controls. These plankton generally lack structural
defenses and are passive or sluggish swimmers; our obser-
vations suggest that they may derive protection by har-
boring defensive chemistry. Chemical defenses would have
important implications for the regulation of material and
energy flux in oceanic food webs, and such defenses may
help explain the abundance of coexisting species, all com-
peting for similar resources, in a seemingly homogeneous
habitat (i.e. the paradox of the plankton).

Holoplanktonic marine algae and invertebrates are
subject to intense predation pressure, primarily from
crustaceans and fish. Cyanobacteria colonies, radiolari-
ans, foraminiferans, and larvaceans move passively with
the currents, while some gelatinous zooplankton such as
salps, cnidarians, ctenophores, pteropods, and hetero-
pods are generally sluggish swimmers. It is unlikely that
they can avoid predatory crustaceans and fish by swim-
ming. Some plankton may gain defense from their trans-
parency, although many are colored or have conspicu-
ously colored body parts (gonad and gut). Moreover, lab-
oratory observations indicate that fish have little trouble
visually detecting even minute zooplankton in aquaria
(McClintock pers. obs.).

In gelatinous zooplankton there is no protection by
skeletal components, although nematocysts may provide
some protection to cnidarians. It is also unlikely that these
organisms are protected due to a low nutritional content.
Although some gelatinous zooplankton have been con-
sidered to have relatively low carbon contents (Curl 1962,
Beers 1966), the low body C: N ratio in gelatinous zoo-

plankton such as salps (Madin et al. 1981) indicates they
are potentially quite nutritious. Pelagic pteropods can be
relatively rich in protein and lipid (Bryan et al. 1995).
Moreover, the energetic value of their internal organs can
be very high (Shenker 1985). Indeed, some predators of
gelatinous zooplankton feed almost exclusively on these
internal organs, avoiding the ingestion of gelatinous body
parts (Harbison et al. 1977; Madin and Harbison 1977;
Janssen and Harbison 1981). Some gelatinous zooplank-
ton attain large body sizes or occur in swarms, making
them an energetically attractive prey even if low in energy
on an individual basis.

Diel vertical migration is often thought to be a response
to grazing pressure, and between 20 and 50% of zoo-
plankton populations are migratory (Longhurst and Har-
rison 1989). An alternate hypothesis for vertical migra-
tion is that zooplankton gain an energetic advantage by
feeding in the evening on phytoplankton that have been
fixing carbon during daylight hours (Enright 1977; En-
right and Honegger 1977). Nonetheless, more evidence
supports the predator avoidance hypothesis. Zooplankton
biomass in the upper 160 m can nearly double at night
near Bermuda (Roman et al. 1993). That these organisms
invest such a considerable amount of energy in predator
avoidance attests to the strong selective evolutionary
pressure that can be imposed by predators. The invest-
ment of energy into defensive mechanisms such as chem-
ical deterrents could also result from this strong selective
pressure. In this study we examine the feeding-deterrent
properties of a broad suite of oceanic holoplankton.

Holoplankton were collected in May—-June 1995 at sites
5-20 km southeast of Bermuda by either deployinga 1-m-
diameter plankton net (333-um mesh) or conducting blue-
water dives and capturing individuals in hand-held jars.
Following collection, holoplankton were returned to the
laboratory and immediately subjected to feeding trials
with the common planktivorous fish Abudefduf saxatilus
(sergeant major) as a model predator. A. saxatilus was



