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Predator-induced phenotypic plasticity
within- and across-generations:
a challenge for theory?
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Much work has shown that the environment can induce non-genetic changes

in phenotype that span multiple generations. Theory predicts that predictable

environmental variation selects for both increased within- and across-

generation responses. Yet, to the best of our knowledge, there are no empirical

tests of this prediction. We explored the relationship between within- versus

across-generation plasticity by evaluating the influence of predator cues on

the life-history traits of Daphnia ambigua. We measured the duration of preda-

tor-induced transgenerational effects, determined when transgenerational

responses are induced, and quantified the cues that activate transgenerational

plasticity. We show that predator exposure during embryonic development

causes earlier maturation and increased reproductive output. Such effects

are detectable two generations removed from predator exposure and are

similar in magnitude in response to exposure to cues emitted by injured con-

specifics. Moreover, all experimental contexts and traits yielded a negative

correlation between within- versus across-generation responses. That is,

responses to predator cues within- and across-generations were opposite in

sign and magnitude. Although many models address transgenerational plas-

ticity, none of them explain this apparent negative relationship between

within- and across-generation plasticities. Our results highlight the need to

refine the theory of transgenerational plasticity.
1. Introduction
It is becoming increasingly clear that environmental changes, due to such factors

as invasive species, rising temperatures and habitat loss, pose significant threats

to biodiversity. Much research has evaluated the mechanisms that allow organ-

isms to adapt to environmental change. This work has focused on the ability of

organisms to evolve or alter the expression of traits (phenotypic plasticity) in

response to environmental changes [1–3]. Yet, there is now much evidence

demonstrating that the environment can induce non-genetic phenotypic changes

that span multiple generations. Such ‘transgenerational plasticity’ occurs when

the environment experienced by parents alters the phenotypes of subsequent gen-

erations [4,5]. Transgenerational responses have been documented in many

organisms [6] for a variety of environmental perturbations [3] and are postulated

to have far-reaching consequences for population dynamics [7], community inter-

actions [8] and the rate and direction of evolutionary change [9–11]. Yet, despite

widespread appreciation for the existence of transgenerational plasticity ([11,12],

but see [13,14]), our understanding of the evolution of transgenerational

responses is limited.

Theory predicts that similar conditions favour the evolution of phenotypic

responses that occur within- and across-generations. Within-generation responses

are favoured when environmental conditions are variable but predictable [15,16]

and such predictions have received empirical support (e.g. [17–19]). Transgenera-

tional responses are expected to be favoured when there is environmental

heterogeneity across generations and when offspring environmental conditions

are predictable from parental environmental conditions [2,3,20–22]. Current
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theory that explicitly incorporates phenotypic plasticity and

‘maternal effects’ [23,24] indicates that predictable environ-

mental variation will simultaneously select for increased

plasticity within- and across-generations. However, the covar-

iation between within- and across-generation plasticities has

not yet received any empirical evaluation.

The interplay between freshwater species of zooplankton

and their predators has long served as a model for studying

phenotypic plasticity. Notably, many species of water fleas

(Daphnia) respond to the presence of predators by producing

morphological defences (head and tail spines) and altering

life-history traits [25,26]. Specifically, Daphnia sp. respond

within a generation to fish chemical cues (kairomones) by

developing at a faster rate and investing more heavily into

reproduction [25,26]. There is also evidence that parental

exposure to predator cues significantly modifies the pheno-

types of offspring [27–29], though the duration of such

effects is unclear. A key virtue of using asexually reproducing

Daphnia to explore transgenerational responses is that the

results within clones are unambiguously due to plasticity;

they cannot result from selection, recombination or gene-

tic drift. Thus, Daphnia offer great promise to explore the

connection between plasticity within- and across-generations.

Here we quantified patterns of within- and across-

generation predator-induced plasticities across an array of

experimental contexts in natural populations of Daphnia.

