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ABSTRACT

Some water fleas Daphnia change their head morphology to reduce predation risk in response to chemical substances
(kairomones) released from larvae of the invertebrate predator Chaoborus (Insecta: Diptera). We tested for evidence of the costs asso-
ciated with elongation of the head spine in Daphnia galeata and the consequences of these costs on the inducibility of head spine elon-
gation in predictable and unpredictable environments. We exposed D. galeata in outdoor experimental ponds to conditions under which
predation pressure by Chaoborus larvae and the concentration of kairomones from this predator were controlled for about 70 days. In
the laboratory, we then used Daphnia clones collected from the outdoor ponds to investigate the inducibility of head spine formation
in response to Chaoborus kairomones.

The inducibility of head spine formation increased in D. galeata from the ponds that had contained both predators and kairomones,
whereas in water fleas from the ponds containing only kairomones the plasticity (inducibility) of head spine formation decreased com-
pared with that in the control ponds. These results suggest that the production of a defensive head spine, its phenotypic plasticity, or
both entail some costs. Contrary to our predictions, exposure to Chaoborus kairomones in the laboratory resulted in head lengths that
were not significantly different among any of the clones from the three outdoor treatments.

We found no evidence for costs associated with head spine elongation in terms of fecundity, time to maturity, or intrinsic rate of
natural population increase. Average within-clone partial correlations calculated for head length and intrinsic rate of natural popu-
lation increase, corrected for body length, were not significantly negative, indicating no cost of defence. This was probably because
food conditions in the laboratory were so good that the costs of defence could not be detected. Furthermore, community-level changes,
such as changes in food conditions caused by manipulation of the predation regime in the outdoor ponds, might have worked as selec-
tion pressures and confounded the results.
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1. INTRODUCTION

Phenotypic plasticity, the potential of a single geno-
type to produce different phenotypes in response to
changes in environmental conditions (Bradshaw 1965),
is an effective adaptation to variable environments when
environmental cues are available. Phenotypic plasticity
has been studied vigorously, both empirically and theo-
retically (e.g., for reviews see Scheiner 1993;
Schlichting & Pigliucci 1998).

Inducible defences in organisms, which include the
induction of alterations in behaviour, chemistry, life his-
tory, colour, or morphology in response to cues from
consumers or competitors, can be seen as adaptive phe-
notypic plasticity. In aquatic communities, the release of
chemical substances from predators often gives rise to
changes in morphology, life-history traits, or behaviour
in prey species (reviewed in Havel 1987; Adler &
Harvell 1990; Harvell 1990). These chemicals are gener-
ally called ‘kairomones’, as these induced changes con-
fer benefits to the prey species (Dicke & Sabelis 1988).

The induced changes in morphology, for example,

are beneficial because they decrease the vulnerability of
the prey species to predation (Gilbert 1980; Krueger &
Dodson 1981; Harvell 1984; Havel & Dodson 1984;
Lively 1986a; Mort 1986; Nilsson et al. 1995; Spitze &
Sadler 1996). If the induced defences have benefits
without fitness costs associated with their development,
they should be regarded as constitutive or fixed defences
rather than phenotypically plastic ones (Lively 1986b;
Clark & Harvell 1992). Therefore, the costs associated
with these inducible defences have been looked for as
the reason behind the prevalence of inducible defences.

The cost-benefit framework predicts not only the
evolution of inducible defences under a predictable envi-
ronment, but also the dominance of fixed defences or
lack of defences in an unpredictable environment (Lively
1986b). Few experimental studies, however, have tested
these predictions. In the present study, we demonstrate
the validity of the cost-benefit framework in explaining
the evolution of inducible defences by manipulating
environmental cues (kairomones and predation) in an
experimental system of zooplankton and predators.

The freshwater crustacean Daphnia is a major con-
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stituent of zooplankton communities. These species alter
their morphology (formation or elongation of a head
spine, helmet, or neck-teeth) in response to chemical
substances released by invertebrate predators such as
backswimmers (Grant & Bayly 1981) or larvae of the
phantom midge Chaoborus (Insecta: Diptera) (Krueger
& Dodson 1981; Hanazato 1991) or by predatory fishes
(Tollrian 1994). They also change their life-history traits
(Dodson & Havel 1988; Stibor 1992) and exhibit diel
vertical migration (Dodson 1988; De Meester 1993,
1996) in the presence of chemical cues from fish or
invertebrate predators. They usually exhibit cyclical
parthenogenesis, by which both asexual and sexual
reproduction exist in the life cycle. Asexual reproduc-
tion, which predominates most of the time, enables
direct description of within-clone variation as a reaction
norm; this variation is defined as the difference between
the mean phenotypic values expressed in several envi-
ronments by clonal replicates. Thus, with their short
generation time and ease of manipulation, Daphnia are
among the most favourable organisms for studying the
evolution of phenotypic plasticity of morphology, life
history, and behaviour as mediated by chemical cues
from predators (e.g., Tollrian & Dodson 1998).

Here, we controlled predation and predator
kairomones in a population of Daphnia galeata in a zoo-
plankton community established in outdoor experimen-
tal ponds. We searched for evidence of the costs associ-
ated with elongation of the head spine and the conse-
quences of these costs in terms of the inducibility of
head spine formation in D. galeata under predictable
and unpredictable environments.

