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Predator-Mediated Plasticity in Morphology, Life History, and
Behavior of Daphnia: The Uncoupling of Responses

Maarten Boersma,1,* Piet Spaak,1,† and Luc De Meester1,2,‡

1. Max-Planck-Institut für Limnologie, Postfach 165, D-24302 phenotype are a direct response to the presence of preda-
Plön, Germany; tors, and the role of this chemical communication be-
2. Laboratory of Ecology and Aquaculture, Katholieke tween predators and their prey has been the subject of a
Universiteit Leuven, Naamsestraat 59, B-3000 Leuven, Belgium large number of studies (reviewed by Tollrian and Har-

vell 1998). Especially in the last decade, it has becomeSubmitted October 9, 1997; Accepted January 21, 1998
increasingly clear that chemicals excreted by predators
(kairomones) influence a wide range of characteristics of
their prey species. In aquatic environments, predator
kairomones have been shown to affect morphology, life-abstract: We studied the way 12 traits responded to fish kairo-

mones in a set of 16 Daphnia magna clones derived from four dif- history traits, and behavior of prey species (reviewed by
ferent habitats—two where daphnids co-occur with fish and two Harvell 1990; Larsson and Dodson 1993). These preda-
without fish. These clones differed widely in their response to tor-prey communication links have been found through-
predator kairomones, with none of the clones showing a signifi- out aquatic food webs, including the relationship be-
cant response in all traits and all clones showing a response for at

tween piscivorous fish and planktivorous fish (e.g.,least one trait. Most of the clones showed a significant response in
Gliwicz and Jachner 1993; Nilsson et al. 1995), betweenone to four traits, with no evidence for an association between dif-
planktivorous fish and zooplankton (e.g., Stibor 1992;ferent traits. Clones from fish habitats were slightly more respon-

sive to the presence of fish kairomones than clones from fishless Reede 1995), between invertebrate predators and zoo-
locations. We conclude that most clones show an induced re- plankton (e.g., Stemberger and Gilbert 1987; Kusch
sponse to the presence of their predators (fish) but that there is a 1993b; Lüning 1995; Tollrian 1995), and between zoo-
large genetic variability with respect to the traits for which clones plankton and algae (Hessen and van Donk 1993; Lamp-
show a response. Our results indicate that the major distinction is

ert et al. 1994).
not between inducible and noninducible genotypes but rather that

Species of the genus Daphnia, one of the best-studiedthe genotypes differ in the combination of traits for which they
genera in freshwater environments, are very plastic inshow inducible responses.
their reaction to chemicals excreted by their predators.
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Members of this genus have been shown to exhibit pred-
ator-induced changes in life-history traits (size and age at
maturity, size and number of eggs produced, production

Phenotypic plasticity can be defined as environmentally of sexual eggs: Spitze 1992; Weider and Pijanowska 1993;
induced variation, leading to the expression of different Macháček 1995; Ślusarczyk 1995), changes in morphol-
phenotypes by a given genotype. Phenotypic plasticity ogy (helmet development, neck spines: Tollrian 1990;
may be the result of developmental noise or may involve Repka et al. 1995), and changes in behavior (diel vertical
systematic and repeatable responses to environmental migration, phototaxis, swarming and escape reactions:
cues. A wide variety of organisms have been shown to re- Ringelberg 1991; De Meester 1993; Pijanowska 1994;
spond to environmental changes and to produce adaptive Kvam and Kleiven 1995). Each of these responses has
phenotypes (e.g., Stearns 1989). Many of these changes in been separately interpreted as an adaptive mechanism to

avoid or to counterbalance predation, and it has been as-
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served that there is an association between diel vertical
migration (phototactic behavior) and life-history traits,
with larger bodied genotypes remaining at greater depth
during the day than smaller ones (De Meester 1994). Al-
though both diel vertical migration and a reduced body
size lower the probability of being detected by visually
hunting predators, it may often not be adaptive to de-
crease size at maturity while engaging in a diel vertical
migration because food levels in the hypolimnion are
typically low and starvation resistance is known to be
higher for larger individuals (Threlkeld 1976). A selection
experiment (De Meester et al. 1995) with different Daph-
nia hyalina 3 galeata clones isolated from the same lake
has shown that the association between life-history and
vertical migration traits may result in similar relative
fitness of clones in the presence of predators.

