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Abstract

Three antennule morphotypes in the small cladoceran Bosmina longirostris have been considered to be
hereditarily rigid phenotypes. However, we found that monoclonal populations of Bosmina collected from
a Japanese lake were composed of individuals with all three antennule types when grown under laboratory
conditions. This suggests that each of the morphotypes represents a phenotype of the species. A morphotype
named “pellucida” observed in the monoclonal cultures has been considered to be effective in avoiding copepod
predations. We therefore hypothesized that the morphotype is induced by factors from the predator, cyclopoid
copepod. To test this hypothesis, a laboratory experiment was conducted in which the monoclonal individuals
were exposed to the kairomones of the copepod Acanthocyclops with or without physical contacts with the
predator. The morphotype was not altered when Bosmina was exposed to the predator kairomone alone, but to
direct predation by the copepod. This suggests that the antennule type of B. longirostris is controlled by physical
stimuli from the copepod. The individual death rate of B. longirostris resulting from a copepod strike is low, even
though the population dynamics of the animals are often governed by copepod predation. This may have made

the physical stimuli of attempted predations useful factors for the prey Bosmina.

Cyclomorphosis of cladocerans and rotifers is observed
in many lakes and ponds (Agrawal 2001; Lass and Spaak
2003). Predator kairomones (chemicals released from
predators; Brown et al. 1970) are the most prevailing cues
for induction of these morphological changes (Lass and
Spaak 2003). For example, Daphnia develops anti-predator
morphologies such as high helmet, neck teeth, crest,
elongated spine, and hard carapace, which help to reduce
the prey mortality in environments with specific predators
(Tollrian and Dodson 1999; Laforsch et al. 2004).
However, it has been observed that the morphological
changes in cladocerans induced by predator kairomones in
the laboratory are not as extreme as those in the field
(Daphnia: Havel and Dodson 1985; Hanazato and Ooi
1992; Bosmina: Sakamoto et al. 2006). This might indicate
that laboratory cultures failed to reproduce all of the
cyclomorphogenic conditions existing in the field (Jacobs
1987), or that researchers have not considered multigener-
ational cue effects on the prey animals (Agrawal et al. 1999;
Tanner and Branstrator 2006).

Laboratory studies have revealed some factors other
than kairomones that promote the development of pro-
tuberant morphological features in cladocerans. For
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example, warmer temperature and water turbulence induce
the formation of high helmets or crests in Daphnia even
when predator kairomones are absent (Havel and Dodson
1985). Alarm substances released from crushed Daphnia
have also been shown to act as proximate factors for the
induction of these features (Stabell et al. 2003; Laforsch et
al. 2006). These environmental conditions and chemical
signals are considered to be effective in helping prey
daphnids detect specific enemies, since they are identical to
those associated with the abundance of predators in the
field. High temperature is a feature of summer, a time when
larvae of the invertebrate predator Chaoborus appear in
abundance, and when both invertebrate and vertebrate
predators are highly active (Tollrian and Dodson 1999).
Small-scale water turbulence can be caused by the move-
ments of swarming predators (Laforsch and Tollrian 2004;
Tollrian and Laforsch 2006). Fluids released from crushed
Daphnia (alarm substances) may notify conspecifics that
they are in danger of predation (Laforsch et al. 2006).
These are the factors to which daphnids are often exposed
in the field. Therefore, it would be expected that daphnids
are influenced by such factors simultaneously, and as
a result would probably develop extreme morphologic
features. However, information on such proximate factors
is lacking for nondaphnid cladocerans.

Polymorphism is also observed in the small cladoceran
Bosmina. In lakes and ponds, these animals are important
prey items for fish and various invertebrate predators such
as predacious copepods and cladocerans (Slusarczyk 1997;
Chang and Hanazato 2003a). In particular, their popula-
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Figure 1.
pearing in Lake Suwa.

