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Juliette Tariel*', Sandrine Plénett and Emilien Luquet*t

Univ Lyon, Université Claude Bernard Lyon 1, CNRS, ENTPE, UMR 5023 LEHNA, Villeurbanne, France

Almost all animal species are engaged in predator-prey interactions. These interactions,
variable in time and space, favor the emergence and evolution of phenotypic plasticity,
which allows prey to fine-tune their phenotype to the current risk of predation. A famous
example is the induction of defensive neck-teeth, spines or helmets in some water
fleas when they detect cues of predator presence. In general, the response may
involve different types of traits (behavioral, morphological, physiological, and life-history
traits), alone or in combination. The induced traits may be adaptive anti-predator
defenses or reflect more general stress-based responses. Recently, it has been found
that predator-induced plasticity occurs not only within but also across generations
(transgenerational plasticity), i.e., the phenotype of a generation is influenced by the
detection of predator-cues in previous generation(s), even if the current generation is not
itself exposed to these cues. In this paper, we aim to review this accumulating literature
and propose a current state of key aspects of predator-induced transgenerational
plasticity in metazoans. In particular, we review whether patterns of predator-induced
transgenerational plasticity depend on the type of traits. We analyze the adaptive value of
predator-induced transgenerational plasticity and explore the evidence for its evolution
and underlying mechanisms. We also consider its temporal dynamics: what are the
time windows during which predator-cues must be detected to be transmitted across
generations”? Are transgenerational responses in offspring stage-dependent? How many
generations does transgenerational plasticity persist? Finally, we discuss other factors
highlighted in the literature that influence predator-induced transgenerational plasticity:
what are the relative contributions of maternal and paternal exposure to predator-cues
in generating transgenerational plasticity? Do transgenerational responses depend on
offspring sex? Do they scale with the perceived level of predation risk? This review
shows that we are only at the beginning of understanding the processes of predator-
induced transgenerational plasticity, and it encourages future research to fill the lack of
knowledge highlighted here.

Keywords: non-genetic inheritance, inducible defense, intergenerational plasticity, parental effects, sex
dependence, sensitive windows
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INTRODUCTION

Research on predator-prey interactions and phenotypic plasticity
has been intimately linked for a long time, merging ecological
and evolutionary considerations. At the beginning of the 20th
century, the mutation theory of de Vries and MacDougal
(1905) was predominant, stating that organismal characters
change because of relatively rare and heritable changes in
the genetic material. Stimulated by the short-comings of the
mutation theory, Richard Woltereck was the first to conceptualize
that the phenotype is also influenced by the environment
(Woltereck, 1909). Using Daphnia water fleas as a model
system, he experimentally demonstrated that morphological
shape (the relative size of the head) varied in relation to different
nutrient levels (Nicoglou, 2018). He drew “phenotypic curves”
to describe the phenomenon and coined the term reaction
norm (“Reaktionsnorm”). Using experimental approaches on
a model that is easy and cheap to raise, he thus paved the
way for future studies on phenotypic plasticity—now generally
defined as the ability of a given genotype to express alternative
phenotypes under different environmental conditions (Pigliucci,
2005; namely within-generational plasticity, WGP hereafter).
Particularly, his findings inspired studies on plastic responses
in predator-prey systems, of which morphological change of
Daphnia in presence of predators is the most famous example
(Riessen, 1999; Tollrian and Harvell, 1999). A rich literature
[starting with Gilbert’s (1966) study on rotifers and Jacobs (1967)
on daphnids] has demonstrated predator-induced defenses in
prey (e.g., mammals: Hunter and Skinner, 1998; amphibians:
Van Buskirk, 2002; insects: Li and Lee, 2004; birds: Eggers
et al,, 2006; mollusks: Auld and Relyea, 2011; actinopterygii:
Torres-Dowdall et al., 2012; reviewed by Riessen, 1999; Tollrian
and Harvell, 1999) as well as, to a lesser degree, prey-induced
offenses in predators (e.g., Padilla, 2001; Kopp and Tollrian,
2003; Kishida et al., 2010). Theory suggests that the evolution
of phenotypic plasticity is favored by the highly variable nature
of predator-prey interactions in both time and space (e.g., Lima,
1998; Sih et al., 2000; Svanbick et al., 2009). In this review,
we will focus on predator-induced plasticity in prey, so-called
inducible defenses, which remains the most common case of
phenotypic plasticity in predator-prey systems (Tollrian and
Harvell, 1999). These anti-predator responses are triggered when
prey detect specific (mechanical, visual, auditory, chemical) cues
of predator presence in their environment—chemical cues being
the most common (predator-specific odor, dietary cues or alarm
cues from injured prey; Mitchell et al., 2017). The response to
predator-cues can involve different types of traits (behavioral,
morphological, physiological and life-history traits), alone or in
combination. These traits can confer defensive value or reflect
stress-based responses. The optimal defense strategies depend
on the relative speed between the expression of traits and
both the onset and duration of risk (Steiner and Pfeiffer, 2007;
Mitchell et al., 2017).