Most authors studying the reaction of multiple traits
to chemicals exuded by predators have assumed that
morphological changes, such as the induction of helmets,
neck teeth, and spines, should have costs (Jacobs 1967;
Parejko and Dodson 1991) and that induced animals Figure 1: Possible frequency distributions of the number of
should show changes in life-history traits as a result of clones reacting to the presence of fish chemicals in a number of
these costs. However, several independent studies have different traits. The solid line indicates the case that all clones
shown that, in general, no strong association can be ob- react with a subset of the possible traits. The dotted line shows
served between the degree of neck teeth induction and the case where some clones would not react at all (or with a

very low number of traits) and others with a very high numberlife-history characteristics (Spitze 1992; Black 1993;
of traits (inducible and noninducible genotypes).Lüning 1994; Tollrian 1995). This was interpreted by

most of the above-mentioned authors as evidence for
the low costs of neck teeth formation. If, however, the fish kairomones with all of the traits under consideration,

whereas others do not react with any of the measuredresponses of morphological and life-history traits to the
presence of fish kairomones are independent from each traits (fig. 1, dotted line). Alternatively, most of the clones

might react with a subset of the traits measured, leadingother, the presence or absence of correlated responses
would depend on whether a combined response is to a curve similar to the solid line of figure 1, with the

frequency of clones reacting with all traits or showing noadaptive or whether it reflects costs of the morphological
defense. Results of the few studies that involved response at all being relatively low. Two factors could in-

fluence the skewness of the frequency distribution. If thetwo different traits indeed indicate that induced re-
sponses in different traits can at least be partly uncoupled cumulative cost of exhibiting several induced responses

at the same time becomes too high, this will lead to a(Spitze 1992; Lüning 1994; De Meester and Pijanowska
1996). skewed distribution to the right. The same skewness will

be found if selection pressures on the inducibility ofThus far, no studies have been carried out to investi-
gate specifically the degree of coupling of predator-in- other traits decline once an adaptation in one trait has

evolved.duced responses in different traits. Therefore, we in-
vestigated the responses of a number of morphological, Similar patterns should be visible in computed values

of genetic correlations between traits. If it is the case thatbehavioral, and life-history traits to the presence of fish
kairomones in a set of 16 Daphnia magna Straus clones there are inducible and noninducible genotypes, then we

would expect not only a high degree of genetic correla-that were isolated from different locations. Life-history,
morphological, and behavioral data were collected to tion between these traits but, even more important, high

genetic correlations between the change in the values ofyield a data matrix of 12 traits by 16 clones. Figure 1
shows two of the possible outcomes of this experiment. these traits to the presence of predator kairomones as

well. Under the hypothesis that the responses of the dif-According to the implicit assumption in many earlier ar-
ticles on predator-induced responses in which reference ferent traits to the presence of predator kairomones are

uncoupled, one expects generally low values for the ge-is made to inducible and noninducible genotypes, the ex-
pectation is that some clones will react to the presence of netic correlation between the induced changes among
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traits. We further investigated whether suites of traits their mothers. The neonates from the second brood of
these animals were used in the life-table experiment.that tend to react simultaneously to the presence of pred-

ator kairomones could be identified. Finally, in our anal- The experimental vessels (200 mL) were stocked with
seven neonates per vessel and were subjected to the fol-ysis of clones from four different habitats, we expect to

find a higher correlation of the responsiveness with re- lowing treatments in a full factorial design: fish water/
nonfish water, crowded water/noncrowded water, shortspect to a particular trait among clones isolated from the

same habitat, as these clones faced more similar selective day/long day. Fish water was obtained from a 40-L
aquarium, which contained two fish (Leuciscus idus L.) ofpressures, than among clones isolated from different

habitats. approximately 5 cm in length. Water was collected from
this aquarium daily, filtered through a 0.45-µm filter,
and aerated for 10 min. The aquarium was refilled with

Material and Methods
unfiltered water from the nearby Lake Schöhsee. The fish
were fed daphnids daily, but care was taken that feedingClonal lineages were established from Daphnia magna

populations inhabiting four sites in Germany and Bel- was done in water that was subsequently discharged, such
that the fish-conditioned water could not be influencedgium: two lakes with fish present and two ponds that

contain no fish. From each population, we worked with by Daphnia alarm substances. Crowded water was ob-
tained by filtering water (0.45-µm filter) previously in-four clones. The Belgian clones originated from Lake

Blankaart, a shallow hypertrophic lake in which fish, in- habited by a very dense (.300 individuals L21) popula-
tion of a Daphnia pulex de Geer clone. Daphnia pulexcluding bream (Abramis brama L.) and roach (Rutilus

rutilus L.), are present in relatively high densities, and was used for generating crowded water in order to avoid
interference from a closer relationship of one of the ex-from Citadelpark, a fishless pond in the city of Ghent.