Bosmina species with different morphotypes ap-

tion dynamics are often controlled more strongly by
invertebrate than by vertebrate predators because of their
small body size (Kerfoot 1977; McNaught et al. 2004).
Bosminids show cyclomorphosis of the antennule and
mucrone, whose lengths change in response to factors
related to invertebrate predators (Kerfoot 1987; Kappes
and Sinsch 2002a; Lagergren et al. 2002). However, the
protuberant morphological features demonstrated in the
laboratory, where bosminids have been exposed to
predator kairomones, are not as extreme as those observed
in the field, as is the case for Daphnia (Bosmina fatalis:
Sakamoto et al. 2006). Another proximate factor that
promotes the development of defensive morphotypes in
Bosmina is known to be cold water. This is consistent with
the water environment in early spring and fall, when
bosminids are exposed to high abundances of predatory
cyclopoid copepods (Bosmina longirostris: Kerfoot 1977;
Kappes and Sinsch 2002a).

Physical cues as a factor inducing morphological
changes have never been tested for Bosmina. In the present
study, therefore, we hypothesized that some physical
interactions with invertebrate predators induce the de-
velopment of morphological defenses in Bosmina. To
investigate this, we performed two laboratory experiments.
The first one was conducted to reconsider the existing
taxonomic problem in B. longirostris. In this species,
animals with three antennule types without intermediate
forms have been reported: Straight (B. longirostris), slightly
curved (Bosmina pellucida), and hooked/bent (Bosmina
cornuta), as shown in Fig. 1. Recently, antennule morpho-
type has been discussed as an indicator for defining cryptic
species in B. longirostris (Kappes and Sinsch 2002b).
However, we found that each of our laboratory-cultured
clones, originally from a Japanese lake, was composed of
individuals with different antennule types. Thus, the
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antennule types of the Bosmina individuals cultured in the
absence of predators were compared among monoclonal
populations. In the second experiment, antennule types and
the degree of development of protuberant morphology in
B. longirostris were analyzed for the individuals exposed to
copepod predation (physical stimuli and the predator
kairomone or only to the kairomone). Then, the possibility
that physical stimuli from the predators promote the
development of the protuberant morphology was tested.

Materials and methods

Experiment 1. Clonal comparison—To obtain specimens
of B. longirostris, we placed approximately 500 g of bottom
mud from Lake Suwa, Japan (36°2'N, 138°5'E) containing
cladoceran resting eggs in a 20-liter cylindrical polyethylene
tank with 20 liters of aged tap water. The tank was kept at
a constant temperature of 20°C = 1°C under a light : dark
(LD) regime of 16 : 8 LD. The green alga Chlorella vulgaris
(Chlorella Industry) was added to the tank every second
day to attain a density of 2.9 ug C mL-! as food for
zooplankton. Three Bosmina individuals that appeared in
the tank were collected and each individual was moved to
a separate 200-mL beaker containing 200 mL of aged tap
water and then kept under the same conditions as those for
the hatching of resting eggs. The beakers received Chlorella
(2.9 ug C mL~1) every second day, and the Bosmina
individuals were allowed to reproduce and establish
populations. Then, more than 100 adult individuals were
removed randomly from each monoclonal culture and their
morphotypes (antennule types) were identified following
the criterion shown in Fig. 2a. Because it was difficult to
distinguish longirostris from pellucida using this criterion,
we did not divide them into different morphotypes but
placed them in the group pellucida. Animals with hooked
antennules (typical morphotype of B. cornuta; Kappes and
Sinsch 2002b) were identified as cornuta.

Experiment 2. Effects of the predator on bosminid
morphology—A single clone of B. longirostris was used in
this experiment. Preparation of the clone (collection and
culture) was carried out in the same manner as described
for experiment 1. The stock culture of cloned Bosmina in
a l-liter glass beaker received Chlorella (2.9 ug C mL—1)
every second day.

The copepod Acanthocyclops verinalis was used as the
predator for B. longirostris because it is the dominant
copepod coexisting with the prey Bosmina in Lake Suwa.
Acanthocyclops individuals were isolated from plankton
samples collected from the same lake in April 2005, and
their body sizes were measured under a microscope to the
nearest 0.02 mm. Adult females (body length > 1.2 mm)
were maintained individually for 24 h at 20°C in poly-
styrene well chambers, each of which contained 2 mL of
aged tap water without food until the start of the
experiment.