We assumed that the induced morphological
defence in Daphnia (i.e., development of a head spine
in response to predator kairomones) was beneficial to
Daphnia in the presence of Chaoborus at the expense of
a decrease in fitness. We also assumed that there was a
genetically based variability in the inducibility of head
spine development, and that this variability was associ-
ated with fitness. Three predictions were derived from
these assumptions: (1) in the environment with preda-
tory Chaoborus larvae and kairomones, Daphnia clones
that were sensitive to kairomones would increase in
number because the induction of spine formation was
beneficial over the costs of defence in the presence of
predators; (2) in the environment containing only
kairomones without predators, Daphnia clones with
less sensitivity to kairomones would be favoured
because of the costs associated with elongation of the
head spine; and (3) in the environment with neither
predators nor kairomones, a wide variety of sensitivity
to kairomones would be observed, because the ability to
form a head spine would be obscured and not exposed
to selection.
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2. MATERIALS AND METHODS

2.1. Outdoor experiment

Nine outdoor concrete ponds (1.5 x 2 x 0.7 m deep)
were used. The ponds were lined with polyethylene film
to prevent any influence from previous experiments.
The ponds were filled with ground water to a depth of
0.5 m (water volume 1500 1) before the experiment. To
establish zooplankton communities, about 7.7 kg of bot-
tom mud from the eutrophic Lake Nakanuma (Japan:
35°53’N, 140°09’E), which contained the resting stages
of phytoplankton and zooplankton, was introduced into
each pond on 14 September 1997. Before the introduc-
tion, the mud was sieved with a 0.59-mm mesh net to
eliminate larvae of the invertebrate predator Chaoborus
flavicans. Daphnia galeata and Daphnia ambigua are
major cladocerans in Lake Nakanuma, which is inhabit-
ed by planktivorous fish (e.g., bluegill sunfish, Lepomis
macrochirus) and C. flavicans larvae. The bottom mud
was collected from the lake with an Ekman-Birge
dredge on 4 September 1997, and it was kept in the dark
in a temperature-controlled room (10 °C) until the start
of the experiment. The surfaces of all ponds were cov-
ered with nets (mesh size 1.5 mm) so that C. flavicans
adults could not lay eggs in the ponds.

There were three ‘predation’ ponds. They received
C. flavicans egg masses collected from a nearby pond
containing abundant C. flavicans larvae. The Daphnia in
these ponds were thus subjected to both predation by C.
Sflavicans larvae and the chemical effects of C. flavicans
kairomones. Introduction of C. flavicans egg masses
was started on 22 September (day 9 of the experiment)
and was repeated two or three times a week to compen-
sate for the loss of larvae through emergence as adults.
The three ‘kairomone’ ponds received water containing
the kairomones released from C. flavicans larvae. This
water was supplied daily to the three ponds from 3
October until the end of the experiment (5 December)
and was prepared as follows. To supply each kairomone
pond, about 1000 fourth-instar larvae of C. flavicans
collected from a nearby pond were kept in a 45-1 fibre-
glass-reinforced plastic container and were fed Daphnia
rosea and Moina macrocopa. All of the water (about 40
litres) from the container was sprinkled over the pond
once a day after being filtered through a net (mesh size
20 pm) that prevented the passage of most zooplankton.
The containers with the remaining C. flavicans larvae
were refilled with water from the kairomone ponds after
most of the zooplankton had been removed from these
ponds by sieving with a net (mesh size 20 pym). The
three remaining ponds were assigned as ‘controls’ and
contained Daphia but no predators and no kairomones.

Water was sampled from the centre of each pond
after the water column had been mixed gently to homog-
enize the distribution of zooplankton. Sampling was
conducted twice a week from 18 September until 5
December using a Kitahara sampler (Rigosha & Co.,
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Ltd., Saitama, Japan), which isolated a column of water
(1.3 1) from the surface to 10 cm above the sediment.
Zooplankton were collected by passing two samples of
water (2.6 1) through a 40-uym mesh net and then fixed
with sucrose formalin (Haney & Hall 1973). The num-
ber of zooplankton was counted under a binocular
microscope. Chaoborus flavicans larvae were collected
by towing a plankton net (mesh size 94 ym, diameter 20
cm) vertically from the bottom to the surface of the
pond, and then preserved in sucrose formalin.

The chlorophyll a concentration in the water was
determined by the method of Talling & Driver (1963,
cited in Vollenweider 1974). On each sampling day, the
water temperature, dissolved oxygen concentration
(DO), and pH in each pond were measured with a DO
meter (YSI Model 55, YSI Hydrodata Ltd.,
Hertfordshire, UK) and a Beckman F44 pH meter
(Beckman Coulter, Inc., CA, USA).

Samples for morphological measurement were col-
lected on day 41 of the experiment (24 October) by tak-
ing a bucketful of water (about 20 L) from the centre of
each experimental pond after gently mixing the water col-
umn. Samples were fixed with sucrose formalin, and the
head length (from the eye to the helmet tip) and body
length (from the eye to the base of the tailspine) of D.
galeata were measured with a profile projector (Topcon,
Model PP70, TOPCON CORPORATION, Tokyo, Japan).

