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Abstract Maternal effects are among the key mech-

anisms generating phenotypic diversity in natural

populations, but no general explanation has been

found for whymaternal effects are involved in shaping

some, but not all, phenotypic traits. We investigated

experimentally the relative importance of maternal

and own risk perception in multi-trait response of a

small planktonic crustacean Daphnia magna to the

presence of fish. It appears that maternal effect is

involved in shaping some key traits relating to

adaptive changes in life history, such as duration time

of egg holding in the brood chambers, age and size of

mothers at first reproduction, and the number of first-

clutch neonates. Other life history parameters, such as

duration time of the release of the first clutch of

neonates from the brood chamber and the size of

neonates, were determined upon direct exposure to

environmental risk. The relative contribution of

maternal and own perception of risk in shaping

individual phenotype depends on the time needed to

express particular life history trait. Long onset time

increases the importance of maternal risk perception in

the shaping of offspring phenotype.

Keywords Phenotypic plasticity � Maternal effect �
Fish kairomone � Life history � Daphnia magna

Introduction

Maternal effects are among the key mechanisms

generating phenotypic diversity in natural populations

(Barnardo, 1996; Mousseau & Fox, 1998). They are

involved in the shaping of the human phenotype and

play a role in etiology of a number of diseases (see,

e.g., Patterson, 2007). The adaptive role of maternal

effects is discussed in a number of recent reviews and

book chapters (e.g., Badyaev & Uller, 2009; Inchausti

& Ginzburg, 2009; Cameron & Garcia, 2013) and the

most commonly described is situation when mother

adjusts the reaction norm of her descendant to

anticipated conditions in the future. It is a so-called

anticipatory maternal effect (AME; for review see

Marshall & Uller, 2007).

The role of experience, both of the mother and the

individual’s own, in the formation of phenotype has

been described for a number of species living over a

wide range of environmental contexts. Conditions

favoring adaptive phenotypic plasticity (within one

generation or inter-generational) have also been the
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focus of recent research interest (Berrigan & Scheiner,

2004; Marshall & Uller, 2007). There are still no data,

however, elucidating the relative role played by

maternal and the individual’s own experience in

shaping the phenotypic traits especially those involved

in multi-trait adaptive mechanisms. No general expla-

nation has been found for why maternal effects are

involved in shaping some, but not all, adaptive traits.

In order to answer this question, it is necessary to make

use of an appropriate model system, one in which a

single well-defined environmental factor can induce

multi-trait adaptive transformations in the phenotype

of an individual. The response of the small planktonic

crustacean Daphnia to the presence of fish perfectly

meets this criterion.

The anti-predator defenses in Daphnia constitute a

well-known example of adaptive phenotypic plasticity

(Tollrian & Dodson, 1999; Lass & Spaak, 2003).

When confronted with the presence of chemicals

released into their environment by a predator (kair-

omones; Von Elert & Stibor, 2006), Daphnia are

capable of responding with noticeably changed

behavior (Dawidowicz & Loose, 1992), morphology

(Dodson & Havel, 1988; Dodson, 1989), and life

history (Riessen, 1999). In the presence of fish, for

example, Daphnia individuals may mature and repro-

duce earlier and at a smaller size (Stibor, 1992;Weider

& Pijanowska, 1993). They hold their first-clutch

embryos in the brood chamber for a shorter time

(Mikulski et al., 2004), and release smaller neonates

(Macháček, 1991) more quickly (Mikulski, 2001). In

accordance with life history theory, early maturation

in Daphnia results in a shortening of the average

lifespan (Dawidowicz et al., 2010). These adaptations

likely serve to either reduce vulnerability to predation,

or to allow for better survival and reproduction under

stress. In Daphnia, the role of maternal effect in the

expression of phenotypic reactions to environmental

factors by offspring has been extensively discussed

(Rossiter, 1996; Mousseau & Fox, 1998). Maternal

effects have also been investigated in the context of

predator-induced shifts in morphology (Agrawal et al.,

1999), resting egg production induced by deteriorating

environmental conditions (Boersma et al., 2000;