Ninety years after the presentation of R. Woltereck at the
German Society of Zoology, and after a rich literature on
inducible defenses in water fleas had accumulated, Agrawal et al.
(1999) showed that Daphnia cucullata exposed to cues from

dipteran larvae not only express morphological defenses, but
also produce offspring that are better defended than those from
unthreatened parents. This study pioneered the general idea
that phenotypic plasticity can occur across generations and that
such transgenerational plasticity (hereafter TGP) may play an
important role in predator-prey interactions (Agrawal et al.,
1999). Since then, a growing number of studies has examined the
ecological and evolutionary importance of TGP both in general
(Figure 1A) and in the context of predator-prey interactions
(Figure 1B). In the present review, we aim to propose a synthesis
of the key aspects of predator-induced TGP in metazoans. We
define TGP as all phenotypic changes in a new generation that
are triggered by the environment experienced by the previous
generation(s). This broad definition (also used in very recent
reviews: Bell and Hellmann, 2019; Yin et al.,, 2019; Donelan
et al., 2020) allows to encompass effects on offspring phenotype
due to the effect of predator exposure on maternal or paternal
conditions (state-based TGP) and due to signals transmitted by
parents (adaptive TGP). To search for relevant studies, we used
the following keywords in the Web Of Science Core collection:
(“trans?generational plasticity” OR “trans?generational effect?”
OR ‘trans?generational response?” OR “inter?generational
effect?” OR “inter?generational plasticity” OR “inter?generational
response?” OR “maternal effect?” OR “paternal effect?” OR
“parental effect?” OR “grand?parental effect?” OR “maternal
programming” OR “paternal programming” OR “parental
programming” OR “maternal care” OR “paternal care” OR
“parental care” OR “maternal environment” OR “paternal
environment” OR “parental environment” OR “grand?parental
environment” OR “across generations”) AND (anti?predator
OR predation OR predator) and we filtered the results in the
subject areas ‘environmental sciences ecology’ and ‘evolutionary
biology.” Our review includes (1) studies that do not explicitly
use the term ‘transgenerational plasticity’ but that fit in our
definition of TGP, (2) studies in which transgenerational and
within-generational responses interact (non-additive effects; e.g.,
Agrawal et al., 1999; Beaty et al., 2016) or not (additive effects;
e.g., Salinas et al., 2013; Luquet and Tariel, 2016), (3) studies
involving adaptive (e.g., inducible defenses) and/or non-adaptive
(e.g., state-based TGP) responses, and (4) studies in which
parental exposure to predator-cues occurred after fertilization,
but in which it seems unlikely that the early developmental stages
of offspring were able to directly perceive predator-cues on their
own (e.g., exposure to olfactory predator-cues of gravid females,
visual predator-cues during parental care on eggs). However,
we discarded (1) studies that focus on offspring traits without
considering the eco-evolutionary framework of predator-prey
interactions (e.g., cognitive abilities: Coutellier and Wiirbel,
2009; Roche et al., 2012; response to contaminants: Plautz et al.,
2013), using predation risk only as a stressor, and (2) studies
that focus only on the reproductive performance of mothers
(e.g., egg size or clutch size) without evaluating later effects
on offspring traits (e.g., Segers and Taborsky, 2012; Tigreros
et al., 2019). Moreover, this review, specifically focused on TGP
in the context of predator-prey interactions, benefits from the
very recent reviews on TGP in general (Bell and Hellmann,
2019; Yin et al., 2019) and in other ecological contexts (climate
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selection procedure.