2.2. Laboratory experiment

Four individual Daphnia, each hereafter called a
‘clone’, were collected from each pond on 6 December
and cultured separately. Each clone was maintained in a
200 mL-beaker of dechlorinated tap water containing
1 x 10 cells ml"!' of Chlorella vulgaris as food. Each day
a sufficient quantity of algae was supplied to maintain
the initial algal concentration. Every 3 days 10 to 15 ani-
mals of each clone from each pond were transferred by
pipette to fresh medium. For three generations before
the laboratory experiment, the numbers of each clone in
the culture medium were maintained at 20 to 30 indi-
viduals per beaker to lessen possible maternal effects
(Lynch 1985) and acclimatize the clones to the environ-
ment.

‘Kairomone water’, which contained chemical sub-
stances from C. flavicans larvae, was prepared as fol-
lows. Fourth-instar larvae of C. flavicans were collected
from a pond near the experimental ponds and were
reared in aged tap water at a density of 30 individuals I'!
for 2 days in a temperature-controlled room (22 + 1 °C).
Enough cladocerans (M. macrocopa) were provided
daily as food. After the larvae had been reared, the water
was filtered through a Whatman GF/C filter to remove
any particles > 1 ym in diameter and then stored in a
freezer at —30 °C, under which conditions the chemicals
from Chaoborus larvae are stable for at least 6 months
(Hebert & Grewe 1985). The frozen water was thawed
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at room temperature before the experiment and used as
the kairomone water rearing medium, after it had been
diluted to one-third with dechlorinated tap water.
Dechlorinated tap water, in which Chaoborus larvae had
never been reared, was used as the ‘control water’.

The effect of the predation regimes in the outdoor
experiment on the degree of phenotypic plasticity was
expressed as the difference in the slopes connecting the
mean head lengths of clones from the three different
outdoor treatments (control, Chaoborus, and
kairomone) reared in two different culture media (con-
trol water and kairomone water) in the laboratory. At the
beginning of the laboratory part of the experiment, adult
Daphnia that had eggs in their brood chambers were
transferred to two beakers filled with 100 mL of the
experimental medium (control water or kairomone
water). The population densities were kept to about 10
per beaker. Chlorella was provided as food at a concen-
tration of 1 x 10° cells ml"!. After exposure to the exper-
imental medium for 24 hours, the adults were trans-
ferred to fresh medium and kept for a further 14 h. Three
neonates born in each beaker within this 14-h period and
destined for use as replicates for the measurement of
clone values were picked up by pipette and individually
put into test tubes containing 20 mL of experimental
medium in which Chlorella was suspended at a density
of 1 x 10° cells mL™! as food. The neonates used to meas-
ure morphology and life-history traits were taken from
the mother’s third (or later) clutch. The test tubes were
placed in an incubator temperature-controlled at 23 +
0.5 °C and with a photoperiod of 14:10 h light:dark.

Individuals were videotaped under a microscope and
the images were measured afterwards with the aid of a
Himawari video digitizing system (Library & Co., Ltd.,
Tokyo, Japan). Several morphological and life-history
traits were measured. Head length and body length were
measured at the second juvenile instar and at the first
and second clutches. Fecundity (total number of eggs
carried at the first and second reproductions) was also
recorded. Time to maturity was determined by monitor-
ing the individuals daily. The animal was transferred to
fresh rearing medium immediately after measurement.
The intrinsic rate of natural population increase was cal-
culated from the information on the first two clutches by
using the stable-age (Euler’s) equation. As the time of
release of neonates was not observed in the case of the
second clutch, we regarded it as 2 days after eggs had
been seen in the brood chamber, because in the first
clutch 98.4% of neonates had been released from the
brood chambers within 2 days.

2.3. Statistical analyses

The morphological changes in D. galeata in the out-
door experiment were analysed as the difference in the
allometric relationship between head length and body
length after natural log-transformation. The three ponds
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in each treatment (control, Chaoborus, and kairomone)
were nested in the field (hereafter called ‘pond effect’),
and the nested ANCOVAs were performed with body
length as a covariate using PROC GLM and PROC REG
in SAS (SAS Institute 1988). Differences in regression
coefficients were tested by the Tukey-Kramer method
(Sokal & Rohlf 1995).

The morphological and life-history traits of animals
measured in the laboratory experiment were analysed by
two-way nested ANOVAs and ANCOVAs with or with-
out repeated measurements. The full models for
ANOVAs and ANCOVAs with morphological and life-
history traits were as follows. Outdoor treatment (preda-
tion effect: control, Chaoborus, and kairomone) and lab-
oratory treatment (medium effect: control water and
kairomone water) were treated as fixed effects. The
three ponds nested in each treatment in the outdoor
experiment (pond effect) and the four clones nested in
each pond (clone effect) were considered as random
effects. Morphological traits were measured for the
same individual several times (stage effect), that is, at
the second instar, at the first adult instar, and at the sec-
ond adult instar. The head length of D. galeata is large-
ly dependent on body length. Therefore, to compare the
phenotypic plasticity of head length independently of
body length, nested ANCOVAs were used, with body
length as a covariate. Head length and body length were
analysed after natural log-transformation. Statistical
analyses of all traits were performed with PROC
MIXED in SAS (Littell et al. 1996).