Alekseev & Lampert, 2001; LaMontagne & McCau-

ley, 2001; Mikulski & Pijanowska, 2009), and

enhancing Daphnia tolerance to toxic Cyanobacteria

(Gustafsson et al., 2005; Jiang et al., 2013) and

parasitic disease (Little, 2003; Mitchell & Read, 2005;

Schlotz et al., 2013; Garbutt et al., 2014). Maternal

contributions to predator-induced changes in Daphnia

life history were also revealed by Mikulski &

Pijanowska (2009, 2010), but the relative contribution

of individual’s and mother’s experience in shaping the

eventual phenotype of the descendants has not been

approached so far.

The main aims of this study were (i) to determine

which traits of the Daphnia phenotype (focusing on

those associated with first reproduction, and therefore,

which are crucial for fitness under predation risk, such

as size and age at maturity, time of holding eggs

(THEs) in brood chamber, time of releasing neonates

(TRNs) from brood chamber to the external environ-

ment, number and size of first-clutch neonates, and

lifespan) depend on maternal and which on individ-

ual’s own perception of danger, and (ii) to uncover the

relative roles of mother and individual perception of

danger in shaping the Daphnia phenotype.

Methods

In our experiment, we used Daphnia magna Straus,

1820of a clone originating fromLakeBinnensee,where

D. magna coexists with fish. This clone was derived

from ephippial egg, hatched in laboratory, and it was

previously used in the study of Mikulski (2001). In pre-

experimental cultures and over the course of the

experiment, the animals were housed individually in

glass jars containing200 ml of aged, filteredwater, from

lake inhabited by fish. They were kept at 22�C under

constant dim light andwere fed green algaAcutodesmus

obliquus (Turpin) Hegewald & Hanagata at a concen-

tration of 1 mg C l-1. Treatment-specific medium

containing food was changed daily. The fish medium

to which the D. magna would later be exposed was

prepared by culturing one crucian carp (Carassius

carassius Linnaeus, 1758; the same fish was used

throughout the experiment) in 10 l of aged lake water

(the same as used to prepare the control medium) for

24 h. During this time, the fish was fed D. magna

(50 ind. day-1). ‘‘Control’’ and ‘‘fish’’ water were

filteredprior to use through amembranefilter of 0.2 lm.

Experimental design

One female (the ‘‘grandmother’’: see Fig. 1) was the

source of the first clutch of offspring (‘‘mothers’’: I
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experimental generation), which was then split into

two groups. Animals from the first group were

exposed from birth until vitellogenesis (until the

moment when ovaries became dark) to the presence

of fish kairomone, while those from the second group

were not. It was done to clearly separate the direct and

indirect (via maternal experience) effects of fish threat

on offspring life histories. According to our observa-

tions, eggs, being already deposited in ovaries or

brood chamber can, themselves, gather the informa-

tion from the external environment and respond

adequately.

Neonates taken from the first clutch of ‘‘mothers’’

from each treatment (i.e., ‘‘daughters’’) were also split

into two groups, each containing nine individuals. The

presence of fish kairomone did not significantly affect

the age at first reproduction (AFR) of the mothers,

which allowed us to collect the descendants within

short time and to run all treatments in the second stage

of experiment in parallel. The main experiment lasted

until the last female from daughters’ generation

released her first-clutch offspring, and longevity

measurements lasted 58 days. The sudden infection

(extrinsic mortality) killed the animals that survived

the 58th day of our experiment. Therefore, the

‘‘longevity part’’ of the experiment has been

terminated.

Measurements

We studied the life history parameters of theD. magna

from the daughters’ generation in detail. We were able

to predict the schedule of key events based on the

visible stage of development of eggs and/or embryos

and the D. magna were observed every 5 min during

the periods when such events might take place. In

consequence, timing of birth, depositing the first-

clutch eggs from the ovaries to the brood chamber, and

the release of the first clutch of neonates from brood

chamber were all measured with 5-min accuracy.

