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Abstract. Our understanding on how organisms evolutionarily cope with simultaneously
occurring, multiple threats over generations is still elusive. In a long-term experimental study,
we therefore exposed clones of a freshwater cladoceran, Daphnia magna, to threats from preda-
tion and ultraviolet radiation (UVR) during three consecutive parthenogenetic generations.
We show that Daphnia can adapt to different sets of threats within three generations through
modifying morphology, swimming behavior, or life-history traits. When faced with predator
cues, D. magna responded with reduced body size, whereas exposure to UVR induced behav-
ioral tolerance when again exposed to this threat. Such UVR-tolerant behavior was initially
associated with a reduced clutch size, but Daphnia restored the reproductive output gradually
through generations. The findings advance our understanding on how those common inverte-
brates, with a global distribution, are able to persist and rapidly become successful in a chang-
ing environment.

Key words: adaptation; Daphnia magna; multiple threats; predation; transgenerational plasticity;
ultraviolet radiation.

INTRODUCTION

All animals on Earth are constantly faced with multi-
ple and variable threats in their natural environments.
In order to survive and reproduce, animals, as well as
plants, have to handle the set of threats present in their
local environment or respond behaviorally and move or
migrate somewhere else. There are well-known exam-
ples of such migrations, such as the mass-migrations of
ungulates on the African savannah and seasonal bird
migrations in order to avoid low temperatures, shortage
of food, or drought (Hansson and !Akesson 2014). In
aquatic systems, large mass migrations of fish between
lakes and rivers, likely driven by predation, have been
noted (Br€onmark et al. 2014). Moreover, millimeter-
sized zooplankton have long been known to perform
diel vertical migrations (DVM) between surface and
dark bottom waters to avoid predation and ultraviolet
radiation (UVR; Hansson and Hylander 2009a, Wil-
liamson et al. 2011). However, if migration is not an
option, an organism will have to acclimate to the local
environment, for example, through phenotypic plastic-
ity, or selection that eventually leads to genetic adapta-
tion. Because any local environment exposes an
organism to multiple threats, each of them varying
temporally in strength, processes such as acclimation,
plasticity, and selection will together mold the inte-
grated phenotype (Pigliucci 2003), which can be seen as
a compromise, or as an optimization, of the

multivariate phenotype in a specific local environment.
Although some aspects of the integrated phenotype
may appear already within an individual’s lifetime as a
plastic response, other coordinated trait responses may
require exposure of multiple generations to emerge. To
date, most studies on trait responses to local environ-
ments have focused on investigating single threats in
isolation, and typically also quantified trait responses
in a single generation of animals. Consequently, our
understanding of transgenerational responses to multi-
ple threats remains elusive. In order to fill this knowl-
edge gap, we here aim at addressing the issue on how
multiple threats affect the integrated phenotype over
several generations; that is, both inter- (mother–
offspring) and transgenerational (grandmother–mother–
offspring) effects.
Predation is often among the most common and

forceful of the multiple threats present in natural ecosys-
tems. Besides the direct capture and ingestion by preda-
tors, resulting in an instant and complete loss of future
fitness in the prey, perceived predation risk alone is pow-
erful enough to affect the demographic structure of prey
populations (Lima 1998, Creel and Christianson 2008,
Zanette et al. 2011). For example, among songbirds fear
of predation perceived by prey organisms results in a
reduced reproduction rate (Zanette et al. 2011). In con-
trast to predation, UVR is not immediately lethal at low
doses, but may cause detrimental effects on many organ-
isms, both aquatic and terrestrial, owing to its highly
energetic, short wavelengths (Rautio and Tartarotti
2010). For example, several studies show that exposure
to UVR leads to reduced fecundity and higher mortality
rates among zooplankton (Williamson et al. 1994,

Manuscript received 20 April 2019; accepted 8 June 2020.
Corresponding Editor: Shelley E. Arnott.

1 E-mail: yongcui.sha@biol.lu.se

Article e03145; page 1

Ecology, 101(11), 2020, e03145
© 2020 The Authors. Ecology published by Wiley Periodicals LLC on behalf of Ecological Society of America
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

https://orcid.org/0000-0002-8558-0125
https://orcid.org/0000-0002-8558-0125
https://orcid.org/0000-0002-8558-0125
https://orcid.org/0000-0002-3035-1317
https://orcid.org/0000-0002-3035-1317
https://orcid.org/0000-0002-3035-1317
info:doi/10.1002/ecy.3145
mailto:
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002/ecy.3145&domain=pdf&date_stamp=2020-08-19