The German clones were collected from the Großer Bin- perimental clones with the animals that conditioned the
crowded medium. Moreover, the D. pulex clone used hasnensee, a shallow, slightly brackish, and hypertrophic

coastal lake, which contains unknown densities of bream, been shown to affect life histories of D. magna (Hobæk
and Larsson 1990). The crowded cultures were resup-roach, and perch (Perca fluviatilis L.; Lampert 1991), and

from the Rixdorfer Pferdetränke, a small eutrophic fish- plied daily with 0.45-µm filtered Schöhsee water and fed
three to four times daily with S. acutus at a concentrationless pond.

Most Daphnia species are cyclic parthenogens: during higher than 1 3 106 cells mL21. Fish medium and
crowded medium consisted of half conditioned waterthe largest part of the growing season, reproduction takes

place through ameiotic parthenogenesis, and sexual re- and half 0.45-µm filtered Schöhsee water; the fish me-
dium plus crowded medium consisted of half fish waterproduction occurs relatively seldom. Sexual eggs are rest-

ing stages and are protected by a hard case called an and half crowded water. All animals were kept at 20°C
and fed with Scenedesmus at 0.8 mg C L21. Half ofephippium. To ensure that the experimental clones would

be genetically distinct, clonal lineages were established the animals were subjected to a long-day photoperiod
(16L:8D), the other half were kept under short-day lightfrom resting eggs, collected from the different habitats.

This ensured that the clones taken in this study were a conditions (8L:16D). This setup resulted in a total of 2
(day length) 3 2 (fish factor) 3 2 (crowding factor) 3 4random representation of the gene pool at the start of the

growing season. For all but one population, ephippia col- (populations) 3 4 (clones) 3 2 (replicates) 5 256 exper-
imental vessels. The use of this range of environmentallected in the habitat were hatched in the laboratory. The

clones from Citadelpark hatched in situ. Four clones per conditions creates a suitable data set for the analysis of
responses to fish kairomones as the results obtained fromlocation were chosen randomly and cultured in 1-L jars

in the laboratory for many generations before the experi- these experiments should have a more general bearing
than the mere comparison of animals under conditionsments were performed.

Neonates were collected from the stock cultures, and with and without fish chemicals.
The following life-history parameters were used in thesix to 10 individuals were placed into 200-mL jars. These

individuals, the grandmothers of the experimental ani- analysis to contrast traits of animals grown under fish
and nonfish conditions: size at maturity, age at maturity,mals, were kept at 20°C, under a long-day photoperiod

(16L:8D) and fed with the green alga Scenedesmus acutus mature growth (size of the fourth adult instar minus size
at maturity), number of eggs produced by the first adultMeyen from chemostat cultures. Algal concentration of

the medium was 0.8 mg C L21, and medium was re- instar, number of eggs produced by mature instars 2–4,
size of the newborn produced by the first adult instar,freshed daily. Third-brood neonates of these animals

were isolated to serve as mothers for the experimental and the percentage of males produced by six adult in-
stars. Three morphological traits, known to affect preyanimals and were subjected to the same conditions as
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vulnerability, were measured. Length of the tail spine at persons, inexperienced in handling Daphnia, were asked
to catch the animals with a pipette (0.4 cm internal di-maturity and length of the tail spine of newborns pro-

duced by the first adult instar female have been shown to ameter). The time needed to pick up 10 animals individ-
ually was recorded to the nearest 0.1 sec. All animals usedaffect handling times by predators (e.g., Swaffar and

O’Brien 1996). Eye size affects the visibility of the prey to were cultured in 1-L jars and fed a high concentration of
S. acutus daily. In order to avoid differences other thanvisual predators (e.g., Zaret and Kerfoot 1975). We mea-

sured the size of the eyes of fifth adult instar individuals the behavioral ones, all animals were cultured in the ab-
sence of fish kairomones, and only 12 h prior to the ex-in animals grown under long-day conditions.