Although the timing of D. magna life history param-

eters has earlier been measured with even higher

precision (with 1-min accuracy—de facto perma-

nently, e.g., Mikulski, 2001), our measuring period

was sufficiently accurate for the purposes of this study.

We measured the daughters’ size at birth no later

than 2 h after the offspring were released from the

brood chamber. We measured the daughters’ size at

first reproduction (SFR) when the animals were seen

to be carrying their first clutch of eggs.

The duration of carrying the eggs in the brood

chamber (THEs) was calculated as the time elapsed

between themoment the last egg was released from the

ovary into the brood chamber and the moment when

the last neonate was released from the brood chamber

into the external environment. The duration of

neonates release (TRNs) was calculated as the time

elapsed between the release of the first and the last

neonate from the brood chamber into the external

environment. Age at the time of release of the last first-

Fig. 1 Experimental design: the first clutch of offspring

(mothers I) from a single female (the grandmother) were split

into two groups. In control group C, the animals were not

exposed to the presence of fish, whereas in the experimental

group F they were exposed to this threat. Neonates from the first

clutch of the cohort of the mothers (i.e., daughters II) were split

into four groups. Animals from the control groups CC and FC

were not exposed, while those from the two remaining groups

(CF and FF) were exposed to the fish kairomone
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clutch neonate from the brood chamber was consid-

ered as the AFR.

We measured the length of the neonates [size of

neonates (S-Nes)] released by the daughters during

their first reproduction no later than 2 h after their

birth. For statistical analysis, we used the average size

of all neonates produced by each single mother. We

carried out all measurements with 10-lm accuracy

using the MultiScan software. D. magna were mea-

sured from the base of the tail spine to the top of the

head. All D. magna neonates were counted to deter-

mine the number of neonates produced by each female

(N-Ne). The females’ survival rates were determined

with 24-h accuracy (mortality was checked daily).

Statistics

We tested the effect of direct (via an individual’s own

risk assessment) and indirect (maternal, i.e., via the

mother’s experience) perception of the presence of

fish on D. magna life history parameters with a

multivariate analysis of variance (MANOVA). The

effect of particular features on phenotypic traits was

tested by ANOVA.We tested for differences in the life

history parameters of the animals from the four

experimental groups using Tukey’s HSD test. To

determine if variation in size at birth could explain the

variation in the life history parameters investigated in

this study, we used MANCOVA and ANCOVA

models for each of the studied parameters. Maternal

and direct effects of the presence of planktivorous fish

on the survival of D. magna were tested using the Cox

proportional hazard model, which allowed to over-

come the problem of not normal distribution of the

data, small number of replications, and closing the

experiment before natural death of all individuals

(Cox, 1972), and then checked for significance using

Wald statistics. The model took into account the

expected longevity of the animals which survived until

the end of the experiment (e.g., censored data—see

Bradley, 1974). All statistical analyses were con-

ducted using the software package Statistica.

Results

The results of the MANOVA revealed that in D.

magna several key life history parameters are strongly

dependent on maternal experience, i.e., whether or not

the mothers were confronted with the fish threat

[R(5,12) = 24.09, P\ 0.0001], as well as direct expe-

rience of the fish threat [R(5,12) = 5.03, P = 0.0102],

with a strong interaction between the two

[R(5,12) = 7.82, P = 0.0017].

Time needed to release the first clutch of offspring

from the brood chamber (TRN), the size of first-clutch

neonates (S-Ne, Table 1), and survival rates (see

further text for details) appear to depend solely on the

direct effect of fish presence, with no maternal effect

involved. D. magna exposed to fish presence release

smaller neonates (Fig. 2, lower left panel), release

their neonates faster (Fig. 2, upper left panel), and live

shorter (Fig. 3) than individuals that do not experience

fish threat.