Rautio and Tartarotti 2010). However, in natural envi-
ronments, common biotic and abiotic threats, such as
predation and UVR, do not act in isolation but often
occur simultaneously. This imposes considerable pres-
sure on the organism, because a defense trait can be ben-
eficial against one threat, but may increase the
susceptibility to another. For example, when simultane-
ously exposed to predation and UVR, copepods reduced
their pigmentation in response to predation but reducing
photoprotective pigmentation made them more exposed
to UVR (Hylander et al. 2009). To cope with these mul-
tiple threats, organisms have to evolve rapidly or respond
plastically by modifying their behavior, morphology,
and life-history traits (Tollrian and Harvell 1999). Such
plastic responses have been extensively studied in crus-
tacean zooplankton, fish, and amphibians (Hansson
and Hylander 2009a, Ferrari et al. 2010). However, most
studies are built on short-term experiments, rarely last-
ing longer than one generation of exposure to the
threats, and may therefore fail to document the potential
long-term or transgenerational effects (Agrawal et al.
1999, Huebner et al. 2009).
Vertical migration is a common strategy among zoo-

plankton to avoid predation and the UVR threat (Hans-
son and Hylander 2009a, Williamson et al. 2011). By
spending the light hours in deeper and darker waters,
they reduce the risk of being detected by visually hunting
predators, such as fish (Lampert 1989, Hays 2003), as
well as avoid high exposure to harmful radiation (Rhode
et al. 2001). Zooplankton may also respond phenotypi-
cally, that is, protecting themselves from predation
threats by changing their morphology, such as growing
larger spines, neck-teeth or helmets (Agrawal et al. 1999,
Riessen and Gilbert 2019). The size-efficiency hypothesis
predicts that large individuals are stronger competitors
because they are able to harvest more of the resources
than small ones, whereas large individuals are generally
a preferred prey for visually hunting predators, such as
fish (Brooks and Dodson 1965, Hall et al. 1976). Hence,
according to this hypothesis, large zooplankton may be
removed by size-selective predation from fish predators,
leading to a zooplankton community dominated by
small species (Brooks and Dodson 1965). Therefore,
reducing body size may be adaptive for zooplankton
in situations where large-sized predators (e.g., fish) are
dominant, which has been repeatedly shown for crus-
tacean zooplankton (Brooks and Dodson 1965, Hall
et al. 1976), but also for rotifers (Zhang et al. 2017a).
Although such morphological acclimations driven by
phenotypic plasticity may occur within a generation, it is
unclear if the induction is further enhanced over
generations, which seems to be the case with respect to
handling toxic food by Daphnia. In an experiment where
the herbivore Daphnia was exposed to cyanobacterial
toxins, the granddaughters were less affected by the
toxins than their mothers and grandmothers
(Gustafsson et al. 2005); that is, the tolerance to the
toxic food was enhanced through generations. However,

our understanding of such adaptive transgenerational
effects is scarce.
Cladocerans of the genus Daphnia have long been used

as a model organisms for ecological and evolutionary
research because of their wide distribution in nature.
Members of this genus have succeeded in many water
bodies with variable environmental threats, including
predation and UVR. Notably, many Daphnia species are
plastic within a single generation in their reaction to
predator chemical cues (Boersma et al. 1998), as well as
to harmful UVR (Rhode et al. 2001). However, there is
now growing evidence demonstrating that phenotypic
changes induced by environmental signals can span over
multiple generations, a feature recognized as transgener-
ational plasticity (TGP) (Uller 2008, Jablonka and Raz
2009, Bonduriansky et al. 2012). Hence, any environ-
mental threat experienced by parents may potentially
alter the variation in their offspring’s phenotypes (Agra-
wal et al. 1999) and thereby provide them with an
enhanced ability to tolerate future stressful conditions
(Mousseau and Fox 1998). Such transgenerational
responses have been documented in many organisms,
including copepods, polychaetes and fish, which may
respond to raising temperature, elevated levels of CO2,
or hypoxia (Donelson et al. 2018). Yet few studies have
investigated the multigenerational impacts of predation
and UVR on crustacean zooplankton, despite their key
role in aquatic ecosystems (but see Tanner and Branstra-
tor 2006, Huebner et al. 2009, Santangelo et al. 2011), so
the potential role of phenotypic plasticity, including
transgenerational plasticity, in promoting Daphnia to
adapt to these multiple threats over generations is still
unclear.
Here we reared three clones of Daphnia magna under