We reared more than 25 clones of Daphnia ambigua from

lakes in Connecticut in a common garden setting for two gen-

erations. We then performed a series of experiments that were

designed to: (i) measure the duration of predator-induced

transgenerational effects, (ii) evaluate the mechanism of

transgenerational induction (i.e. maternal versus embryonic

exposure to predators), and (iii) determine whether similar

responses are generated by exposure to cues emitted by

injured conspecifics versus cues emitted by predators. All

experiments produced direct evaluations of the magnitude

of within- versus across-generation plasticity.
2. Material and methods
(a) Overview
This study used clones of D. ambigua from six lakes in Connecticut:

Bride, Dodge, Gardner, Long, Quonnipaug and Wyassup [30,31].

Note that not all lakes are represented in each experiment. Daphnia
in these lakes naturally experience a variety of fish pre-

dators including strong predation intensity by the alewife (Alosa
pseudoharengus; in Bride, Dodge, Long and Quonnipaug) as well as

a variety of generalist planktivorous fish predators such as bluegill

(Lepomis macrochirus), pumpkinseed (Lepomis gibbosus), redbreast

sunfish (Lepomis auritus) and white perch (Morone Americana) in all

lakes [30,31]. We have previously explored life-history variation in

D. ambigua as a function of changes in the severity and duration of

predation intensity [32–34]. The goal of this study was to use a

genetically diverse array of clones across many lakes to characterize

transgenerational responses in this species. All of the experiments

described below used clones of Daphnia that were originally hatched

from ephippia (diapausing resting eggs), reared for several gener-

ations in a common garden setting, and then experienced multiple

generations of experimental manipulation.

(b) Experiment 1: predator cue removal
The aim of this first experiment was to characterize the transgenera-

tional effects of predator cues and to quantify the duration of such
effects. To establish our laboratory populations, we hatched 26

clones of D. ambigua from sediment samples that were collected

using an Ekman grab from each lake. These sediment samples

were all collected approximately in August 2009. Even though we

do not have information on the age of these surface sediment

samples, all of our populations have experienced consistent

exposure to fish predators over the past century [35]. We hatched

seven clones each from Bride and Dodge Lake and six clones

each from Long and Quonnipaug Lake. For each clone, the first lab-

oratory generation consisted of a single post-ephippial female

that was reared individually in a 90 ml jar containing COMBO

media [36] and fed ample quantities of Scenedesmus obliquus (con-

centration: more than 0.8 mg C l21 d21). These individuals were

reared under common temperature (188C) and photoperiod

regimes (photoperiod: 14 L : 10 D). All clones were transferred to

fresh media and algae every day. The second laboratory generation

was established by collecting replicate sets of two newly born neo-

nates from the second clutch of each clone (i.e. multiple females

were available to produce the experimental treatments). The den-

sity of individuals was reduced to one individual per container

on day 3. These individuals experienced the same conditions

(temperature, photoperiod, food quantities) and frequency of

food/media replenishment (every day) as the previous generation.

We evaluated the transgenerational effects of predator cues

on the life-history traits of D. ambigua beginning with third

generation laboratory-reared individuals. This experiment ran

for a total of four generations (F0, F1, F2 and F3). To begin the

experiment, we collected nine newly born individuals (less

than 12 h old) per clone and individually placed them into

90 ml jars containing COMBO media [36]. Each individual was

randomly assigned to one of three treatments: (i) predator (P),

(ii) predator removal (PR), and (iii) no predator (N). The P treat-

ment received conditioned media containing fish kairomones

daily throughout the entire experiment. The PR treatment

received fish predator cues during the F0 generation of the exper-

iment. The N treatment never received fish chemical cues. To

ensure that there was no contamination across treatments and

generations (for all experiments), we created separate sets of

glassware/pipettes/dishes for P and N treatments. Each treat-

ment was replicated 3� per clone per generation (26 clones � 9

individuals per clone ¼ 234 jars per generation; 936 total jars

over 4 generations). The experimental conditions were the

same as described above (temperature ¼ 188C, photoperiod ¼

14 L : 10 D). All individuals were fed specified quantities of

S. obliquus (0.8 mg C l21 d21) and were transferred to fresh

media and algae every day.