Maternal effect is involved in shaping all other

studied parameters, but its role varies. It can work

directly, influencing the phenotypic traits directionally

irrespective of current environment (ANOVA shows

Table 1 Two-way ANOVA testing for the effect of indirect

(i.e., maternal) and direct perception of the presence of fish on

key life history traits in Daphnia magna

Traits Effects df df F P

Effect Error

THE Maternal 1 21 1.01 0.3301

Direct 1 21 14.22 0.0017

Interaction 1 21 6.57 0.0208

AFR Maternal 1 21 0.51 0.4864

Direct 1 21 2.00 0.1763

Interaction 1 21 16.76 0.0008

TRN Maternal 1 20 2.37 0.1430

Direct 1 20 10.05 0.0059

Interaction 1 20 1.28 0.2739

SFR Maternal 1 21 42.84 0.0000

Direct 1 21 9.94 0.0062

Interaction 1 21 5.40 0.0337

N-Ne Maternal 1 16 48.91 0.0000

Direct 1 16 0.00 1.0000

Interaction 1 16 7.40 0.0152

S-Ne Maternal 1 16 0.80 0.3848

Direct 1 16 5.97 0.0266

Interaction 1 16 0.04 0.8519

THE time of holding eggs in brood chamber, AFR age at first

reproduction, TRN time needed to release all first-clutch

neonates from the brood chamber, SFR size at first

reproduction, N-Ne number of first-clutch neonates, S-Ne size

of first-clutch neonates

Significant effects are bolded
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significant effect of ME) or, indirectly, changing the

direction and/or strength of Daphnia reaction to the

presence of fish (ANOVA shows significant

interaction between direct and indirect effects—see

also Fig. A attached as the electronic supplement).

Maternal experience of predator presence can

decrease the direct, significant D. magna response to

the threat in the case of THE (direct effect is related to

shortening of this period; see Fig. 2, upper right panel;

Table 1). It can reverse and cause insignificant direct

effect of the threat in the case of the AFR (consisting in

earlier reproduction, see Fig. 2, middle right panel).

Maternal experience of predator presence directly

decreases SFR, enhancing the direct effect of predator

presence (see Fig. 2, middle left panel) and N-Ne (see

Fig. 2, lower right panel).

The MANCOVA model revealed that, in general,

life history parameters of individuals are not depen-

dent on their size at birth [R(7,9) = 0.61, P = 0.7600].

This applies to each of the studied life history

parameters (ANCOVA results, Table 2).

Fig. 2 Life history

parameters of experimental

Daphnia magna: holding

time of the first clutch of

eggs in the brood chamber

(THE), time required for the

release of the first clutch of

neonates from the brood

chamber into the external

environment (TRN), age at

first reproduction (AFR),

size at first reproduction

(SFR), number of first-

clutch neonates (N-Ne), and

size of first-clutch neonates

(S-Ne). The treatment code

indicates maternal (first

letter) or own (second letter)

experience (F) or lack of

experience (C) of fish

presence; average ± 1 SD;

*significant difference from

control (CC), Tukey’s HSD

test, P\ 0.05

Fig. 3 Survival of experimental Daphnia magna offspring;

treatment code indicates maternal (first letter) or own (second

letter) experience (F) or lack of experience (C) of fish presence

Hydrobiologia (2017) 788:55–63 59

123



As the results of the Cox model revealed, the

presence of fish had a strong effect on D. magna

survival (Fig. 3, v2ð2;20Þ = 11.76, P = 0.0028). Off-

spring survival depends mostly on direct

[W(2,20) = 7.47, P = 0.0063] rather than on maternal

experience of the danger [W(2,20) = 1.49,

P = 0.2221]. However, as shown in Fig. 3, maternal

effect seems to be important as well, and failure to

obtain significant results may be due to our small

sample size and the extrinsic mortality that forced us

to terminate the experiment after 58 days.