Although several studies have shown that significant periments, half of the animals were transferred to fish-
conditioned water. Each ‘‘predator’’ sampled each of thephenotypic correlations do exist between some of the

morphological and life-history traits studied here (e.g., 32 populations (16 clones; two treatments) in random
order. As predator efficiency was highly variable betweenbetween size at maturity and size of the neonates; Boer-

sma 1995), the traits listed above were chosen to repre- persons, we analyzed the data using Wilcoxon paired
sample tests, matching the catching efficiency per preda-sent a set of almost independently measurable traits,

among which no a priori correlations are expected be- tor for each clone under control conditions and with fish
kairomones present.cause no measurements are used in more than one trait.

We did not, for example, use the intrinsic rate of popula- All experiments combined resulted in a matrix of 16
clones and 12 character traits per clone (table 1). In ourtion increase, r, as a trait because this quantity is com-

puted from the age at maturity and the number of off- tests, we used a significance level of .05, and no correc-
tion for multiple tests was made, as the often used, butspring produced. Per clone and per character trait three-

way ANOVAs were carried out with fish/nonfish, still very conservative, sequential Bonferroni test (Rice
1989) would require the smallest P value in this table ofcrowded/noncrowded, and long day/short day as fixed

factors, and the significance of the fish factor effect was 192 tests to be .05/192 (5 .00026) to obtain statistical
significance at the .05 level. Given the error and effectassessed. For eye diameter, two-way ANOVAs were per-

formed. variation observed in our experiments, this would mean
that we should have taken more than 30 replicates perTwo behavioral traits, phototaxis and escape reaction

(alertness), were assessed in separate experiments, con- clone instead of the eight we had now. This would have
resulted in a total of around 1,000 experimental vessels,trasting only fish and nonfish conditions. All 16 clones

were assessed for their phototactic behavior following a value clearly outside the range of normal laboratory
possibilities. Moreover, we were interested in patterns ofearlier research (De Meester 1991). The experimental

setup consisted of a glass column, 25 cm high and 5 cm reaction and correlated responses, and these patterns will
also be visible at lower levels of significance.internal diameter, filled with dechlorinated tap water.

The column was placed in a darkened box and illumi- Genetic correlations between traits and between the re-
sponses of the traits were computed to assess the degreenated from above. The vertical distribution of 10 naive

test animals was recorded for 10 min, at 1-min intervals. of genetic coupling of the traits. For this, ANOVAs and
MANOVAs were carried out per treatment, and the aver-The observations of the second 5 min were averaged in

the calculation of the phototactic index. This phototactic age of the computed genetic correlations was computed
over all treatments (Spitze et al. 1991). As the two behav-index was defined as (U 2 L)/(U 1 M 1 L), in which

U, M, and L are the number of animals observed in the ioral traits were not measured in the same animals, the
genetic correlations between these traits, and betweenupper (12 cm), middle (10 cm), and lower (3 cm) com-

partment, respectively. Three experiments were carried these traits and the morphological and life-history traits,
were computed by random coupling of values forout, each with new animals, yielding three observations

per clone and treatment, with the two treatments being morphology/life history with the behavioral data.
To assess the degree of coupling in the reactions of dif-the culture of the animals in the absence or presence of

fish kairomones (at high food concentration and 20°C; ferent traits, we also computed the genetic correlations in
the plasticity of the traits. We used the percentage changesee De Meester 1991, 1996, for more details). Significance

of the phototactic response for each clone was calculated induced by the presence of fish kairomones as input data
for the ANOVAs and MANOVAs (Spitze et al. 1991),using t-tests.