At the beginning of the experiment, 12 groups each
composed of randomly selected 50 individuals of B.
longirostris (including both adults and juveniles) from the
stock culture were prepared. The bosminids of each group
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Figure 2.
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mucrone length

(a) Definitions of antennule type of Bosmina in the present study and (b) body

measurements of animals. When the direction of the tip of the antennule is outside of the line
connecting the compound eye and the tip of the mucrone, the animals were regarded as pellucida

type and others were cornuta type.

were placed in a 1-liter glass beaker containing 1 liter of
aged tap water and Chlorella (2.9 ug C mL—1) as their food.
Two cylindrical stainless steel nets (diameter 30 mm; height
80 mm; mesh size 44 um) were strung inside the beaker so
that the bosminids examined were outside the nets (Fig. 3).
The Bosmina individuals were exposed to each of the
following four treatments. The first treatment was a control
in which no Acanthocyclops were added to the beakers. In
the second treatment (“isolation), six Acanthocyclops
individuals were placed in each stainless steel net. Thus,
12 predator individuals were present in each beaker, but
were unable to have physical contact with Bosmina. The
predators in the nets were given 10 individuals of B.
longirostris from the stock culture as food every third day.
In the third treatment (“no isolation”), 12 Acanthocyclops
individuals were placed outside the nets, thus allowing
them to have contact with, and feed on, the Bosmina
individuals in the beakers. In these three treatments, 10 mg

150 mm

a) ‘isolation’ treatment

Figure 3.

[~ Acanthocyclops

—— Bosmina — ]

of cetyl alcohol [CH;(CH,),4CH,OH] was gently dropped
onto the water surface in each beaker as a surfactant to
decrease the surface tension that otherwise might entrap the
Bosmina individuals (Desmarais 1997). To confirm that the
cetyl alcohol had no effect on the morphology of Bosmina,
a fourth preparation (“‘no cetyl alcohol”) in which cetyl
alcohol was omitted was made. All the treatments were
conducted with three replications and Chlorella (2.9 ug C
mL~1) was added to each beaker every second day. The
exposure of Bosmina to each treatment was terminated on
the 13th day from the beginning of the experiment, and all
the animals that had survived in each beaker were
preserved with sugar-containing formalin at a final con-
centration of 4% (Haney and Hall 1973).

The bosminids were divided into two groups, adults
(body length > 300 um) and juveniles, and these were both
counted. Antennule shapes of the adults were identified
using the same method as that described for experiment 1

ns
ca

st

N

b) ‘no-isolation’ treatment

Schematic drawing of the experimental design. The copepods and Bosmina were

(a) isolated by stainless steel nets or (b) allowed to come into contact with each other.
Abbreviations: ns, nylon string; ca, cetyl alcohol; st, stainless steel net.
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Table 1. Different proportions of the two antennule types
observed in three Bosmina longirostris clones (adult females)
cultured in the absence of predator in experiment 1.

Antennule type (ind.)

longirostris
Clone cornuta  or pellucida Total cornuta (%)
A 100 52 152 65.8
B 58 77 135 43.0
C 113 9 122 92.6

(Fig. 2a). In addition, each individual was measured for
body, antennule, and mucrone lengths under a binocular
microscope to the nearest 0.01 mm (Fig. 2b). Differences in
the morphotype composition among the four treatments
were tested statistically with the Bonferroni/Dunn post hoc
test (after the analysis with analysis of variance [ANOVA])
for the values of relative abundance of cornuta (number of
cornuta: total adult females) after arcsine transformation
using StatView version 5 (SAS Institute). Quantitative
differences in morphological measurements between the
four treatments were also tested by nested ANOVA to
assess the effects of the treatments.

Results

Experiment 1. Clonal comparison—More than one
antennule type was observed in all of the three monoclonal
populations of B. longirostris (Table 1). The percentage
prevalence of cornuta-type individuals (with hooked
antennules) varied depending on the clone. About half of
the adults showed the cornuta-type morphotype and the
others had straight or slightly curved (pellucida-type)
antennules in clones A and B. A markedly higher
percentage of cornuta was recorded in clone C, in which
93% of adults had hooked antennules.