Discussion

Most of the D. magna life history parameters which

were the focus of our study, and which can be

considered crucial for individual’s fitness, were influ-

enced by both maternal and direct perception of fish

presence. The observed pattern of shifts in D. magna

life history in our study was consistent with previously

published data (Riessen, 1999): individuals only

directly exposed to fish presence carried their eggs in

the brood chamber for a shorter time (THE; Mikulski

et al., 2004), released neonates into the external

environment faster (TRN; Mikulski, 2001), released

those neonates earlier (AFR; e.g., Stibor, 1992), and

lived shorter (Dawidowicz et al., 2010) than unex-

posed individuals. Lack of a statistically significant

direct influence of the presence of fish on the SFR and

the N-Ne or S-Nes produced, respectively, earlier

documented for various clones fromBinnensee, can be

explained in the light of known interclonal variability

in the response to environmental stress (e.g., Boersma

et al., 1998; Bernatowicz & Pijanowska, 2011). In the

study of Boersma et al., the decrease of SFR in

response to fish kairomone has been observed in ca.

50% of the D. magna clones from Binnensee. Thus,

different genotypes show different responses to pre-

dation cues. The phenomenon of either reduced or

unreduced SFR in D. magna in the response to

predation threat has also been previously discussed as

context dependent (see, e.g., Mikulski, 2000).

Depending on the extent to which maternal effect is

involved in the expression of offspring phenotypes,

life history parameters in D. magna can be classified

into two groups. The first group includes traits which

depend solely on the direct effect of fish presence,

such as TRN and S-Ne. The second group includes

traits which are either under direct control of maternal

effect or are part of the interaction of maternal effect

with fish presence. These are THE, AFR, SFR, and

N-Ne.

Why are some traits of the life history of D. magna

controlled by maternal effect while others are not? In

our opinion, the key reason is the moment of exposure

to environmental stress in ontogenesis and the time

needed for the development of a particular life history

trait. For example, the S-Nes may probably be

determined within a couple of hours during the

process of vitellogenesis. Females may provide eggs

with more or less yolk based on the direct perception

of environmental conditions. Additionally, mothers

are able to regulate quickly the time needed to release

their offspring via direct perception of environmental

risk. Alternatively, traits such as AFR and SFR, N-Nes

released, and egg-holding time in the brood chamber

result from a more long-term strategy of resource

allocation and they may be determined 2–3 days

before first reproduction (Mikulski et al., 2004).

The variability shown by D. magna in the expres-

sion of these different phenotypic traits allows us to

postulate a strong hypothetical role for maternal

effects in shaping offspring phenotype. Phenotypic

reaction to environmental stress is generally not

instantaneous; there is a measurable time period (lag

time) between the perception of an environmental cue,

the initiation of phenotypic changes (even when not

yet visible), and the moment when these changes

become adaptive (this problem is thoroughly dis-

cussed by Mikulski et al., 2005). When the lag time in

emergence of a trait is long, there is a high probability

that the risk disappears and individuals will incur the

Table 2 Effects of size at birth as a covariate in an ANCOVA

model testing the effects of indirect (i.e., maternal) and direct

perception of the presence of fish kairomone by Daphnia

magna

Traits df df F P

Effects Errors

THE 1 20 0.86 0.3678

AFR 1 20 0.10 0.7615

TRN 1 20 0.86 0.3696

SFR 1 20 1.53 0.2350

N-Ne 1 20 1.73 0.2087

S-Ne 1 20 0.43 0.5196
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costs of the defensive mechanism without having

drawn any advantage from it. In such a case, additional

information is required about the nature and persis-

tence of the hazard. We hypothesize that this infor-

mation may originate from maternal experience.

When a mother is subjected to long-term exposure to

a predation risk, that risk will likely persist long

enough to overlap with the lifespan of her descendants.

This suggests that a longer lag time in the induction of

adaptive phenotypic changes can promote an

increased role of maternal effect.

In our study, maternal effect caused a significant

reduction in SFR and N-Ne. In these cases, this effect,

itself statistically significant, was substantially mod-

ified by the direct effect of fish presence. The number

of first-clutch neonates is likely to be determined

during the early stages of ontogenesis, when an

individual’s own perception of the environment may

still be impaired (Mikulski et al., 2004); this further

highlights the potential importance of maternal effect

in determining early fecundity. AFR is dependent on

the interaction between maternal effect and direct

effect of the presence of fish. Surprisingly, unlike in

the case of SFR, maternal effect appears to reverse the

effect of direct perception of fish presence. Both the

time needed by first-clutch neonates to evacuate from

the brood chamber and the S-Nes can probably be

finally modified during ‘pregnancy,’ depending on

environmental conditions (here, the presence or

absence of fish kairomone). In consequence, maternal

role in the induction of these two traits is negligible.