For further analyses of significant interaction effects
between the predation effect and the medium effect, two
contrasting interaction effects were tested (Milliken &
Johnson 1984). The null hypotheses for the two con-
trasts were as follows. First, the plasticities of D. galea-
ta from the Chaoborus ponds and from the control
ponds were the same. The second one was that the plas-
ticities of individuals from the kairomone ponds and
those from the control ponds were the same.

Because the age at which Daphnia has eggs for the
first and the second clutches differs among clones, we
also analysed head length and body length measured at
the second and fifth instars (At these instars the head and
body have both experienced the same number of molts).

The costs of an inducible defence include both the
costs of defence and the costs of plasticity. The defen-
sive costs of head length were estimated as among-indi-
vidual, within-clone correlations between head length
and intrinsic rate of natural increase using PROC NEST-
ED in SAS as in Scheiner & Berrigan (1998).
Correlations of the residuals, after the removal of any
genetic (among-clone) effect, measured the costs of
defence averaged across clones. As body length has a
strong influence on both head length and intrinsic rate of
natural population increase, partial correlations between
them, with body length held constant, were calculated to
examine the costs of defence. The costs of defence were

145

expressed as negative partial correlations between head
length and intrinsic rate of natural increase. Head length
and body length were natural log-transformed before the
analysis. We estimated the correlations separately for
each medium level at the second instar, at the first and
second reproductions, and at the fifth instar.

3. RESULTS

3.1. Population dynamics of Daphnia galeata and
Chaoborus flavicans in the experimental ponds

The water temperature in the experimental ponds,
which was 22 °C at the start of the experiment, had
declined steadily to 7 °C by the end of the experiment.
The difference in water temperature among the ponds was
usually less than 2 °C. DO in the ponds first increased
after the start of the experiment, gradually declined
towards the middle, and then increased again near the end
of the experiment. It ranged from 6.7 to 13.7 mg 1. The
pH increased first, stayed constant at about 9.3 for a
month, and then declined gradually towards the end of the
experiment. It ranged from 7.6 to 9.4. The chlorophyll a
concentration increased rapidly to a maximum of about
11.5 to 19.1 ug I'! in the nine ponds just after the intro-
duction of the lake mud and was followed by a sharp
decline; it then fluctuated between 0.06 and 6.4 ug 1,
except in the Chaoborus ponds, where it stayed at a con-
stant value of about 1 ug 1! after the first sharp increase.

The number of D. galeata in the control ponds
increased to 70 to 110 individuals 1" by day 48 of the
experiment (31 October); this was followed by several
fluctuations (Fig. 1a).

In the Chaoborus ponds, the density of C. flavicans
at the third and fourth instars (at which ages the larvae
have the largest influence on the mortality of D. galea-
ta) fluctuated between 0.5 and 2 individuals I''. Daphnia
galeata in the Chaoborus ponds stayed at a relatively
low density during the experiment compared with the
controls, presumably because of C. flavicans predation
(Fig. 1b).

Throughout the experiment, D. galeata in the
kairomone ponds tended to stay at high densities relative
to those in the control ponds, probably because the daily
addition of kairomones included nutrients which may
have stimulated phytoplankton growth (Fig. 1c).

3.2. Morphological changes in Daphnia galeata
in the experimental ponds

The experimental treatments in the outdoor ponds
changed the allometric relationships between head
length and body length in D. galeata (Tabs la and b).
There was a significant interaction effect between the
experimental treatment and the covariate of body length:
that is, the three treatments gave different slopes
(ANCOVA; predation x body length, F’ =824,P=

2,252
0.0003). The steeper slope for the allometric relation-
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Fig. 1. Population dynamics of Daphnia galeata in experimental ponds: (a) control ponds, (b) Chaoborus ponds, (c) kairomone ponds.
Three lines for each panel show replicates. Broken and dotted vertical lines indicate sampling date for morphological measurement
and sampling date of individuals for the laboratory experiment, respectively. Inset in (b) shows the density of Chaoborus flavicans

larvae at the third and fourth instar.

ship between head length and body length in the
Chaoborus ponds than in the control and the kairomone
ponds (Tab. 1a), combined with the statistically signifi-
cant contrast between the control and Chaoborus (F 1252
= 8.65, P = 0.0036), indicate that D. galeata in the
Chaoborus ponds had a longer head relative to its body
length than did those in the control and kairomone
ponds. We considered this difference in slopes to be
caused by elongation of the head spine in response to
Chaoborus kairomones and by a heavier mortality rate
of individuals with less elongated heads in the
Chaoborus ponds. Similarly, in the kairomone ponds, D.

galeata altered its head morphology, having a longer
head spine relative to its body owing to the presence of
kairomones released from C. flavicans larvae (Tab. 1b;
predation F],m) =30.90, P = 0.0001), compared with D.
galeata in the control ponds.