control (normal light), predation (normal light with fish
cue), UVR, and the combination of predation and
UVR, for three consecutive parthenogenetic generations.
We then performed a series of assays that were designed
to (1) measure the morphological responses of D. magna
to single or multiple threats for each generation, (2)
assess the swimming behavioral responses by D. magna
from each treatment when again exposed to UVR threat,
and (3) evaluate whether D. magna can become adapted
to the new environment after three generations of
acclimatization. By using asexually reproducing Daphnia
as well as genetically identical individuals in different
treatments to explore transgenerational responses, we
could unambiguously attribute any variation among
individuals within a clone line to plasticity. Therefore,
we hypothesized that D. magna can distinguish between
different threats and respond accordingly, suggesting
that exposure to fish cue alone would lead to a reduced
body size through generations. When exposed to a com-
bination of fish cue and UVR, D. magna may change
their body size or, alternatively, the combination with
UVR may counteract this response. When exposed to
UVR, we hypothesized that all individuals would exhibit
avoidance behavior by swimming downward to deeper
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depths, and that individuals reared under UVR condi-
tions (with or without fish cue) would show less response
compared to na€ıve siblings (Hylander et al. 2014, Over-
holt et al. 2016). In addition, we recorded the number of
offspring from the first two clutches for all individuals in
each generation and used this as a proxy for reproduc-
tive output (physiological performance). This allowed us
to test the hypothesis that the multigenerational expo-
sure to UVRwould enable Daphnia to adapt to the local
environment of high stress and approach the original
reproductive output eventually.

MATERIALS AND METHODS

Clone collection and maintenance

This study included three clones of D. magna, which
were collected with a plankton net (200 lm) from surface
waters (0–0.5-m depth) of a small fishless pond in Lund,
Southern Sweden (55.6607 N, 13.5411 E). Each clone was
established from a single parthenogenetic female. After
isolation, three female D. magna adults were placed indi-
vidually in separate 100-mL glass jars filled with 60 mL
copper-free tap water at 20°C with a light regime of
30 lmol photons!m"2!s"1 and a 14 h light:10 h dark
cycle in a controlled climate room. Because Daphnia are
sensitive to copper, which may be released from copper
pipes, we used copper-free tap water delivered through
plastic pipes throughout the study. Prior to the start of
the experiment, the daphniids were maintained in labora-
tory for 4 months (at least five generations) and were fed
every second day with 105 cells of the microalga Scenedes-
mus sp. During these laboratory generations, animals were
pipetted out once a week to allow for jar cleaning and the
addition of new medium.

Experimental design

We used a crossed design of fish predation and UVR
which resulted in four treatments, including control (C:
no UVR or fish cue), predation (P: no UVR but with
fish cue), UVR (U: UVRwithout fish cue), and the com-
bination of predation and UVR (PU: UVR with fish
cue). The fish cue was prepared by rearing three crucian
carps (Carassius carassius) in a 20-L aquarium with aer-
ated copper-free tap water for 10 d and feeding them
100 D. magna every day. Water from this aquarium was
filtered through a mesh size of 0.2 lm using vacuum
filtration (10040-436 VWR International, Radnor,
Pennsylvania, USA) and immediately frozen to "20°C
in 2-mL microfuge tubes (20170-170 VWR Interna-
tional). One microtube (2 mL) of this kairomone-en-
riched medium was then melted and added to each of
the replicates in treatments of P and PU every second
day. For treatments of U and PU, D. magna were
exposed to an intensity of UVR of 350 lW/cm2 during
14 h per day (photoperiod: 14 h light:10 h dark), which
was provided by four UVA-340 Q-panel fluorescent

lamps with a maximum emission in the UV-A band
(340 nm). A full spectrum description of the UV-A pan-
els is given in Hansson et al. (2007). In addition, four
cool white tubes (Philips, 40 W, Eindhoven, The Nether-
lands) were also used to more closely mimic natural con-
ditions (hereafter denoted “normal light”).
To initiate the experiment, we collected four female

adults per clone and individually placed them into 100-
mL glass jars containing 60 mL copper-free tap water.
Four individuals of each clone were randomly assigned
to the four treatments (C, P, U, and PU), constituting
the initial generation (G0: 4 treatments 9 3 clones 9 1
replicate = 12 individuals). The mean size of individuals
in the initial generation (G0) was 3.32 (# 0.09) mm.
After they had reproduced, all the first asexual clutches
were discarded and neonates (<12 h old) from the sec-
ond clutch of each female were transferred individually
into new jars with the same medium and food as their
mothers in order to start the next generation (G1: 4
treatments 9 3 clones 9 3–11 replicates = 86 individu-
als). We repeated the same procedure for the next two
asexual generations (G2: 4 treatments 9 3 clones 9 9–
28 replicates = 179 individuals and G3: 4 treat-
ments 9 3 clones 9 13–33 replicates = 288 individuals;
Appendix S1: Fig. S1). Note that each of the three
clones and generations were exposed to all the treat-
ments. Therefore, we could control for the potential
effect of genetic variation among experimental expo-
sures, as well as across generations. A very low propor-
tion of ephippial females was observed in the predation
and UVR treatments throughout the experiment
(Appendix S1: Fig. S2) but they also produced partheno-
genetic clutches of female and male offspring. However,
we only maintained females during the experiment and
males were removed after identification under micro-
scope. The experimental conditions were the same as
described above (temperature: 20°C, photoperiod: 14 h
light: 10 h dark). All individuals were fed with 105 cells
of the microalga Scenedesmus sp. every second day and
were transferred to clean jars with new medium once a
week.
The animals were checked for the presence of eggs