Experiment 2. Effects of the predator on bosminid
morphology—The numbers of Bosmina individuals in the
no cetyl alcohol and Acanthocyclops treatments (isolation
and no isolation) at the end of the experiment were smaller
than in the control (Table 2). In the control, all the
juveniles had slightly curved antennules, whereas most
adult individuals (89%) had hooked antennules (cornuta)
and the others had straight or slightly curved antennules
(pellucida). The percentages of cornuta in the no cetyl
alcohol treatment and the isolation treatment were similar

Table 2.
are the expected values (see explanation in text).
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to that in the control. As a result, the number of individuals
of each morphotype was close to the expected individual
number (Ey) of each morphotype (Table 2), which was
calculated as Ey = NtPy, where Nt is the total number
of individuals in the treatment at the end of the experi-
ment, and Py is the proportion of individuals showing
each morphotype to the total individuals in the control.
In contrast, the percentage of cornuta individuals in the no-
isolation treatment was significantly lower than that in
the control (ANOVA, p < 0.01; Bonferroni/Dunn post
hoc test, p < 0.05), and the absolute number of pelluc-
ida individuals was obviously higher than the expected
value.

No significant differences in the lengths of the body,
antennule, and mucrone of the animals showing each
morphotype were detected among the treatments in both
juveniles and adults (p > 0.05 with nested ANOVA),
although the antennule tended to be longer in the isolation
and no-isolation treatments than in the other treatments
within the pellucida morphotype, and the mucrone tended
to be longer in the no-isolation treatment for both
morphotypes (Fig. 4). The mean antennule length for
pellucida in the predator treatments (isolation and no
isolation) and mucrone length in the no-isolation treatment
for both morphotypes were similar to those for animals
present in the field in Lake Suwa (Chang and Hanazato
2003a).

Discussion

The B. longirostris individuals in monoclonal popula-
tions had varied antennule shapes (Tables 1, 2). This clearly
shows that the different morphotypes longirostris, pellucida,
and cornuta are different phenotypes within a species but
not hereditarily rigid. The B. longirostris clones used in the
present experiments were different from clones of the same
species reported by Kappes and Sinsch (2002a), in which
antennule shapes were invariable phenotypes. The differ-
ence in results between the two studies may be explainable
by “local adaptation” (Kawecki and Ebert 2004) or simple
clonal differences in Bosmina (Table 1). Genotype-depen-
dent flexibilities in the phenotypic plasticity of Cladocera
have been reported mainly for the genus Daphnia (Lining
1994, Boersma et al. 1998).

The total number of Bosmina individuals at the end of
the experiment was higher in the control than in the no
cetyl alcohol treatment (Table 2). The lower number of
individuals resulting from the latter treatment might have

Mean numbers of individuals with different antennule types (mean = SE) in a beaker in experiment 2. Values in parentheses

Antennule type in adult

Treatment Adult cornuta pellucida cornuta (%) Juvenile
Control 40.3 36.0£6.7 4.33%0.3 88.7 a* 36.7
No cetyl alcohol 15.3 11.7x2.6 (13.7) 3.67=1.5 (1.65) 78.1 a 13.7
Isolation 17.7 15.3+£3.9 (15.8) 2.33+0.3 (1.90) 86.2 a 12.0
No isolation 14 5.0%2.9 (12.5) 9.0x2.9 (1.50) 258 b 6.67

* Means denoted by the same letter are not significantly different from each other with Bonferroni/Dunn post hoc test (p > 0.05).
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Figure 4. Length (mean = SE) of (a) the body, (b) the

antennule, and (c¢) the mucrone of B. longirostris with each
antennule shape at the end of the experiment.