Beginning on day 3, all Daphnia were evaluated 2� daily for

maturation (defined as the release of the first clutch into the

brood chamber). When an individual matured, the timing of matu-

ration as well the size of the first clutch was recorded. All

individuals were subsequently monitored daily for the production

of clutches 2 and 3. To initiate the F1 generation (and subsequent

generations), we collected newly born (,12 hours) individuals

from the second clutch of each jar and placed them into a new

jar containing fresh media and algae (and kairomones when

appropriate). For the PR treatment, the transition between the F0

and F1 generations represents the point at which each lineage

was transferred to media that did not contain predator cues.

In this treatment, F1 individuals were exposed to predator cues

during embryonic development and very early life-history

stages (up until 12 h old). The timing of maturation and production

of offspring was monitored using the same procedures as

described above.
(c) Kairomone collection
COMBO medium conditioned by the presence of planktivorous

fish was collected daily from a tank containing two to four
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redbreast sunfish (L. auritus; approx. 3 cm in total length) in 130 l of

water. Each morning, more than 200 D. ambigua were added as

prey to the aquaria. Injured Daphnia emit chemical cues that con-

tribute to the magnitude of the phenotypic response to predation

[37]. Our conditioned media probably contained both fish kairo-

mones and Daphnia ‘alarm cues’. Following the consumption of

these Daphnia, media was removed from the aquaria and filtered

using membrane filters (47 mm diameter, 0.45 mm mesh). The

fish-conditioned media was filtered down to 0.45 mm because it

has been shown that this mesh removes bacteria that are large

enough for Daphnia to ingest [38]. This filtering is thus intended

to preclude the fish-conditioned media from providing sup-

plemental nutrients. The concentration of kairomones that was

used in this experiment equalled 0.0025 fish l21.
R.Soc.B
282:20142205
(d) Experiment 2: cue switching
We performed an additional experiment where we manipulated

exposure to predator cues at maturation to better understand the

timing of induction of transgenerational responses (i.e. maternal

versus environmental induction) [27]. This experiment used

27 clones of Daphnia from six lakes. This included five clones each

from Bride and Dodge, four each from Long and Wyassup, six

from Gardner and three from Quonnipaug. There was a 42% overlap

in clone identity between the predator-removal and cue switching

experiments. All clonal lines were reared in a common environment

for a period of two generations prior to the initiation of the exper-

iment (temperature ¼ 188C, photoperiod ¼ 14 L : 10 D. A key

difference is that the ‘cue switching’ experiment started the multiple

generations of laboratory rearing by using females from existing

stock cultures. These cultures were established in the laboratory

by hatching resting eggs from sediment samples (same as the

predator-removal experiment) and were maintained in 250 ml

glass jars at 188C for two months prior to start of the cue switching

experiment. The cultures were changed to fresh media and algae

weekly and were maintained at moderate densities (less than

60 adults l21). We removed approximately two adult Daphnia
from each stock culture. One neonate was removed from the first

clutch produced by each adult and was subsequently reared as

described above for the ‘predator-removal’ experiment for a

period of two generations.

The ‘cue switching’ experiment began by collecting 12 newly

born individuals (less than 12 h old) per clone and individually

placing them into 90 ml jars containing COMBO media [36]

and algae (S. obliquus, 0.8 mg C l21 d21). Each individual was

randomly assigned to one of four treatments: (i) predator (P),

(ii) predator to no predator (P to N), (iii) no predator to predator

(N to P), and (iv) no predator (N). The P treatment received fish

chemical cues daily throughout the experiment. The P to N and

N to P treatments were transferred to media containing the pres-

ence/absence of predator cues when the individual attained

maturation. The N treatment never received fish chemical cues.