every second day and the number of offspring was
recorded for each individual when the first and second
clutches were delivered. We used the sum of neonates
produced during the first two clutches to estimate the
reproductive output (hereafter denoted “clutch size”).
We focused on the first two clutches because there were
no age-related changes in clutch size for any of the gen-
erations (Appendix S1: Fig. S3). Between 16 and 80 indi-
viduals from the three clones were monitored for each
treatment and each generation, resulting in a total of
553 individuals (Appendix S1: Table S1).

Tracking of swimming behavior

The D. magna females used for behavioral experiments
were exposed to the respective treatment for 30–40 d
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after they were born. Between 6–38 adult females from
each generation and each treatment with a total of 216
individuals were individually assayed for their behavioral
response to the UVR (Appendix S1: Table S1). Prior to
the trials, each individual was labeled using fluorescent
nanoparticles (585 ITK Carboxyl Quantum dot, Life
technologies, Prod. No. Q21311MP) following an
adapted protocol from Ekvall et al. (2013). In short, one
D. magna was exposed to 8 lL of the poly-L-lysine con-
jugated Quantum dot solution (Qdots) and then incu-
bated in the dark at room temperature for 1 h. Labeled
individuals were washed three times using filtered cop-
per-free tap water in order to remove excess Qdots. This
unique method allows for tracking and behavioral assay
of individual animals.
Behavioral tracking was performed in a Plexiglas

aquarium (0.2 9 0.2 9 0.85 m), filled with 30 L of cop-
per-free tap water. Each labeled animal was individually
introduced at the surface of the water in the aquarium
using a 3 mL plastic Pasteur pipette and allowed to
acclimatize for at least 10 min. However, occasionally
some individuals swam down to the deeper depths or
even bottom after the introduction. Therefore, we always
waited to start the behavioral experiment until the ani-
mal was swimming in the upper 25 cm of the arena in
order to standardize the initial UVR-dose among all
individuals. If the animal did not reach the upper 25 cm
of the water column within 1 h the experiment with that
specific individual was canceled. After acclimatization,
we used four synchronized digital cameras (Pike F-
210C, Allied Vision Technologies GmbH) to record a 3-
min video for each individual. The video was divided
into three phases: the first minute under blue excitation
light only, the second minute with UVR turned on
(150 mA, corresponding to a UVR intensity of 250 lW/
cm2) and the last minute with UVR turned off. Three to
five consecutive trials were performed with the same
individual because of the technique constraints. Each
individual was allowed to swim in the aquarium for 10–
20 min before the start of the next trial. We used the
mean of the first two complete tracks for later analyses.
For more details about the tracking setup, see Palm#er
et al. (2016).
To avoid the cross-contamination by the fish cue, a

separate Plexiglas aquarium with the same size as
described above was used to study the swimming behav-
ior for individuals from the P and PU treatments. We set
up the tracking aquarium 1 d prior to the behavioral
assay by filling it with 27 L of copper-free tap water and
3 L of fish cue from the aquarium with three crucian
carp. Chemical cues released by fish evoke behavioral
reactions in prey Daphnia (Hays 2003), although such
reactions may only persist for a short period, for exam-
ple, up to 6 h in the laboratory (Dodson 1988). There-
fore, in order to ensure the presence of fish cue in the
tracking arena, fresh fish cue was continuously diffused
into the tracking aquarium during the video recording
using a peristaltic pump (5 mL/min, ISMATEC!, Reglo