Alertness of the different clones under control condi- through randomly pairing the values obtained from ani-
mals cultured in the absence and presence of fish kairo-tions and in the presence of fish kairomones was estab-

lished according to a protocol developed earlier (De mones and otherwise identical conditions. This method,
however, most likely involves high variation as a result ofMeester and Pijanowska 1996). Populations of 10 adult

females per clone were introduced into 1-L beakers. Nine the random pairing. Therefore we also performed cluster
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Table 1: Reaction matrix of responses of 16 clones of Daphnia magna to the presence of fish kairomones

Großer Binnensee Lake Blankaart Citadelpark Rixdorfer Pferdetränke

Trait Class 13 1B 7A 7B 20 36 46 82 24 29 38 43 2B 4 5A 7 Significant

Size at maturity L .046 .030 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .024 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .013 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .047 5
Age at maturity L ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .002 ,.001 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .001 .022 ⋅ ⋅ ⋅ 4
Mature growth L ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .017 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .009 .003 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 3
Number of eggs at maturity L ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
Number of eggs instar 2–4 L .048 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .043 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .008 .003 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 4
Size of neonates L .002 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .010 .029 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 3
Percentage males L .049 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .003 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .017 ⋅ ⋅ ⋅ 3
Spine length adult M ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .047 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .002 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .005 ⋅ ⋅ ⋅ 3
Spine length neonate M ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .008 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1
Eye diameter M ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .019 .004 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2
Phototactic behavior B .022 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .046 .022 .002 ,.001 ,.001 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .004 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .004 8
Alertness B ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ .004 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1

Total significant 5 1 1 7 4 1 2 2 2 3 1 1 1 1 3 2 37

Note: Ellipses indicate P values . .05; for significant (P , .05) changes the exact P values are given. The critical α values for Bonferroni corrections are 0.05/12 5

0.004, assuming 12 (per clone) nonindependent tests or 0.05/192 5 0.00026, when correcting for all tests. The traits are grouped into life history (L), morphological
(M), and behavioral (B) traits.

analysis on the data (complete linkage, Euclidean dis- of significant traits per clone. The comparison of figures
1 and 3 shows that the solid line of figure 1 describes ourtances) and analyzed whether we would find suites of re-

sponses—that is, do some clones react with a certain set actual results more accurately than the dotted line, but it
also becomes clear that the actual frequency distributionof traits whereas others react with other ones?

Discriminant analysis was carried out to assess whether is heavily skewed to the right.
Even most clones isolated from fishless environmentsthere were significant differences in the reactions of

clones isolated from different habitats—that is, do clones (Citadelpark and Rixdorfer Pferdetränke) exhibited a sig-
nificant reaction to fish kairomones for at least one traitisolated from locations where fish are present react with

a different set of traits to the presence of fish chemicals and, thus, can recognize the chemical presence of fish.
Although there was a tendency for the clones isolatedthan clones isolated from fishless lakes? Both the discrim-

inant analysis and the cluster analysis were carried out on from fishless environments to be less responsive (averag-
ing 1.75 responsive traits per clone) than clones isolatedthe measured differences between the animals under fish

and nonfish conditions, and the data were standardized from habitats with fish (2.88 significant traits per clone),
this difference was not significant (Mann-Whitney U-before being used in these analyses.
test, U 5 22; P 5 .27).

The relatively low percentage of significant genetic cor-
Results

relations between different traits (19 from a total of 66,
or 29%) shows that the link between the different traitsAll but one of the traits under study showed a significant

reaction in at least one of the clones, but none of the was not very strong (table 2). This suggests that the traits
are largely uncoupled. As a result of the necessity to cou-traits was significantly affected by the presence of fish

factor in all of the clones tested (table 1). All clones re- ple different individuals to be able to compute genetic
correlations in the changes in traits, the variation, asacted with at least one trait, but none reacted with a shift

in all of the traits studied. The reaction norms of the 16 computed by the jackknifing technique described by
Meyer et al. (1986), was large, and none of the geneticclones for the 12 traits are shown in figure 2. Solid lines

indicate significant differences between fish and nonfish correlations was significantly different from 0. Moreover,
four of the traits showed negative genetic variances, and,conditions. Figure 2 shows that, within traits, the direc-

tion of most of the significant responses is the same. The hence, it was not possible to compute genetic correla-
tions with these traits. Cluster analysis (fig. 4) revealedmaximum number of traits showing a significant reac-

tion to fish chemicals in a given clone was seven out of three major groups, none of which is exclusively charac-
terized by one type of trait (morphology, life history, be-12, for one clone collected from the Großer Binnensee