Although available information on the length of lag

time between the perception of environmental stimu-

lus and appropriate adaptive response in D. magna is

scarce (but see Mikulski et al., 2004, 2005), we claim

that our reasoning well explains the role of maternal

effect in the determination of individual phenotype

and the phenomenon is certainly worth further exper-

imental testing.

Although the key life history traits investigated in

our study are strongly interrelated, it seems that they

can be expressed independently. In our experiment,

the life history parameters of individuals did not

depend on their size at birth. In other words, differ-

ences in size at birth did not explain differences in

other phenotypic traits expressed in later stages of

ontogenesis, thus they were not the mechanism

through which maternal effect operated, though they

have been indicated as crucial path of maternal

influence in earlier studies (e.g., Lampert, 1993;

Tollrian, 1995; Beckerman et al., 2006). Mothers,

therefore, had a more subtle impact on the develop-

ment of their offspring via molecular or epigenetic

transfer. Indeed, nongenetic transfer of information

from parental to offspring generation has gained much

attention in the past years (e.g., Haussmann et al.,

2012; Hayward et al., 2012; Schwarzenberger & von

Elert, 2012; Wu et al., 2012; Zwier et al., 2012) due to

the fact that epigenetic processes often outweigh

genetic background in the shaping of phenotypes. Due

to the important role of the mother during early

development, there is much ongoing research on the

means by which maternal effects can shape the

individual, i.e., on (1) how and when maternal effects

change the developmental trajectory to permanently

alter the adult’s phenotype, (2) molecular mechanisms

associated with maternally induced life history phe-

notypes, and (3) the evolutionary implications of

maternally mediated changes in phenotype.

Our study demonstrates that observed, maternally

determined changes in the life history of D. magna are

an excellent example of AME (Marshall & Uller,

2007). Mothers, depending on their own perception of

environmental conditions (in this case, the presence of

predation risk), were able to anticipate future threats

and adaptively influence the phenotype of their

offspring, thus increasing their relative fitness.

Although our results clearly demonstrate a link

between maternal effect and the time needed to

express phenotypic change, caution is required in

interpretation as they were based solely on a single D.

magna genotype. In order to formulate a more general

conclusion, similar research should be repeated using

more D. magna clones.

Conclusions

The results of our study suggest that adaptive changes,

which are expressed shortly after the exposure to a

predation threat, can be determined upon direct

perception of environmental risk. However, develop-

mental changes requiring longer time to be expressed

in offspring depend primarily on maternal perception

of the risk. Similarly, maternal effect is heavily

involved in the expression of traits which are primarily

or solely determined in early stages of ontogenesis. All

of this evidence supports the idea that the passage of
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time, which is required for the onset and expression of

phenotypic traits, is an important factor with the

potential to promote the evolution of adaptive inter-

generational phenotypic plasticity.

The proposed mechanisms can help understand

why maternal effect is entangled in such a complex

way in the expression of long-term inducible mech-

anisms such as adaptive changes in morphology

(Agrawal et al., 1999) or reproductive patterns, e.g.,

the formation of ephippial eggs (Alekseev & Lampert,

2001; LaMontagne & McCauley, 2001; Mikulski &

Pijanowska, 2009). Additionally, our data provide an

explanation why no evidence has been found so far for

the role of maternal effect in the development of

relatively rapid responses such as behavioral traits

(e.g., locomotory response and escape, crowding, and

vertical migration).
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Macháček, J., 1991. Indirect effect of planktivorous fish on the

growth and reproduction of Daphnia galeata. Hydrobi-

ologia 225: 193–198.