ICC) which was connected to a side aquarium
(10 9 10 9 20 cm) containing 1.45 L of copper-free tap
water and one crucian carp. Every morning, 30 D.
magna were added as prey to this carp. At each tracking
day, the behavioral experiment was performed from 9
a.m. to 4 p.m. and a total of 10–15 individuals were indi-
vidually assayed per day. The tracking aquarium was
emptied and replaced with new medium for the next
tracking day.
We extracted the 3D position of each individual at six

frames per second from their video recordings, according
to the method described in Palm#er et al. (2016) in
MATLAB V1.7 and then calculated the swimming speed
and the mean depth of each individual animal in the
aquarium. When exposed to a UVR threat, the first reac-
tion of an individual is generally to swim down, but it will
stop at a certain depth where UVR is no longer danger-
ous. Therefore, we combined both the downward swim-
ming and the chosen depth as refuge demand, which is
calculated as the integral of an individual’s depth position
over time (Fig. 2a; Hansson et al. 2016). We only focus
on the refuge demand and swimming speed during the
exposure to UVR, that is, during the second minute of
each trial, to assess the behavioral differences in the UVR
avoidance between individuals from each treatment and
each generation. Hence, larger values of refuge demand
are associated with individuals that behaviorally avoid
UVR, whereas a small refuge demand indicates that the
animals stay high up in the water column despite expo-
sure to UVR (Hansson et al. 2016).

Morphology

After the behavioral assay, each individual of D.
magna was photographed with a camera (Infinity 1-
2CB) mounted on a microscope (Olympus SZX7). Two
photos were taken for each Daphnia. Body length (from
the highest point of the head to the base of the spine)
was measured using the software ImageJ (version 1.52a,
National Institutes of Health, Bethesda, Maryland,
USA). The mean values of the measurements from those
two photos were used for assessment of body length.

Statistics

We only used one female adult per treatment and per
clone to start the experiment and all the individuals from
the generation 1 (G1) were exposed to different treat-
ments before the formation of embryos. Therefore, all
the initial mothers (G0) were excluded from the analyses
because of the few replicates and also to remove the
potential effect of treatment on the early growth. Varia-
tion in the body length, refuge demand, swimming
speed, and clutch size was analyzed using linear mixed-
effect models (lme function in nlme package; Pinheiro
et al. 2018). Treatment (four levels: C, P, U, and PU) and
generation (three levels: G1, G2, and G3) were entered
as fixed effects. Clone identification was entered as a
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random effect in order to control for unexplained varia-
tion among clones. Tukey’s post hoc pairwise compar-
isons were conducted to compare the levels of one factor
within the levels of another, that is, how each response
variable (morphology, behavior, and reproduction) chan-
ged over three generations within each treatment and for
each generation how D. magna responded to different
treatments (“lsmeans” package; Lenth 2016). Refuge
demand and clutch size were transformed, respectively,
using natural log function and square-root transforma-
tion in order to meet the assumptions of the tests. For all
models, a likelihood ratio test was used to determine the
significance of the random effect. To investigate whether
D. magna exhibited correlated morphological and behav-
ioral responses during multi-generational exposure to
multiple threats of predation and UVR, we used Pear-
son’s correlation analyses between body size and behav-
ior (refuge demand and swimming speed), combining all
three generations. All the statistical analyses were per-
formed in Rv 3.5.0 (RCore Team 2018).

RESULTS

Morphology

The transgenerational changes in body size were
strongly associated with the treatment the animals were
exposed to, manifested in a significant interaction
between treatment and generation (Table 1). When
exposed to fish cue, D. magna reduced their mean body
size with more than 11% from generation 1 to 3, whereas
there were no significant changes in body size through
generations among the other treatments (C, U, and PU,
Figs. 1 and 4a, Appendix S1: Tables S1 and S2). Clone
random effect was significant (Table 1), suggesting that
changes in body size varied significantly among clones
of D. magna.

Behavior

All individuals generally gathered close to the surface
during the first minute (without UVR, resembling “night
conditions”) and showed a rapid downward movement

when the UVR was switched on (resembling day condi-
tions; Fig. 2a). However, individuals raised under UVR
(U and PU treatments) showed significantly less
response than animals raised without UVR (C and P
treatments; Fig. 2a, b). During the last minute, that is,
the recovery phase from UVR, animals from all genera-
tions and different treatments showed a tendency to
return to the surface (Fig. 2a). The refuge demand
showed a nonsignificant decreasing trend through gener-
ations for all treatments (Table 1; Fig. 2b; Appendix S1:
Table S3). However, irrespective of generation, animals
raised under control and predation treatments showed
similar refuge demands, which were significantly larger
than for animals raised under UVR conditions, but no
difference was found between U and PU (Figs. 2b, 4c;
post hoc tests, C-P: P = 0.397; C-U: P < 0.001; C-PU:
P < 0.001; P-U: P < 0.050; P-PU: P < 0.050; U-PU:
P = 0.995). Moreover, UVR-induced individuals always
showed less of a response to UVR compared to control
individuals (Figs. 2a, 4c, Appendix S1: Tables S1, S3).
We calculated the response in swimming speed to

UVR for each individual, showing that generation had
no effect on the speed for any treatment (Table 1); off-
spring swam with similar speed as their mothers. How-
ever, treatment induced different speed responses to
UVR (Table 1; Fig. 2c), where the control animals
showed the highest speed (Fig. 2c). The animals previ-
ously exposed to UVR showed the lowest speed response
when again exposed to UVR throughout generations.
However, differences in speed among treatments
decreased through generations and all individuals
showed almost similar speed responses after three gener-
ations (Figs. 2c, 4d; Appendix S1: Tables S1 and S4).
In addition, we also observed significant variation

among clones for refuge demand, however, we did not
find evidence for variance among clones for swimming
speed (Table 1).