3.3. Effects of treatment in the experimental ponds on
the phenotypic plasticity of head length measured
in the laboratory experiment

Differences in phenotypic plasticity caused by treat-
ments in the outdoor experiment can be expressed by

Tab. 1. Results of regression analysis and analysis of covariance of allometric relationships
between head length and body length of Daphnia galeata on day 41 in the experimental
ponds. Data were natural log-transformed before analysis. Measurements for the three repli-
cate ponds were pooled because the pond effect was not statistically significant. (a) Estimated
regression coefficients “b”. Significant differences in slopes were determined by the Tukey-
Kramer method and are shown in bold. Underlined value was marginally significant. (b)
Results of an analysis of covariance fitting a common slope for the control ponds and the

kairomone ponds.

Slope Difference in slopes
Predation Estimate Control Chaoborus Kairomone

Control Control 0.363 - - -
Chaoborus by oborus 0.675 0.311 - -
Kairomone Kairomone 0.493 0.129 0.182 -

Source df MS F-value P-value

Predation 1 0.1190 30.9 0.0001

Body length 1 0.3701 96.1 0.0001

Residual 176 0.0039
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two-way ANOVA as a significant predation x medium
interaction effect. When head length was analysed by
repeated measures of ANCOVA for three developmental
stages (second instar, ages at the first and second repro-
ductions), a significant interaction effect of predation x
medium was found (Fig. 2a, Tab. 2a). We tested the con-
trasts in the interaction effect further, and we found that
D. galeata from the Chaoborus ponds had a significant-
ly steeper reaction norm than those from the control
ponds, whereas the reaction norms for animals from the
kairomone ponds and the control ponds were not signif-
icantly different (Tab. 2a). Similarly, ANCOVA with
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Fig. 2. Reaction norms of Daphnia galeata, describing the pat-
tern of head length in response to Chaoborus kairomones for
the three experimental treatments in the outdoor ponds.
Reaction norms are shown as those of least square means; head
length was adjusted to a grand mean of body length and aver-
aged (a) for three developmental stages (at the second instar,
and at the first and second reproductions) or (b) for two ages (at
the second instar and at the fifth instar). Error bars indicate one
standard error.
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Tab. 2. Results of mixed model analyses of covariance with
repeated measurements of head length plasticity data, using
PROC MIXED for (a) three developmental stages (at the sec-
ond instar, and at the first and second reproductions) or (b) two
ages (at the second instar and at the fifth instar). Body length
was included in the model as a covariate. Each variance com-
ponent is followed by one standard error, as estimated by
asymptotic theory. P-values were obtained by log-likelihood-
ratio tests. Significance of fixed effects were tested by F-test.
P-value with asterisks indicate contrasts that were significant at
a level adjusted by the Dunn-Sidak method to maintain the
experiment-wise error rate at P = 0.05.

Table 2a

Source Estimate SE P-value
Random effects

Clone 0.0022 0.0008 < 0.0001
Clone X Stage 0.0011 0.0004 < 0.0001
Clone X Medium 0

Source F-value P-value

Fixed effects

Predation 328 0.1367
(Control-Chaoborus) in Kairomone water 2.04  0.2040
(Control-Kairomone) in Kairomone water 3.37  0.1220

Medium 160.7  0.0001

Body length 30.89  0.0001

Stage 1.19  0.3176

Predation X Medium 7.00 0.0012
Control - Chaoborus 5.20 0.0240 *
Control - Kairomone 2.19 0.1410

Predation X Stage 1.04 04118

Medium X Stage 10.3  0.0001

Predation X Medium X Stage 0.85 0.4986

Table 2b

Source Estimate SE P-value

Random effects

Clone 0.0015 0.0008 < 0.0001
Stage X Clone 0.0019 0.0007 < 0.0001
Clone X Medium 0

Source F-value P-value

Fixed effects

Predation 3.17  0.1317
(Control- Chaoborus) in Kairomone water 3.55 0.1032
(Control-Kairomone) in Kairomone water 6.06 0.0483

Medium 177.7  0.0001

Body length 47.48 0.0001

Stage 7.51 0.0071

Predation X Medium 6.16  0.0027
Control - Chaoborus 0.89 0.3474
Control - Kairomone 6.22  0.0137 *

Predation X Stage 0.63  0.5461

Medium X Stage 16.7  0.0001

Predation X Medium X Stage 0.29  0.7455
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repeated measurements for two stages (second and fifth
instars) showed a statistically significant predation x
medium interaction effect (Fig. 2b, Tab. 2b). Further
analyses using contrasts, however, contradicted the
result obtained from the three stages data. We found that
the slope of the reaction norm for D. galeata from the
kairomone ponds was significantly less steep than that
from the control ponds, and the slopes of the reaction
norms from the control ponds and the Chaoborus ponds
were not different (Tab. 2b). The problem is that multi-
ple testing by two analyses not independent of each
other makes it difficult to interpret such contradicting
results. However, because we wanted to be as liberal as
possible in our search for a significant predation x medi-
um interaction effect, we interpreted these results as
supporting our predictions.