(table 1). Phototactic behavior and size at maturity were havior), although the two behavioral traits clustered to-
gether. The first cluster can be best described as ‘‘adult’’the most responsive traits. Figure 3 summarizes these re-

sults and shows the frequency distribution of the number characteristics, the second one is a combination of
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Figure 2: Reaction norms of the 16 clones under study and the 12 traits studied for these clones under conditions with and without
the presence of fish chemicals. The units used for the size-related traits are mm 10021, except for eye diameter, where eyepiece
units were used. Age at maturity 5 days, for phototaxis 5 the phototactic index (De Meester 1991), and alertness 5 seconds
individual21. Lines with filled symbols indicate clones with a fish background (black triangle 5 Groβer Binnensee; black circle 5
Lake Blankaart). Lines with open symbols represent clones isolated from fishless locations (white triangle 5 Rixdorfer Pferdetrd-
nke; white circle 5 Citadelpark). Significant (P , .05) differences between fish and nonfish conditions are indicated by solid lines.
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behavioral and reproduction traits. The third cluster con-
tains both adult and ‘‘juvenile’’ traits. No clear relation
between these clusters and the strength of the genetic in-
teractions was observed (cf. fig. 4 and table 2). Interest-
ingly, the overall correlation between the genetic correla-
tions of the traits and the genetic correlations of the
changes in these traits equaled .07, which is obviously
not significant. This indicates that the traits and the
changes in traits are completely unrelated.

Clones isolated from different habitats could be distin-
guished statistically in their reaction to the presence of
fish chemicals (Wilks’s λ 5 0.21, F 5 2.77, df 5 30, 121,
P , .001). Table 3 shows the squared Mahalanobis dis-
tances between the four water bodies and reveals that
nonsignificant differences existed only between the ani-
mals isolated from Rixdorfer Pferdetränke and from the
Großer Binnensee (i.e., the two German populations),
and between the Großer Binnensee and Lake Blankaart
populations (i.e., the two populations coexisting with
fish).

Figure 3: Frequency distribution of the number of clones reacting
Discussionwith a certain number of traits to the presence of fish chemicals.

Filled bars indicate clones with a fish background, open bars re-
This study shows that clones of the cladoceran speciespresent clones isolated from fishless locations. In total, 12 traits 
Daphnia magna show a wide variety of responses to thewere investigated.
presence of fish chemicals. All clones show at least some
reaction, but the number of significant traits varies from
one to seven. It is remarkable that no clone was observed

                                                                                                 that reacted to the presence of fish kairomones with

Table 2: Genetic correlations with significance between selected traits of Daphnia magna

Spine Spine

Size at Age at Mature Eggs at Eggs Size of Percentage length length Eye

Trait maturity maturity growth maturity instar 2–4 neonates males adult neonates diameter Phototaxis

Age at maturity 2.32*

Mature growth 2.01 .35

Number of eggs at maturity .13* 2.08 .64

Number of eggs instar 2–4 .23* .03 .59** .64**

Size of neonates .39* 2.20* 2.46 2.34* 2.09

Percentage males .20 2.29 .06 2.22 2.13 .30

Spine length adult .29* 2.45* .01 .08 .12 .30* 2.14

Spine length neonate .29 .05 2.17 .13 .11 .42* 2.01 .20

Eye diameter 2.02 2.10 .31 .14 .31 2.29 .07 .09 2.40

Phototactic behavior .21* .35*** .04 .29** .16** 2.25 2.18* .12 .01 2.03

Alertness .29* 2.13 2.07 .37* .22 2.11 2.03 .26 2.18 .64 2.14

* P , .05.
** P , .01.
*** P , .001.
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Figure 4: Results of a cluster analysis (complete linkage, Euclidian distances), with the changes in the different traits as a result of
the presence/absence of fish kairomones.

changes in all the traits studied. Hence we conclude that see reduced growth or reproductive success in clones
showing an induced morphological response as a con-the solid line in figure 1 describes the observed reaction

patterns of the clones more accurately than the dotted straint that reflects the costs of these induced morpho-
logical defenses (e.g., Black 1993; Tollrian 1995; Repkaline, although the frequency distribution from figure 3 is

certainly skewed to the right. and Pihlajamaa 1996). The inability to find correlations
between the degree of morphological change and changesThe lack of strong correlations between the responses

to fish kairomones in different traits may reflect a low in life-history characteristics were interpreted by these
authors as evidence for the noncostly nature of morpho-net benefit of possessing more than one response at a