been due to entrapment at the water surface. This indicated
that the cetyl alcohol treatment was effective in reducing
mortality of Bosmina caused by entrapment, as was the case
for Daphnia (Desmarais 1997). A marked decline in the
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number of animals was also observed in the Acanthocyclops
treatments (isolation and no isolation), even though the
water had been treated with cetyl alcohol. This might have
been due to predation by Acanthocyclops in the no-isolation
treatment and some other unknown factors in the isolation
treatment. A possible factor would be the negative impact
of the predator kairomone, which is known to suppress the
individual growth of cladocerans, especially Daphnia,
which lose energy in defensive response to predators
(Tollrian and Dodson 1999). In addition, the negative
impact might be promoted by the not-very-favorable food
condition with Chlorella as food in the present experiment,
where Bosmina showed a slower population growth in
comparison with the result of a study by Urabe (1991), who
used mixed algae comprised mainly of Scenedesmus.
Actually, B. longirostris fed with Chlorella in our separate
culture experiment showed lower fecundity than the
Bosmina did in Urabe’s experiment even though the algal
biomass prepared for the animals was nearly the same in
the two experiments.

The results of experiment 2 indicated that the proportion
of antennule types was constant (ca. 80% of individuals
showing the cornuta-type morphotype) in most of the
treatments (control, no cetyl alcohol, and isolation).
However, this was not the case for the no-isolation
treatment, where predators were allowed to physically
attack the prey Bosmina and the ratio of cornuta was
significantly lower than that in the other treatments
(Table 2). The difference in the relative abundance of
cornuta-type individuals must therefore have been due to
the bosminids having direct contact with the copepods.
Cyclopoid copepods can consume bosminids with shorter
antennules and mucrones more efficiently than those with
longer appendages (Kerfoot 1977, 1987). In our data, the
cornuta morphotype tended, but not significantly, to have
shorter antennules than the pellucida morphotype in the no-
isolation treatment (Fig. 4a). This coincides with the
findings by Kappes and Sinsch (2002a, b), who reported
that B. longirostris with the cornuta morphotype have
shorter appendages than the animals with the pellucida
morphotype. Therefore, it seems most likely that cornuta is
more vulnerable to copepod predation than pellucida, as
indicated by Kappes and Sinsch (2002a). Thus, the decline
in the percentage and absolute number of cornuta
individuals in the no-isolation treatment can be well
explained by selective predation. Surprisingly, however,
the absolute number of pellucida individuals was much
higher than the expected value (Table 2). This means that
the number of pellucida-type individuals increased during
treatment.

The reason why pellucida individual increased in the no-
isolation treatment may be explained as follows. There was
competition between the cornuta and pellucida individuals,
and their relative abundance was determined by the
competitive pressure. The pressure was reduced by pre-
dation of copepods, which decreased total number of
bosminids, and as a result, the pellucida (defensive
morphotype) individuals increased while the cornuta
(nondefensive morphotype) decreased by selective pre-
dation by copepods.
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However, this might not be the event that occurred in the
isolation treatment, because the competitive pressure
seemed not to be controlled by the predators. This was
inferred from the phenomenon that the total number of
Bosmina in each experimental chamber decreased not only
in the no-isolation treatment but also in the isolation
treatment. The decline in the individual number might be
due to entrapment to the water surface or other unknown
factors. Thus, it could be concluded that in the no-isolation
treatment, some animals altered their antennule shape from
the cornuta type to the pellucida one.

The results of the present study and that of Kappes and
Sinsch (2002a) suggest that the pellucida morphotype is
more effective in avoiding cyclopoid copepod predation
than the cornuta morphotype. We observed that all the
juvenile bosminids had the pellucida morphotype (append-
age lengths were not affected by the treatments, p > 0.05
with nested ANOVA), but that this mostly changed to the
cornuta type during growth in the control and isolation
treatments, where the animals were not attacked by
predators. This phenomenon may indicate that the juvenile
life stage is the one most vulnerable to copepod predation
(Kerfoot 1977; Chang and Hanazato 2005), thus explaining
why juveniles always possess the defensive morphotype
irrespective of presence/absence of predators. Loss of the
pellucida morphotype in the adult stages suggests that
retaining the relatively straight and long antennules carries
some disadvantages in the absence of predators. Lagergren
et al. (1997) estimated the cost associated with the extreme
morphotype (high carapace and extremely long antennules)
of Eubosmina coregoni gibbera in comparison with the
typical morphotype (low body height and short antennules)
of Eubosmina longispina longispina, and concluded that
animals showing the extreme form had to work at least
12% harder than those with the typical form to swim at the
same speed because of the increased viscous drag. This is
also likely the case for B. longirostris with the pellucida
morphotype, and probably explains why most adults lose
the defensive morphotype in the absence of predators.