3.4. Comparison of head length in kairomone water

We predicted that when head length measured in the
kairomone water in the laboratory was compared among
the three treatments in the field experiment, D. galeata
from the Chaoborus ponds would have the longest
heads, followed by medium-sized heads in Daphnia
from the control ponds, and the shortest heads in those
from the kairomone ponds. Contrary to our predictions,
when the Daphnia were exposed to Chaoborus
kairomones, head length did not differ among the three
predation treatments, except in our analysis of the data
from measurements made at the two ages, in which D.
galeata from the control ponds had a marginally signif-
icantly longer head than that from the kairomone ponds
(P = 0.0483; Fig. 2b, Tab. 2b).
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3.5. Other morphological and life-history traits

No significant effect on body size at the first repro-
duction was found, except for the predation x medium
interaction effect, which was marginally significant
(Tabs 3 and 4). Clones from the Chaoborus ponds had a
tendency to have smaller body lengths in the kairomone
water than in the control water at the first reproduction,
whereas the two other treatments gave the opposite pat-
tern (Tab. 3). Body length at the second instar showed a
similar pattern, but the predation X medium interaction
effect was not significant (Tabs 3 and 4).

Fecundity, as measured by total number of eggs car-
ried at the first and second reproductions, was not affect-
ed by the predation regime in the outdoor ponds (Tabs 3
and 4). Fecundity was significantly greater in the
kairomone water than in the control water. A statistical-
ly significant variance component was observed for the
clone effect (Tab. 4). This finding, together with the lack
of a significant predation x medium effect on fecundity,
indicates that there were no significant effects on fecun-
dity in terms of the cost of head spine development.

For time to maturity, the predation, medium, and pre-
dation x medium interaction effects were not statistical-
ly significant (Tabs 3 and 4). Significant variance com-
ponents were found for the clone effect and the clone x
medium interaction effect (Tab. 4). No effect indicating
evidence for costs associated with elongation of a head
spine was found.

The intrinsic rates of natural population increase
were compared to see whether there was any fitness cost
associated with the formation of a head spine (Tabs 3
and 4). Data analysed by two-way ANOVA showed a
statistically significant medium effect and clone effect,

Tab. 3. Means of morphological and life-history traits of Daphnia galeata from three experimental treatments when exposed to two
different media in the laboratory. See also Table 4 for significant effects by ANOVA. Body length was natural log-transformed before

analysis. Values in parentheses are standard errors.

PREDATION

CONTROL CHAOBORUS KAIROMONE

Trait Control water ~ Kairomone water ~ Control water ~ Kairomone water ~ Control water ~ Kairomone water
Body length

at the 2nd instar (mm) 6.617 (0.008) 6.623 (0.008) 6.615 (0.008) 6.606 (0.009) 6.610 (0.008) 6.614 (0.008)
Body length

at st reproduction (mm) 7.180 (0.014) 7.193 (0.014) 7.194 (0.014) 7.175 (0.014) 7.178 (0.014) 7.200 (0.014)
Fecundity 11.89  (0.72) 1335 (0.71) 1222 (0.71) 12.85 (0.73) 12.66 (0.71) 142 (0.69)
Time to maturity (d) 4.88  (0.11) 4.82  (0.11) 494 (0.11) 4.76  (0.11) 4.81 (0.11) 4.80 (00.11)
Intrinsic rate of

natural increase (d!) 0.584 (0.008) 0.598 (0.007) 0.585 (0.007) 0.597 (0.008) 0.591 (0.007) 0.612 (0.007)
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Tab. 4. Results of mixed model analyses of variance by PROC MIXED of morphological and life-history traits of Daphnia galeata
from three experimental treatments exposed to two different media in the laboratory. F-values and estimated variances are shown for
fixed effects and random effects, respectively. Standard errors were estimated by asymptotic theory. Significances (P < 0.05) of fixed
effects and random effects were tested by F-test and by log-likelihood-ratio tests, respectively, and are shown in bold. F-value with

asterisk was marginally significant (P = 0.076).

Fixed effects (F-value)

Random effects (variance estimate)

Trait Predation Medium  Predation X Medium Clone Clone X Medium SE
Body length

at 2nd instar (mm) 0.46 0.01 0.93 0.0004 0.00010 0.0008
Body length

at st reproduction (mm) 0.04 0.55 2.77 * 0.0014 0.00022 0.0002
Fecundity 0.6 16.38 0.99 4.4067 0 3.96
Time to maturity (d) 0.1 1.28 0.54 0.0451 0.04073 0.1400
Intrinsic rate

of natural increase (d!) 0.92 12.54 0.32 0.0003 0.00004 0.0008

and the intrinsic rate of natural increase was greater in
the kairomone water than in the control water. No sig-
nificant predation effect was detected. No evidence was
found suggesting the existence of costs of developing a
longer head spine.

3.6. Costs of defence as indicated by within-clone
correlations

We could find no direct evidence for the costs of
head spine elongation. Daphnia galeata raised in the
kairomone water had higher fecundity and intrinsic rates
of natural increase than those raised in the control water
(Tabs 3 and 4), a finding opposite to our prediction. No
significant predation effect or predation x medium inter-
action effect for these life-history traits was found.

We also estimated the average within-clone correla-
tions among residuals after removal of the among-clone
effect between head length and body length. Partial cor-
relations between head length and intrinsic rate of natu-
ral increase, corrected for body length, are presented in
Table 5. The partial correlations were calculated for
each medium effect (kairomone water or control water).
No significant correlation was found for eight coeffi-
cients, and only two of the eight coefficients were nega-
tive (Tab. 5). Here, again, we could find no evidence for
the costs of head spine elongation.