Reproduction

There was a strong interaction between treatment and
generation regarding clutch size (Table 1). Under nor-
mal light without fish cue (control treatment), we found

TABLE 1. Results of the linear mixed effects model analyses on morphology (body length), behavior (refuge demand and speed)
and reproduction (clutch size) of Daphnia magna.

df
Body length Refuge demand Speed Clutch size

F (df) F (df) F (df) F (df)

Fixed effects
Treatment 3 23.924* (231) 16.286* (202) 6.223* (202) 11.286* (539)
Generation 2 12.201* (231) 2.179NS (202) 1.265NS (202) 24.900* (539)
Treatment:generation 6 3.967* (231) 0.499NS (202) 0.229NS (202) 3.444* (539)

Random effects
Clone 1 6.333* 6.468* 0.320NS 11.923*

Notes:: The denominator degrees of freedom are displayed after each F value. Bold font indicates significant results (P < 0.05).
Number of replicates for each treatment and generation are reported in Appendix S1: Table S1.
*P < 0.05; **P < 0.01; ***P < 0.001; NSP > 0.05.
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a nonsignificant increasing trend in the clutch sizes
through generations (Appendix S1: Table S5). When
exposed to predation treatment, D. magna consistently
had high clutch sizes over three generations (Figs. 3 and
4b). However, animals exposed to UVR showed signifi-
cantly smaller clutch sizes at the first generation (G1,
post hoc tests, Appendix S1: Table S5), but the clutch
sizes eventually increased through generations (Figs. 3
and 4b). Hence, at G3, D. magna from all treatments
had similar clutch sizes of about 14–19 neonates per
female (Fig. 3; Appendix S1: Table S1). We also found a
significant effect of clone on clutch size (Table 1).

Correlation analyses between morphology and behavior

In order to investigate the potential relation between
behavior and morphology further, we performed correla-
tion analyses between refuge demand and size of ani-
mals, as well as speed and size of animals throughout
generations. A significant positive correlation was found
between refuge demand and body length in the preda-
tion treatment (r2 = 0.360, P < 0.010, Fig. 5); that is,
larger individuals had a higher refuge demand than
smaller when exposed to predation, but not so in any
other treatment. On the contrary, there was no correla-
tion between swimming speed and body length when fish
cue was present (P: r2 = 0.144, P = 0.298; PU:
r2 = 0.056, P = 0.703). When fish cue was absent (C and
U treatments), there was a nonsignificant tendency for a
positive relation between speed and body length (C:
r2 = 0.239, P = 0.055; U: r2 = 0.267, P = 0.070).

DISCUSSION

By using a multigenerational exposure experiment, we
investigated changes in the transgenerational response

of D. magna to fish predation and UVR, both separately
and in combination, and the results demonstrate that D.
magna are able to detect and distinguish between
different types of threats and respond accordingly by
modifying their morphology, swimming behavior, and
life-history traits across generations. We also fill a
knowledge gap by showing that, over generations, the
responses in behavior and morphology to one of the
threats are not the same as when predation and UVR
are combined. Instead, a combination of threats leads to
an integrated phenotype already after three generations.
In accordance with previous short-term studies (Ries-

sen 1999, Zhang et al. 2017a), we found a significant
decline in body size of D. magna through generations
when exposed to fish cue (P treatment). Specifically, D.
magna from the third generation showed the smallest
mean body size, which were 3 and 11% smaller than
their mothers (G2) and grandmothers (G1), respectively,
suggesting that the maximum morphological response to
fish cue may require several generations of exposure as
reported by Tanner and Branstrator (2006). This result
is also consistent with the size-efficiency hypothesis
(Brooks and Dodson 1965). Given that planktivorous
fish are size-selective predators, that is, they preferen-
tially forage on prey items of larger sizes, a smaller body
size will allow daphniids to be less visible and less vul-
nerable to fish predation. Hence, in our study of D.
magna individuals not exposed to predators for at least
100 generations, it may be assumed that the selection
has favored large individual size, and thereby a pheno-
type optimal for competition. However, we show here
that already after three generations of exposure to
predator (fish) cues, the individual size had decreased by
11%. Hence, we show, for the first time, that not only
selective predation on large individuals, which was the
mechanism originally suggested for the size differences