Marshall, D. J. & T. Uller, 2007. When is a maternal effect

adaptive? Oikos 116: 1957–1963.

Mikulski, A., 2000. Does Daphnia really minimize its size at

first reproduction in the presence of fish? Verhandlungen

des Internationalen Verein Limnologie 27: 2888–2891.

Mikulski, A., 2001. The presence of fish induces the quick

release of offspring by Daphnia. Hydrobiologia 442:

195–198.

Mikulski, A. & J. Pijanowska, 2009. Maternal experience can

enhance production of resting eggs in Daphnia exposed to

the risk of fish predation. Fundamental and Applied Lim-

nology 174: 301–305.

Mikulski, A. & J. Pijanowska, 2010. When and how can

Daphnia prepare their offspring for the threat of predation?

Hydrobiologia 643: 21–26.

Mikulski, A., D. Lipowska & J. Pijanowska, 2004. Ontogenetic

changes in Daphnia responsiveness to fish kairomone.

Hydrobiologia 526: 219–224.

Mitchell, S. E. & A. F. Read, 2005. Poor maternal environment

enhances offspring disease resistance in an invertebrate.

Proceedings of Biological Science 272: 2601–2607.

Mousseau, T. A. & C. W. Fox (eds), 1998. Maternal Effect as

Adaptation. Oxford University Press, New York.

Patterson, P. H., 2007. Maternal effects on schizophrenia risk.

Science 318: 576–577.

Riessen, H. P., 1999. Predator-induced life history shifts in

Daphnia: a synthesis of studies using meta-analysis.

Canadian Journal of Fisheries and Aquatic Sciences 56:

2487–2494.

Rossiter, M. C., 1996. Incidence and consequences if inherited

environmental effects. Annual Review of Ecology, Evo-

lution, and Systematics 27: 451–476.

Schlotz, N., D. Ebert & D. Martin-Creuzburg, 2013. Dietary

supply with polyunsaturated fatty acids and resulting

maternal effects influence host–parasite interactions. BMC

Ecology 13: 41.

Schwarzenberger, A. & E. von Elert, 2012. Cyanobacterial

protease inhibitors lead to maternal transfer of increased

protease gene expression in Daphnia. Oecologia 172:

11–20.

Stibor, H., 1992. Predator-induced life-history shifts in a

freshwater cladoceran. Oecologia 192: 162–165.

Tollrian, R., 1995. Predator-induced morphological defenses:

costs, life history shifts, and maternal effects in Daphnia

pulex. Ecology 76: 1691–1705.

Tollrian, R. & S. I. Dodson, 1999. Predator induced defenses in

cladocerans. In Tollrian, R. & C. D. Harvell (eds), The

Ecology and Evolution of Inducible Defenses. Princeton

University Press, Princeton.

Von Elert, E. & H. Stibor, 2006. Predator-mediated life history

shifts in Daphnia: enrichment and preliminary chemical

characterisation of a kairomone exuded by fish. Archiv für

Hydrobiologie 167: 21–35.

Weider, L. J. & J. Pijanowska, 1993. Plasticity of Daphnia life

histories in response to chemical cues from predators.

Oikos 67: 385–392.

Wu, S. M., P. R. Tsai & C. J. Yan, 2012. Maternal cadmium

exposure induces mt2 and smtB mRNA expression in

zebrafish (Danio rerio) females and their offspring. Com-

parative Biochemistry and Physiology, Part C: Toxicology

and Pharmacology 156: 1–6.

Zwier, M. V., E. C. Verhulst, R. D. Zwahlen, L. W. Beukeboom

& L. van de Zande, 2012. DNAmethylation plays a crucial

role during early Nasonia development. Insect Molecular

Biology 21: 129–138.

Hydrobiologia (2017) 788:55–63 63

123


	The contribution of individual and maternal experience in shaping Daphnia life history
	Abstract
	Introduction
	Methods
	Experimental design
	Measurements
	Statistics

	Results
	Discussion
	Conclusions
	Acknowledgments
	References