Using the same procedures as described above, we quantified

the timing of maturation for all treatments. We evaluated the

effects of the four predator treatments on the timing of matu-

ration across two generations (F0 and F1). To initiate the F1

generation, we collected a newly born individual (less than

12 h) from the second clutch of each jar and placed them into a

new jar containing media and algae. This timing is important

because individuals in the second clutch will develop in the

presence of predator cues in the N to P treatment but in the

absence of such cues in the P to N treatment. Each treatment

was replicated 3� per clone per generation (27 clones � 12 indi-

viduals per clone ¼ 324 jars per generation; 648 total jars over

two generations). The experimental conditions (temperature,

photoperiod, feeding schedule) were identical to the predator-

removal experiment. The concentration of kairomones used in

this experiment was 0.0043 fish l21).
(e) Experiment 3: alarm cue versus fish kairomone
Daphnia are known to respond phenotypically to chemicals emitted

by predators (i.e. kairomones) as well as the chemical cues emitted

by injured conspecifics (Daphnia ‘alarm cues’ hereafter) [37]. To

quantify the influence of each cue on transgenerational plasticity,

we measured life-history responses when Daphnia were exposed

to alarm cues or kairomones for a period of two generations.

We hatched 23 clones from ephippia (Bride¼ 10 clones, Dodge ¼

5 clones, Long¼ 5 clones, Quonnipaug ¼ 4 clones) and reared

them in a common garden at 158C setting for two generations

(same procedures as described above).

We evaluated the transgenerational effects of predator cues on

the life-history traits of Daphnia beginning with third generation

laboratory-reared individuals. We collected nine newly born indi-

viduals (less than 12 h old) per clone and randomly assigned each

individual to one of three treatments: (i) Daphnia alarm cues only,

(ii) fish kairomones only, and (iii) no predator. The ‘Daphnia-only’

treatment received water containing the cues emitted by macerated

Daphnia (100 Daphnia l21) every other day throughout the exper-

iment. The ‘fish-only’ treatment received media conditioned by

fish every other day. The conditioned water was created by isolat-

ing a redbreast sunfish (L. auritus) in an aquaria for 12 h. Water was

then removed from this aquaria and filtered as described above.

The concentration of kairomones used in this treatment was

0.05 fish l21. The ‘no predator’ treatment never received fish

chemical cues. Each treatment was replicated 3� per clone per gen-

eration (23 clones � 9 individuals per clone ¼ 207 jars per

generation; 414 total jars). All individuals were fed quantities of

S. obliquus (0.8 mg C l21 d21) and were transferred to fresh

media and algae every other day.

( f ) Statistical analyses
Variation in age at maturation and clutch size was analysed using

linear mixed models (SPSS v. 21) implemented using restricted

maximum-likelihood estimation. Predator treatment, generation

and the predator � generation interaction were entered as fixed

effects. Clone identification was entered as a random effect. We

used Satterthwaite approximations for the denominator degrees

of freedom. When we observed a significant generation � predator

treatment interaction, we used tests of simple main effects to

examine differences of one factor at each level of the other in the

interaction [39]. In these tests, we used false discovery rates to

adjust our p-values for multiple tests. A likelihood ratio test was

used for tests of significance of the random effects. Data for age

at maturation were log-transformed while all clutch size data

were square-root transformed to improve fits with normality

and homogeneity of variances. r2 values for all analyses were

calculated using the method developed by Xu [40].

(g) Correlations between within- and across-generation
predator effects

To explore the relationship between within- and across-generation

predator responses, we evaluated Pearson correlations between

the F0 and F1 generations. For all experiments, we quantified the

‘within-generation response’ to predators for each genotype as:

F0 predator trait value—F0 non-predator trait value. We then

examined the average clonal response across generations by calcu-

lating the difference in trait values for the predator treatments

between the F1 and F0 generation (i.e. F1 predator trait value—F0

predator trait value). One potential shortcoming of these corre-

lations is that the F0 predator trait value appears in the x- and

y-axes. As a consequence, a negative correlation may arise solely

because of noise in the F0 predator data.

To independently assess whether Daphnia genotypes respond

within- or across-generations, we removed the effect of measure-

ment error by estimating the within- and across-generation
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Figure 1. Life-history variation in the predator-removal experiment. (a) Age at maturation, (b) clutch 1, (c) clutch 2, and (d ) clutch 3. Closed squares ¼ predator
(P), open squares ¼ predator removal (PR) (Daphnia exposed to predator cues for a single generation), closed circles ¼ non-predator (N). Significant ( p , 0.05)
interactions between predator treatment and generation were observed for age at maturation, clutch 1 and clutch 3. Daphnia in the predator and predator-removal
treatments matured earlier and produced larger clutches of offspring than the no-predator treatment in the F0 generation. Such differences in the timing of matu-
ration and clutch size (clutch 1 only) increased in the following generation. Black arrows in panel (a) designate the within- and across-generation responses to
predator cues. Error bars ¼+1 s.e.
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effects for each clone in the context of a general linear model.