4. DISCUSSION
4.1. Evolution of head spine elongation inducibility

Treatments in the outdoor experiment changed the
phenotypic plasticity or the slope of the reaction norm of
morphological defence. Two analyses that were not
mutually independent showed different significant dif-
ferences in the slopes of the reaction norm for head

spines for the three outdoor treatments: control,
Chaoborus, and kairomone (Figs 2a and b, Tabs 2a and
b). Although there was a problem with lack of correction
for multiple tests, we interpret these results as support-
ive of our predictions: they indirectly demonstrated the
costs of head spine elongation, which works as a mor-
phological defence against predators.

In several studies, patterns of interpopulation genet-
ic differences with respect to response to predator
kairomones have been observed. These patterns are con-
sistent with adaptive micro-evolution. In Daphnia, for
example, morphologically inducible clones are more
likely to be found in ponds with Chaoborus larvae
(Parejko & Dodson 1991) than in those without, and a
more plastic response in phototactic behaviour in the
presence of fish kairomones has been found in popula-
tions of Daphnia with strong predation by fish (De
Meester 1996). Our result presents evidence for adaptive
micro-evolution of phenotypic plasticity.

However, the result of the comparison of head length
(adjusted by body length) when Daphnia were exposed
to kairomones in the laboratory was contradictory to our
predictions. The observed change of intercepts did not
occur in the direction that we expected. That is, the head
length of clones from the Chaoborus ponds was not sig-
nificantly longer than that of clones from the other treat-
ment ponds; furthermore, when Chaoborus pond clones
were reared in either the kairomone water or control
water in the laboratory, their head length appeared to be
shorter than that of the controls (Figs 2a and b). The
steeper slopes of the reaction norm of D. galeata in the
Chaoborus ponds were caused by the fact that it had a
much shorter head in the control water than in the
kairomone water. This result suggests that interpretation
of our results is not simple. One explanation for this
contradiction may be that, in the Chaoborus ponds,
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traits other than head length were important. Forces of
selection on other traits are probably responsible for the
observed changes in the mean value for head spine
length in the kairomone water, through genetic correla-
tions between head length and those traits.

Furthermore, although the difference was not signifi-
cant, clones from the Chaoborus ponds appeared to have
a smaller body length at the second instar in response to
the kairomone water than those in the control water in the
laboratory, whereas clones from the two other treatment
ponds were almost the same size, or had slightly larger
bodies, in the laboratory kairomone water compared with
the control water (Tabs 3 and 4). These findings contra-
dict both the theoretical and experimental predictions. A
mathematical model of Taylor & Gabriel (1992) predict-
ed that it is adaptive for Daphnia to allocate resources to
have larger offspring and to delay maturity in the pres-
ence of Chaoborus predation. In a selection experiment
with D. pulex and its predatory Chaoborus larvae, Spitze
(1991) found that, after selection by Chaoborus preda-
tion, there was in an increase in the number of individu-
als that were larger at birth, grew faster, matured earlier,
and had greater fecundity. On the other hand, the results
of some empirical studies are in agreement with ours.
Scheiner & Berrigan (1998) found that juvenile body
length was smaller in the presence of an extract of
Chaoborus larvae than in its absence.

Regardless of the theoretical and experimental pre-
dictions, however, smaller neonate size may be
explained in terms of food availability, which is more or
less correlated with Chaoborus predation pressure. In
general, within the genus Daphnia, neonates that are
larger have greater resistance to starvation (Tessier &
Consolatti 1991; Gliwicz & Guisande 1992). One can
predict that optimal neonate size is relatively small
under high food availability if the resources available
for reproduction are constant (Smith & Fretwell 1974;
but see Boersma 1995). Manipulation of the predation
regime in the outdoor ponds could have changed not
only the predation and kairomone presence, but also
food availability, through community-level interaction.
Food availability in the Chaoborus ponds, as indicated
by the chlorophyll a concentration, was at a relatively
high level compared with that in the other ponds during
the outdoor experiment (see Results), probably because
of a top-down effect by predators. Thus, under the rela-
tively good food conditions in the Chaoborus ponds,
small body size might not have been disadvantageous.

4.1. Costs of defence

Because the costs of defence constitute most of the
theoretical models for the evolution of inducible
defences or phenotypic plasticity, it is important to
demonstrate their existence and consequences. Our
results support the idea that the shape of the reaction
norm of morphological defences is formed by the bal-
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ance between costs and benefits. In particular, the signif-
icantly less steep slopes of the reaction norms observed
for D. galeata in the kairomone ponds than in the control
ponds suggest the presence of costs associated with head
spine formation. Thus, the existence of costs associated
with head spine formation was indirectly proved.
However, we could not detect any defensive costs of
head spine formation in the analyses using nested
ANOVAs. Other life-history traits, such as intrinsic rate
of natural increase, total number of eggs carried at the
first and second reproductions, or time to maturity (from
which we expected to detect evidence of defence costs)
provided us with scant evidence. It is possible that the
failure to find costs by ANOVA in terms of the signifi-
cant effects of predation, medium, and predation x medi-
um were caused by obscuring of the costs by good food
availability. Because Scheiner & Berrigan (1998) could
not find direct costs under bad food conditions, we may
not have been able to find such costs even if we had kept
food availability at a low level. The medium effect could
have been be confounded in our experiment not only by
kairomones, but also by the nutritious excretions of the
predatory C. flavicans larvae; these nutrients caused
greater fecundity and intrinsic rates of natural increase
in D. galeata, a result opposite to that expected if there
had been costs. This problem usually makes it difficult
to find costs in the laboratory, and few studies have tried
to remove this confounding effect (e.g., Tollrian 1995).