The number of pellucida-type individuals increased in the
no-isolation treatment but did not in the isolation treatment.
This suggests that the change in antennule shape from
cornuta to pellucida was not induced by chemical cues
(predator kairomone), but rather by physical stimulation
(turbulence or attack) by Acanthocyclops. 1t is possible that
substances released from consumed or injured Bosmina act
as alarm signals (Daphnia: Laforsch et al. 2006). However,
this may be denied by the fact that no morphological change
was induced in the isolation treatment, where Bosmina were
constantly introduced into the inside of nets as food for
Acanthocyclops and should be ingested or damaged by the
predators. Therefore, we hypothesize that physical stimula-
tion by invertebrate predators acts as an induction factor for
morphological changes in B. longirostris. To our knowledge,
this is the first study demonstrating that physical stimulation
by predators is a proximate factor inducing the development
of defensive morphologies in zooplankton species excepting
Daphnia (Tollrian and Laforsch 2006).

The induction of defense strategies by mechanical
damage resulting from predation has been reported in
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both terrestrial plants and animals (Agrawal et al. 1999;
Agrawal 2001). For example, high levels of proteinase
inhibitors (high trypsin inhibitor:soluble plant protein
ratio) in the grey alder (Alnus incana) are induced by
grazing of the leaf beetle Galerucella lineola, and act as
a chemical defense that restricts the growth of the herbivore
(Seldal et al. 1994). Harvell (1984) demonstrated that the
marine bryozoan Membranipora membranacea produced
defensive spines in response to stimulation by predatory
nudibranchs (Doridella steinbergae and Onchidoris muri-
cata). Such physical damage acts as a prompt warning
signal to prey organisms, which then adopt appropriate
countermeasures. On the other hand, chemical stimuli
(predator kairomones), which are well known cues used in
prey—predator interactions in plankton communities, help
prey individuals to take preventive measures as they are
able to detect the presence of predators before they are
physically attacked (Hanazato 1994). Our studies have
confirmed that the small cladoceran Bosmina develops
defensive morphotypes in response to physical (this study),
not only to chemical (Sakamoto et al. 2006), stimuli
originating from predators.

In the present study, Bosmina tended (especially in
pellucida, but not significantly) to have longer antennules in
the isolation treatment, where it was exposed to the
copepod kairomone (Fig. 4a). However, the change in
antennule morphotype was not induced by the kairomone
but by physical contact with the predator (Table 2). These
facts suggest that exposure to the predator kairomone
alone is insufficient to trigger the development of extreme
morphologies, and that mechanical cue(s) from predators
act as an additional proximate factor for induction of these
features in Bosmina. In the present experiment, we did not
expose B. longirostris to cold water, which is known to be
a factor enhancing the development of protuberant
morphotypes of this species (Kappes and Sinsch 2002a).
Thus, induction of more extreme morphologies would
likely be observed if the animals were exposed to such
environmental factors simultaneously with physical and
chemical cues.

The validity of the morphological defenses of prey
animals in response to physical stimuli may depend on the
feeding behavior of the predators. If the prey organisms
have high death rates as a result of a predator strike, then
physically induced morphological defenses may not evolve.
Kerfoot (1977) tested the predation efficiency of two
cyclopoid copepod species for B. longirostris, and con-
firmed that the percentage of first-instar individuals injured
was 2% after encounters with Cyclops bicuspidatus and 21%
with Cyclops vernalis. The rates of injury decreased with
growth of the bosminids. Chang and Hanazato (20035)
reported that the capture efficiency and the probability of
successful ingestion of B. longirostris by the cyclopoid
copepod Mesocyclops were less than 20% during 1.5 h
when two prey and a predator were placed in a 1-mL
chamber. These results suggest that prey Bosmina are not
captured easily by the copepods even if attacked frequently,
and thus the physical stimuli provided by the predators are
useful signals that enable the prey animals to predict
increased mortality due to predation.
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