FIG. 1. Transgenerational changes in body length of Daphnia manga under treatments of control, predation, UVR, and the
combination of predation and UVR from generation 1 to 3 (G1–G3). Boxes show the first and third quantiles, lines within boxes
show mean values, and whiskers show # SD.
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in the presence and absence, respectively, of predators
(Brooks and Dodson 1965), but also that the presence of
predator cues induces a decreasing size in the prey.
Hence, our result adds another, nonexclusive explana-
tion to the size-efficiency hypothesis (Brooks and Dod-
son 1965), namely, that the prey actually induces a
smaller body size in order to become less vulnerable to
predation, a mechanism that has also been demonstrated
for rotifers (Zhang et al. 2017b). In addition to a reduc-
tion in body size, individuals cultured in the presence of
fish cues (normal light, P) also responded with increased
clutch size compared to control individuals. Many ani-
mals, including killifish (Gr#egoir et al. 2018), some song-
birds (M€onkk€onen et al. 2009) and even mammals (e.g.,
a wild rodent, Myodes glareolus; Haapakoski et al.
2018), have been found to produce more offspring under
the threat of predation. In our study, predatory cues
induced trait shifts, including a smaller size and higher
reproductive output, which may be associated with an
energetic trade-off between somatic growth and

reproduction, where Daphnia allocate more energy into
a higher production of offspring in the presence of fish
that may enhance the fitness of the individual in a situa-
tion with high predation risk.
In contrast to the response to predation, UVR did not

lead to any changes in body size, but instead altered the
individual swimming behavior. When dwelling at the sur-
face where the intensity of UVRwas always very strong,
the most common way of avoiding harmful radiation for
zooplankton is to move away and swim deeper down,
because UVR attenuates and diminishes with depth
(Scully and Lean 1994). Thus, downward swimming
would provide zooplankton with a refugia from UVR.
Accordingly, in our study, all individuals showed a rapid
downward swimming when exposed to UVR, but the
strength in response differed between treatments where
individuals reared under UVR conditions (with or with-
out fish cue) had a smaller refuge demand and also
swam slower than their na€ıve siblings (treatments of C
and P). The control individuals displayed the strongest

FIG. 2. Behavioral responses of control, predation, UVR, and the combination of predation and UVR treated Daphnia magna from
generation 1 to 3 (G1–G3). (a) Average (thick lines in different colors) and individual (overlapping gray areas) vertical position (mm) dur-
ing three UVR phases: 1 min (0–60 s) acclimatization, then 60 s with UVR switched on, and then 60 s without UVR. (b) Refuge demand
(mm 9 s) during UVRexposure (the gray areas of the middle 1 min in (a). (c) Mean differences in swimming speedwhen individuals were
exposed to UVR. Individuals which previously had experienced UVR swam slower at the initial generation but the differences decreased
at the last generation. Red, green, blue, and purple lines/areas represent control, predation, UVR, and the combination of predation and
UVR treatments, respectively. Bars andwhiskers show mean # SE.
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response with about a doubling in refuge demand com-
pared to the UVR-raised individuals, suggesting that
individuals exposed to UVR acquired tolerance after
one generation of exposure to the threat. Individuals
reared under fish cue (P treatment) showed a similar
response pattern as control individuals, suggesting that
previous experience of exposure to UVR was the major

force determining the depth distribution of D. magna.
These results are consistent with previous studies, show-
ing that zooplankton, including copepods and Daphnia,
show a more relaxed behavioral response to UVR when
they have prior experience of the threat (Hylander et al.
2014, Overholt et al. 2016). The potential explanations
for the tolerant threat response may be due to the

FIG. 3. Transgenerational responses in clutch size of Daphnia magna exposed to the treatments: control, predation, UVR, and
the combination of predation and UVR. Boxes show the first and third quantiles, lines within boxes show mean values, and
whiskers # SD.