4.2. Costs and limits of phenotypic plasticity

The genetic change in the inducibility of head spine
development in our study could have resulted from
mechanisms other than those we expected from natural
selection driven by the costs and benefits of having
defensive spines. One alternative explanation may be
that the cost of phenotypic plasticity could, in itself,
have caused the same results. There are several kinds of
costs and limits that constrain the evolution of pheno-
typic plasticity (DeWitt et al. 1998). Although we did
not take these plasticity costs into consideration in mak-
ing our predictions, they could have brought about the
same results. For example, maintenance costs (i.e., the
costs associated with the maintenance of sensory and
regulatory machinery in plastic organisms; DeWitt ef al.
1998) could have reduced the slopes of the reaction
norm for the clones’ head spines in both the control
water and kairomone water in our experiment. Clones
from the Chaoborus ponds, on the other hand, would
have steeper slopes because of the greater benefits of
having elongated head spines at the expense of mainte-
nance costs. Thus, maintenance costs can also explain
part of our results (the steeper reaction norm observed in
the Chaoborus ponds than in the control ponds) without
the inclusion of any cost of defence. We do not neces-
sarily need the costs of defence or plasticity costs to
explain the above difference between the Chaoborus
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ponds and the control ponds. In contrast, to explain the
difference in slopes between the kairomone ponds and
the control ponds we do need the costs of defence, and
it seems that any cost other than the cost of defence itself
cannot explain this difference. It is possible that some
costs of phenotypic plasticity might have confounded
our results, too, but our experiment was not designed to
distinguish these costs. Direct measurements using
many genetically different lines (e.g., DeWitt 1998;
Scheiner & Berrigan 1998) would be desirable for
detecting these plasticity costs, although a recent study
of D. pulex by Scheiner & Berrigan (1998) failed to
detect plasticity costs (maintenance costs and produc-
tion costs) for kairomone-induced traits.

Because we cannot reject the possibility of the impor-
tance of phenotypic plasticity costs and limits as con-
straints in theoretical phenotypic plasticity evolution, we
must be careful in reaching our conclusions. However, it
is certain that some costs (mostly the costs of defence,
together with plasticity costs, if any) were responsible for
the observed differences in phenotypic plasticity
between the control ponds and the kairomone ponds.

4.3. Reliability of kairomones and induced defence

Riessen (1992) used a demographic model to predict
that spatial overlap of prey and predator influences the
advantages of induced defences. This shows us that
kairomones released from predators work as cues for prey
species to determine the risk of predation, and, therefore,
that the reliability of kairomones as information is one of
the important factors in keeping inducible defences
advantageous over fixed defences. Predatory Chaoborus
larvae change in number both spatially and temporally
(Hanazato 1992), and the corresponding change in
kairomone concentration is thought to be reliable infor-
mation that enables Daphnia to determine the relative
predation risk in the environment if the environment is
relatively homogeneous, where the spatial distributions of
predators and their kairomones are the same. However, in
a heterogeneous environment, mismatching of the con-
centration of kairomones with the degree of predation
pressure could bring about disadvantage to induced
defences. Thus, plastic organisms in an environment with
unreliable information express poor phenotype—environ-
ment matching, and the level of information reliability
limits the evolution of phenotypic plasticity (Moran 1992;
Padilla & Adolph 1996; DeWitt et al. 1998).

Our population of D. galeata seemed to have a suf-
ficiently large amount of genetic variability of defence
inducibility to respond to the experimental treatments in
the outdoor ponds. The population that we used in the
experiment had a wide range of inducibility of head
spine formation in the presence of chemical cues from
Chaoborus larvae, because it was derived from resting
eggs reproduced sexually. In cyclical parthenogens such
as Daphnia, recombination, which usually occurs only
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in a single sexual generation each year, generates a pulse
of genetic variability by exposing hidden genetic varia-
tion that builds up under stabilizing selection during
clonal reproduction (Lynch & Gabriel 1983). The large
genetic variability may be the result of the release of this
hidden genetic variance. In addition, environmental het-
erogeneity also contributes to the maintenance of genet-
ic variability. Kairomones released from Chaoborus lar-
vae change not only morphology in Daphnia but also
their phototactic behaviour. Daphnia galeata, for exam-
ple, changes its phototactic behaviour in response to
kairomones released by Chaoborus larvae (Dodson
1988). This response is thought to cause diel vertical
migration, which allows escape from predation by
Chaoborus larvae. This behavioural response of D.
galeata would decrease spatial overlap with Chaoborus
larvae, leading to reduced advantage of spine formation
(Riessen 1992). In such an environment, a wide variety
of inducibility will be observed. Although it has no
empirical support, this prediction also suggests that
clones more responsive in behaviour to the predator may
be less sensitive in terms of morphological change
(elongation of the head spine), and vice versa, permit-
ting the coexistence of clones responsive in either
behaviour or morphology.
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