Specifically, we fitted the model

Xc,t,g,i ¼ mc þ wc1(t¼p) þ gc1(g¼2) þ uc1(t¼p and g¼2) þ ec,t,g,i,

where Xc,t,g,i is the response (age at maturation or clutch size) for

clone c in generation g (1 or 2) and treatment t (N or P) and

ec,t,g,i � N(0, s2
c ) accounts for variation among replicates for a

given clone. The indicator variables f1(t¼p), etc.g take on the

value 1 when the subscripted condition is true and 0 otherwise

and the parameters mc, wc, gc and uc account for the clone-specific

baseline and effects of treatment, generation and their interaction.

Note that this analysis is precisely analogous to treating these

terms as random effects without the added assumption that they

are normally distributed. To make the analogy between this

approach and the direct correlation explicit, we note that the

within-generation response is given by wc. Similarly, the difference

between the predator treatment in generation 2 and generation 1 is

given by gc þ uc. Thus the correlation across clones between wc and

gc þ uc yields the correlation in within- and across-generation

responses with the added benefit of explicitly accounting for

noise that might have biased the direct calculation.
3. Results
Our results show that Daphnia reared in the presence of fish

chemical cues produced offspring that matured faster in the
subsequent generation (figures 1 and 2), although this influ-

ence of predator on prey depended upon the number of

generations of predator exposure (figure 1) as well as the

timing of initial exposure to predator cues (figure 2). Most

significantly, all experiments revealed a negative correlation

between the magnitude of within- versus across-generation

plasticity (figure 3).
(a) Predator-removal experiment
We observed significant ( p , 0.05) ‘predator � generation’

interactions for age at maturation and offspring production

(clutch number 1 and 3 only; electronic supplementary

material, table S1; figure 1). The predator � generation inter-

action was marginally non-significant ( p . 0.05) for the

second clutch of offspring. Tests of simple main effects revealed

significant effects of predator cues within each experimental

generation save the lack of divergence in clutch size in the F0

generation (electronic supplementary material, table S1). In

the F0 generation, Daphnia reared in the presence of predator

cues matured faster and produced more offspring than Daphnia
from the N treatment. This initial exposure to a predator cue (in

the F0 generation) is then correlated with earlier maturation and

the production of larger clutches of offspring in the following

generation (figure 1). For instance, the differences in age at



ag
e 

at
 m

at
ur

at
io

n 
(d

)

4.2

4.4

4.6

4.8

5.0

generation
F0 F1

ag
e 

at
 m

at
ur

at
io

n 
(d

)

5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

P

N        P

P        N
N

N

Daphnia-only

fish-only

(a)

(b)

Figure 2. Differences in age at maturation across generations in the ‘cue
switching’ and ‘alarm versus fish kairomone’ experiment. (a) Cue switching:
closed squares, predator (P); open squares, predator to non-predator (P to N);
open circles, non-predator to predator (N to P); closed circles, non-predator
(N). Exposure to predator cues was manipulated at maturation. A significant
( p , 0.05) predator � generation interaction was observed. Daphnia in the
predator treatment matured earlier than Daphnia not exposed to predator
cues and such differences increased in the F1 generation. Daphnia that
were exposed to predator cues starting at maturation (N to P) matured
faster in the following generation while Daphnia transferred to non-predator
media at maturation (P to N) did not alter the timing of maturation between
generations. (b) Alarm versus fish kairomone: closed circles, non-predator (N);
closed triangles, Daphnia-only; open triangles, fish-only. A significant treat-
ment effect was observed as Daphnia from the Daphnia-only and fish-only
treatments matured significantly ( p , 0.05) earlier than Daphnia from
non-predator treatments. Error bars ¼+1 s.e.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142205

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

17
 A

ug
us

t 2
02

1 
maturation between the P and N treatments increased from

approximately 8 to 19% between the F0 and F1 generations.