time, either because of a low benefit of showing a combi- logical defenses in daphnids. Our results, however, indi-
cate that life-history changes are adaptive responses innation of induced responses or because of increasing

costs of showing multiple responses. The fact that mor- their own right rather than the result of constraints im-
posed by the development of other defenses. We arguephological or behavioral responses to fish kairomones are

not necessarily associated with changes in life-history that there is a lack of necessity to show both responses: if
clones react to the presence of predators by formingtraits suggests that the shifts in life history observed in

this and other studies are not the result of costs associ- morphological defenses, the benefit of reacting with other
traits may be limited. As was discussed in earlier researchated with these morphological or behavioral defenses. It

is indeed important to differentiate between constraints (De Meester and Pijanowska 1996), reacting with several
traits at the same time can even be nonadaptive at times.and adaptive responses. Many authors have expected to

Table 3: Squared Mahalanobis distances between the different habitats

Rixdorfer
Lake Blankaart Citadelpark Pferdetränke

Großer Binnensee 4.09 6.05 3.53
(.101) (.001) (.069)

Lake Blankaart 6.92 8.21
(.007) (.004)

Citadel 6.15
(.003)

Note: Numbers in parentheses are significance (P values).
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Indeed, if clones react to the presence of fish by showing gether with our results suggest that the receptor-effector
pathways are very variable, to such an extent that, in thevertical migration behavior, it is not always adaptive to

decrease their size at maturity, as food levels in the hypo- present experiment, nearly every clone showed a different
set of reactions to the presence of fish kairomones. Thislimnion are typically low and starvation resistance is

known to be higher for larger animals (see De Meester (as was also argued in De Meester and Pijanowska 1996),
has important consequences for future studies of the ef-1994).

Only a few studies have computed genetic correlations fects of predator-induced changes in prey species. For ex-
ample, it is clear from our results that most clones canbetween traits in daphnids (for a review, see Spitze 1995),

and these pertain only to three major types of trade-offs: recognize the presence of predator kairomones, even
though only eight out of 16 clones responded signifi-offspring size versus number, present versus future re-

production, and fecundity versus age at maturity. As in- cantly with a change in phototactic behavior and five out
of 16 clones showed a significant change in size at matu-dicated by Spitze (1995), computed values for genetic

correlations are highly variable, especially for the size rity. This implies that when assessing the importance of
predator-induced phenotypic shifts, it is not sufficient toversus number of offspring correlations (see also Ebert

1993). To our knowledge, no reports exist about genetic investigate only the effect of predator chemicals on one
or a few characters of the prey species, but a diversecorrelations between changes in traits as a result of the

presence of predators in daphnids. As a consequence of number of character traits should be studied. It indeed
follows from our observations that it is not possible tothe way these have to be computed (with random pairing

of different individuals and, hence, the combination of categorize genotypes as being responsive or not respon-
sive to the presence of predator kairomones; one canmeasurements in different organisms), we expected and

observed that results for such genetic correlations are only state that a given clone does or does not show a sig-
nificant shift to the presence of a predator with respect toeven more variable still.

Although the clones from the fishless habitats reacted a particular trait. Still, our results also suggest that pho-
totactic behavior and size at maturity are the traitswith fewer traits to the presence of fish kairomones, this

difference was not significant. It was possible, however, through which most clones show a response to the pres-
ence of fish. These are probably very important traitsto differentiate between clones isolated from different

habitats by discriminant analysis. This differentiation is with respect to vulnerability to fish predation and are
thus the better candidates to determine patterns of localmainly due to the differences in two traits: phototactic

behavior and size of the neonates. In both these traits, adaptation (De Meester 1996).
Antipredator defenses, and the inducibility of such fea-clones from habitats in which fish are present tend to re-

spond stronger to the presence of fish chemicals than tures, have been extensively studied (e.g., Tollrian and
Harvell 1998). As stated before, for daphnids, some re-clones isolated from habitats without fish. This is similar

to earlier observations (De Meester 1996) of a pattern of ports suggest a certain degree of uncoupling of different
responses to the presence of predators (Spitze 1992;local adaptation for induced changes in phototactic be-

havior in a set of 30 D. magna clones derived from three Black 1993; Lüning 1994; Tollrian 1995; Repka and Pih-
lajamaa 1996). For other organisms, however, not muchdifferent natural populations, with clones coexisting with

fish showing the stronger reactions to the presence of fish is known, although a few authors have suggested that the
reaction of different traits might be at least partly uncou-chemicals.