FIG. 4. The mean effect sizes (Cohen’s d) of (a) body length, (b) clutch size, (c) refuge demand, and (d) speed for Daphnia indi-
viduals under treatments of predation, UVR, and the combination of predation and UVR. Bars show the development during three
consecutive generations (G1, white bars; G2, light gray bars; G3, dark gray bars), which were normalized using the mean value of
control individuals as zero baseline. Error bars are standard errors.
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increased amounts of photoprotective pigmentation, such
as melanin (Hansson et al. 2007) and also other defensive
strategies such as enhanced photoenzymatic repair (Hans-
son and Hylander 2009a), which may protect the nonpig-
mented individuals avoiding UVR damage.
UVR exposure also changed the reproductive strategy

as individuals reared under UVR stress (with or without
fish cue) showed an increased clutch size through gener-
ations. The significantly reduced clutch size during the
initial exposure period (generation G1 and G2) may be
due to the strong UVR-induced oxidative damages on
proteins, lipids, and DNA (Oexle et al. 2016). Another
reason may be that D. magna allocated energy from
reproduction to photoenzymatic repair or some other
mechanisms to compensate for UVR damage and there-
fore maintain growth, because adult size was not
affected by exposure to UVR.
Context-dependent trait variation, such as phenotypic

plasticity, acts within a generation, but is generally
assumed not to be transferred to the next generation.
However, recently transgenerational plasticity (TGP),
wherein the local environment may induce phenotypic
changes persisting over several generations, has been sug-
gested as a link between phenotypic plasticity and evolu-
tionary processes (Walsh et al. 2016). TGP may buffer
against the negative effects of environmental changes, as
Rodr#ıguez-Romero et al. (2016) reported that a marine
polychaete restored their fecundity to a normal level after
three generations under low pCO2 conditions. This is also

the case in our study, where we found that from G1 to G3
the clutch sizes increased by 69 and 54% in the U and PU
treatments, respectively. Similarly, Fern#andez et al. (2018)
also found that Daphnia populations exposed to high
levels of UVR had higher fecundity and earlier reproduc-
tion than at control conditions. Therefore, increased
clutch size may be an alternative strategy to handle high
mortality caused by UVR, which enables the population
to persist under harsh environmental conditions with high
UVR exposure.
We found no change in body size through generations

when D. manga were simultaneously exposed to preda-
tion and UVR (PU treatment). One possible reason is
that UVR may affect the efficiency of fish cue and
thereby reduce the predator-induced responses (Sterr
and Sommaruga 2008), or that Daphnia may not
respond to predation but instead invest more energy to
produce suitable protection strategies against UVR. A
previous study has also found that UVR can affect the
expression of antipredator morphology, as Alton et al.
(2010) observed that tadpoles did not morphologically
respond to predator cues when simultaneously exposed
to UVR. Therefore, UVR may interact with predation
and indirectly reduce the zooplankton survival under
predation by suppressing the development of inducible
morphological defenses.
Interestingly, when considering the body size of indi-

viduals reared without fish cue (treatment of C and U),
there is a marginally significant tendency that large

FIG. 5. Relationships between refuge demand and body length for treatments of control, predation, UVR, and the combination
of predation and UVR. The graphs also show the linear regression lines and the confidence intervals as gray shaded area.
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individuals swim faster in response to UVR compared
to smaller ones (P < 0.100), but they were evenly dis-
tributed among depths no matter of which size class they
belonged to. A similar result was also reported in Hylan-
der et al. (2014) who found smaller daphniids to swim
slower than larger ones. However, individuals reared in
the presence of fish cue (P treatment) showed a different
response to UVRwhere larger individuals tended to stay
deeper in the water column, whereas smaller individuals
showed strong preferences for being closer to the sur-
face. Alteration in behavioral traits, such as vertical
migration, allow zooplankton to escape from the threats
instantly after exposure, whereas morphological
defenses, for example, a smaller size, require longer time
to establish. Large zooplankton prey species are more
vulnerable to fish predators (Brooks and Dodson 1965)
and thereby exhibit strong behavioral response, which is
also supported in a study by Hansson and Hylander
(2009b) who saw a deeper distribution of larger daphni-
ids in the presence of predation risk. As smaller individ-
uals are less vulnerable to predation, a weak, or even
absent, vertical migration can save the cost of leaving the
warm and food-rich waters. Therefore, small animals
such as invertebrate zooplankton are able to make risk
assessments based on their size and respond accordingly.
In summary, we show that D. magna adopt divergent

strategies over generations to handle multiple threats
from predation and UVR, such as reducing their size to
counteract predation risk and changing their behavior
to avoid UVR damage. UVR-exposed individuals
showed a less pronounced behavioral response when re-
exposed to UVR, but this was associated with a cost of
reduced clutch size during the first two generations.
However, we show here, for the first time, that D.
magna gradually restore the reproductive output and
are able to reproduce and behave in a similar way as
siblings reared under less stressful conditions already
after three generations. We argue that transgenerational
plasticity may be the underlying mechanism responsible
for our results, which enable these invertebrates to meet
changing environmental conditions rapidly, and thereby
counteract extinction both at the local and the global
scale.
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