Similar trends were observed between the PR and N treatments

for age at maturation and the size of clutch 1 and 2 between the

F0 and F1 generations. The size of clutch 3 did not increase in the

PR treatments between generation F0 and F1. Post-hoc tests

revealed significant ( p , 0.05) differences in age at maturation

between the P (i.e. P and PR) and N treatments in the F0 and F1

generation (see the electronic supplementary material, table S1).

For clutch size, post-hoc tests revealed non-significant differ-

ences in the F0 generation, but both P and PR treatments

differed significantly from the N treatment in the F1 genera-

tion (clutch 1 and 2 only; electronic supplementary material,

table S1).

Differences in age at maturation and clutch size between the

P and N treatments were maintained in generations in F2 and F3

(figure 1). Post-hoc tests showed that Daphnia from the P
treatment continued to mature significantly ( p , 0.05) earlier

and produce more offspring than the N treatment (electronic

supplementary material, table S1). Differences in age at matu-

ration between the PR and N treatments were small but

significant in the F2 generation, and disappeared entirely by

generation F3. By contrast, there were no significant differences

in the production of offspring between the PR and N treatments

in the F2 and F3 generations (electronic supplementary material,

table S1).

(b) Cue switching experiment
We observed a significant interaction between predator

treatment and generation for age at maturation (figure 2;

F3,590.9 ¼ 4.12, p ¼ 0.007; model r2 ¼ 0.071). Tests of simple

main effects revealed significant effects of predator treat-

ments in the F0 (F3,288.2 ¼ 5.17, p ¼ 0.002) and F1 generation

(F3,278.1 ¼ 6.86, p , 0.001). Daphnia reared in the presence of

fish predator cues matured approximately 4% faster than

Daphnia reared in the absence of fish predator cues in the

F0 generation. Such differences subsequently increased in

the F1 generation; Daphnia from the P treatment matured

10% faster than Daphnia in the N treatment in the F1 generation

(figure 2). Post-hoc tests revealed significant differences

between P and N treatments in the F0 and F1 generations.

The two treatments that experienced a change in conditions

at maturation (i.e. N to P, P to N) exhibited divergent

responses across generations (figure 2). The N to P treatment

accelerated development across generations (a 10% change),

while the P to N treatment did not. As a result, the P to N

treatment matured faster than the N to P treatment in the F0

generation, but such trends reversed in the F1 generation

(figure 2). Comparisons between these two treatments revealed

significant differences in the F0 generation but non-significant

differences in the F1 generation.

(c) Alarm cue versus kairomones experiment
There was a significant influence of cue treatment on age at

maturation in Daphnia (cue effect: F2,382.2 ¼ 9.67, p , 0.001;

model r2 ¼ 0.044; figure 2). Post-hoc tests revealed that Daph-
nia from ‘alarm cue’ and ‘fish-only’ treatments matured

significantly (approx. 7%) earlier than Daphnia from the

non-predator treatment. Differences between the alarm cue

and fish only treatments were minor ( p . 0.05). Significant

differences in age at maturation were observed across gener-

ations (F1,381.9 ¼ 16.53, p , 0.001) as Daphnia matured 5%

faster in the F1 generation compared with F0 generation.

The cue treatment � generation was non-significant

(F2,381.9 ¼ 1.52, p ¼ 0.22).