Our results do not indicate that there is a tendency for pled in such a wide array of species as mayflies (Benton
and Pritchard 1990), ciliates (Kusch 1993a), and tobaccosome clones to react with morphological changes and

others with life-history or behavioral changes to the pres- (Rickauer et al. 1997).
In other areas of evolutionary ecology, however, theence of fish chemicals. Different clones showed totally

different sets of reactions (see also table 1). The main re- uncoupling of different adaptations has been explored.
For example, Rees (1993, 1994) showed theoretically thatsult of our analysis is, hence, that the reactions of differ-

ent traits to the presence of predator kairomones are to a the evolution of iteroparity reduces selection for pro-
longed seed dormancy. He and others (Hairston andlarge extent uncoupled. Only a few studies have provided

data that allow an assessment of these uncoupling phe- Cáceres 1996) argue that in fact iteroparity and pro-
longed diapause can be seen as alternative mechanisms tonomena in daphnids. It has been observed (De Meester

and Pijanowska 1996) that two behavioral traits were to solve the same problem of temporal environmental varia-
tions and that there is no reason to have both iteroparitysome extent uncoupled in D. magna, and Spitze (1992)

and Lüning (1994) have provided data indicating that and prolonged diapause. Likewise, Venable and Lawlor
(1980) showed that dispersal and prolonged dormancyneck teeth induction and life-history characteristics are

uncoupled in Daphnia pulex. These literature data to- are alternative ways to adapt to a temporally varying en-
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vironment. Most of the studies cited above have been in Daphnia pulex: life history and morphological re-
sponses to Notonecta and Chaoborus. Limnology andcarried out either using large data sets from the litera-

ture, comprising organisms of many different families Oceanography 38:986–996.
Boersma, M. 1995. The allocation of resources to repro-(Venable and Lawlor 1980; Rees 1993; Hairston and Cá-

ceres 1996) or at least have used multiple species (Kusch duction in Daphnia galeata: against the odds? Ecology
76:1251–1261.1993a). Our study suggests that, even within species,

such alternative mechanisms of dealing with environ- De Meester, L. 1991. An analysis of the phototactic be-
haviour of Daphnia magna clones and their sexual de-mental difficulties may exist.

Most theoretical studies and reviews on the subject of scendants. Hydrobiologia 225:217–227.
———. 1993. Genotype, fish-mediated chemicals, andpredator-induced changes in prey individuals discuss the

evolution and the relative fitness of inducible and nonin- phototactic behavior in Daphnia magna. Ecology 74:
1467–1474.ducible genotypes under varying circumstances (Lively

1986; Adler and Harvell 1990; Harvell 1990; van Tiend- ———. 1994. Life histories and habitat selection in
Daphnia: divergent life histories of D. magna cloneseren 1991). Our results, however, indicate that there is an

added complexity to this subject—that is, many geno- differing in phototactic behaviour. Oecologia (Berlin)
97:333–341.types that show different combinations of inducible de-

fenses may coexist in a population. Probably, this coexis- ———. 1996. Evolutionary potential and local genetic
differentiation in a phenotypically plastic trait of a cy-tence is mediated by the fact that these different

combinations of traits result in similar fitness values un- clical parthenogen, Daphnia magna. Evolution 50:
1293–1298.der circumstances with predators present, as was shown

by an earlier study (De Meester et al. 1995), where two De Meester, L., and J. Pijanowska. 1996. On the trait-
specificity of the response of Daphnia genotypes to theclones of Daphnia hyalina 3 galeata with different verti-

cal migration behavior and different size at maturity had chemical presence of a predator. Pages 407–417 in
P. H. Lenz, D. K. Hartline, J. E. Purcell, and D. L.similar population growth rates under fish predation.

The fact that different responses lead to similar fitnesses Macmillan, eds. Zooplankton: sensory ecology and
physiology. Gordon & Breach, Amsterdam.in a given environment creates space for the maintenance

of genetic variation, even for traits that are directly re- De Meester, L., L. J. Weider, and R. Tollrian. 1995. Alter-
native antipredator defences and genetic polymor-lated to the fitness of a given organism.
phism in a pelagic predator-prey system. Nature (Lon-
don) 378:483–485.
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