(d) Correlation between within- and across-generation
responses

We evaluated the correlation between within- and across-

generation responses (for F0 and F1 generations) in all

experiments. We measured these correlations directly from

the trait responses recorded for each clone (see the electronic

supplementary material, figure S1) and also via a general

linear model (GLM) approach that accounts for measurement

error (see Material and methods). Both approaches yielded

very similar trends (compare figure 3 versus electronic supple-

mentary material, figure S1; see the electronic supplementary

material, figure S2, for error bars on correlational plots).
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Figure 3. Correlations between within- and across-generation responses for age at maturation (a – f ) and clutch size (g,h). (a) Predator-removal experiment ‘pred-
ator’ treatment, (b) predator-removal experiment ‘predator-removal’ treatment, (c) cue switching experiment ‘predator’ treatment, (d ) cue switching experiment
‘non-predator to predator’ treatment, (e) Daphnia alarm versus fish kairomones experiment ‘fish only’ treatment, ( f ) Daphnia alarm versus fish kairomones ‘Daphnia-
only’ treatment, (g) predator-removal experiment ‘predator’ clutch size (clutch 1 only), and (h) predator removal ‘predator-removal’ clutch size (clutch 1 only).
Predator-removal’ clutch size (clutch 1 only). ‘Within-generation’ and ‘across-generation’ responses were calculated by using general linear models ( predator treat-
ment and generation entered as fixed effects) for each combination of clone and experiment to explicitly account for clonal variation. ‘within-generation’ ¼ predator
treatment parameter, ‘across-generation’ ¼ generation þ predator by generation interaction parameters (see Material and methods).
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Because the GLM approach represents an unbiased estimate of

the relationship between within- versus across-generation

responses, we will emphasize those results. This analysis
revealed a negative relationship between within- and among-

generation responses to predator cues for all combinations of

traits and experiments (figure 3). For 5 out of 6 assessments
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of age at maturation, this correlation was significant and nega-

tive ( p , 0.05). Such correlations indicate that clones which

mature earlier upon initial exposure to predator cues, will

often exhibit the opposite response in the following generation

(delayed maturation; figure 3). Similarly, there was a negative

relationship between within- and among-generation responses

to predator cues for the size of the first clutch, although these

correlations were not significant (figure 3g,h). Such correla-

tions qualitatively indicate that clones which responded

strongly to predators by increasing offspring production in

the F0 generation, produced comparatively smaller clutches

in the F1 generation.

3 4 5 6 7

observed age at maturation (d)

Figure 4. Fit of predicted versus observed maturation data based upon the
Hoyle & Ezard model [23]. We fitted the model [23] to the Daphnia maturation
data from the predator and no-predator treatments of the predator-removal
experiment. The black (generation 2), grey (generation 3) and white (generation
4) markers indicate the results for generations 2 – 4. The fitted model does not
predict any of the variability in maturation for the predator-removal treatment
( prediction r2 , 0 for all generations).

oc.R.Soc.B
282:20142205
4. Discussion
Our results demonstrate that prey adaptively respond to the

threat of predation by modifying the expression of life-history

traits across generations (figures 1 and 2). Daphnia reared in the

presence of predator cues, on average, matured earlier and pro-

duced larger clutches of offspring than Daphnia reared in the

absence of predator cues (figures 1 and 2). These initial,

within-generation effects of predator on prey were generally

modest (approx. 6–10% response). Parental exposure to pred-

ator cues then resulted in a significantly earlier age at

maturation in the following generation thus doubling the

difference between predator and non-predator treatments

(figures 1 and 2). The magnitude of these responses is note-

worthy as our previous studies of life-history evolution have

shown that similar changes in trait values provide a direct

link to ecological processes via altered consumer–resource

dynamics and primary production [34]. Furthermore, these

cross-generational responses were detectable two generations

following cue removal (figure 1), were probably induced

during embryonic development (compare ‘P to N’ versus ‘N

to P’ in figure 2a) and were similar in magnitude, whether

Daphnia were exposed to cues emitted by injured Daphnia
(alarm cues) or predators (kairomones; figure 2b). All of these

results provide evidence for adaptive transgenerational plas-

ticity when the phenotypic responses of prey to predator

cues are averaged across many clones of Daphnia.

Most surprisingly, our correlational plots that explored

clone-specific patterns of plasticity revealed negative relation-

ships (figure 3). Clones that initially matured earlier (or

produced larger clutches) when exposed to predator cues

(i.e. within-generation response) exhibited no response or the

opposite response across generations. Conversely, strong trans-

generational responses, as measured by declines in the timing

of maturation across generations, were displayed by clones

that delayed the timing of maturation when initially exposed

to predators cues (figure 3). That is, clones responded to pred-

ator cues by modifying their timing of maturation within- or

across-generations, but not both. Contrasting phenotypic

responses within- and across-generations (in sign and magni-

tude) were evident for multiple traits and experimental

contexts and were independently replicated using a distinct col-

lection of genotypes (figure 3). Such trends thus appear to be

robust and require further investigation.

Theory predicts that similar conditions will favour the

evolution of within- and across-generation plasticities (i.e.

[2,3,15,16,20–22]). However, only one extant framework con-

siders both within- and across-generation plasticities and

makes specific predictions regarding the connections between
the two [23,24]. The negative correlation we observed bet-

ween within- and across-generation responses is consistent

with the model of Hoyle & Ezard [23] but only when the

maternal effect coefficient is negative and the genetic covari-

ance among reaction norm coefficients is positive. We

evaluated these conditions by fitting the Hoyle & Ezard

model [23] to the Daphnia maturation data from the predator

and no-predator treatments of experiment 1 (predator

removal). Doing so, results in a maximum-likelihood estimate

of the maternal effects coefficient that is not significantly differ-

ent from zero (see the electronic supplementary material,

appendix S1). Moreover, the fitted model is incapable of pre-

dicting age at maturation for Daphnia that were initially

exposed to predators for a single generation (i.e. predator

removal; figure 4; see the electronic supplementary material,

appendix S1). Thus, existing theory cannot explain the

observed negative covariation between within- and across-

generation phenotypic responses (figure 3). While these results

do not diminish the conceptual contribution made by Hoyle &

Ezard [23,24], they clearly highlight the need for more mechan-

istic theory on the transduction of environmental information

within- and across-generations.

Transgenerational plasticity is generally considered

adaptive when current environmental conditions accurately

reflect future conditions and parents modify the traits of

offspring (or future generations) to best match those con-

ditions. This may include a positive or negative covariation

(i.e. negative maternal effect) in trait values across genera-

tions depending upon the extent to which cues experienced

by parents foreshadows similar conditions or a change in

conditions for offspring. There are clear examples that

provide strong evidence for adaptive variation in trans-

generational plasticity (i.e. [5,41,42]). Yet, the results of a

recent meta-analysis revealed that, overall, the evidence for

adaptive transgenerational plasticity is surprisingly weak

([13], see also [14]). Uller et al. [13] identify several reasons

as to why the evidence for adaptive transgenerational plas-

ticity may be limited. This includes the extent to which

researchers impose environmental treatments that reflect eco-

logically relevant variation and the statistical robustness of

designs that are typically used to detect transgenerational
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responses. Our results provide an additional explanation as

to why experiments can fail to yield evidence for adaptive

variation in transgenerational plasticity. In all of our exper-

iments, we observed significant genetic variation in the

magnitude and direction of transgenerational responses to

predator cues (figure 3). Some clones provided evidence for

an adaptive response to predator cues by strongly modifying

the expression of life-history traits across generations, while

others did not (figure 3). Thus, adaptive interpretations

of transgenerational plasticity will depend on the specific

individuals or populations that are chosen for study. Future

work should pay close attention to the amount of replica-

tion (i.e. genotypes, families, populations) that is included

in studies and target populations that are most likely to

display transgenerational plasticity in response to relevant

environmental variables.

Opposing phenotypic responses to environmental stres-

sors within- and across-generations has potentially broad

implications (figure 3). Importantly, it shows that within-

versus across-generation responses can be decoupled. Such

genetic variation, in turn, presents the opportunity for

selection to favour contrasting patterns of plasticity across

environments. Evidence for a transgenerational influence of

environmental cues [3] including cross-generational effects
of predators on prey is growing [27,42–47]. Work has also

shown that closely related species can differ in transgenera-

tional plasticity [48] and that epigenetic markers can vary

across populations [49]. The key next step is to determine,

theoretically and empirically, the ecological conditions that

favour within- versus across-generation responses. Future

work needs to consider a greater array of traits including

common fitness-related trade-offs (i.e. age versus size at

maturation) to more fully describe connections between

within- and across-generation responses to environmental

cues. Improved understanding of the evolutionary drivers

of transgenerational plasticity as well as the connection

between transgenerational plasticity and ecological processes

remains an important area of study.
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