FIGURE 1 | Growing interest in (A) transgenerational plasticity and (B) in predator-induced transgenerational plasticity. (A) List of articles extracted from the Core
Collection of Web of science using the keyword “transgenerational plasticity.” (B) List of articles included in our review (Table 1), see the Introduction for the detailled

B Predator-induced TGP
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change: Donelson et al, 2018; human-altered environment:
Donelan et al., 2020).

In total, we reviewed 55 empirical studies investigating
predator-induced TGP using different predator signals (27
chemical, 17 visual, 5 auditory, 13 real predator) in various
prey species (Table 1). Of these, 40 studies are empirical
demonstrations of predator-induced TGP, while the other 15,
mainly from the past 2 years, tested more specific hypotheses
about TGP. TGP is therefore a growing research field, where
the underlying processes are just starting to be explored. Our
review is structured as follows: first, we summarize the types of
traits involved in predator-induced TGP. Second, we focus on
the evolutionary aspects of predator-induced TGP: what is its
adaptive value? Can transgenerational responses evolve? What
are the underlying mechanisms of inheritance? Third, we analyze
the temporal dynamics of predator-induced TGP: what are the
sensitive developmental windows in parents and offspring? How
many generations does the influence of predators persist in prey?
Fourth, we discuss other key aspects of predator-induced TGP:
sex-specific patterns and adjustment to the intensity of predation.

TYPE OF TRAITS INVOLVED IN
PREDATOR-INDUCED
TRANSGENERATIONAL PLASTICITY

Different types of traits (morphological, behavioral, life-history,
and physiological) are involved in within-generational responses

to predation (Tollrian and Harvell, 1999). These same traits can
be influenced in offspring by parental exposure to predator-
cues (Tables 2, 3), as for instance shell thickness in freshwater
snails (Beaty et al.,, 2016; Luquet and Tariel, 2016), activity in
sticklebacks (Stein et al., 2018; Hellmann et al., 2019), size at
maturation in water fleas (Tollrian, 1995; Walsh et al., 2016)
or corticosteroids in hares (Sheriff et al., 2010). In the TGP
studies we reviewed, 45% of traits are anti-predator defenses
(e.g., longer helmet in Daphnia, crawling-out behavior in Physa
freshwater snails), whereas the remaining 55% are more general
responses (life-history: e.g., body size and mass; physiological
stress-response: e.g., plasma cortisol; (epi)genomic modifications:
e.g., brain gene expression; Tables 2, 3). Some of these more
general responses may nevertheless contribute to anti-predator
strategy, such as larger eggs (McGhee et al., 2012) or higher size
at birth of offspring prey (Donelan and Trussell, 2018b), which
allow to faster reach a refuge-size. In other cases, the responses
are more likely to be by-products of carry-over effects of parental
exposure to predator-cues (stress-based responses, e.g., smaller
egg size: McGhee et al., 2012; smaller size at birth: Monteforte
et al., 2020) or reflect trade-offs between anti-predator defenses
and other functions in offspring (e.g., induction of morphological
defenses at the expense of growth rate or investment in
reproduction: DeWitt et al., 1998). For example, two studies
(Stein and Bell, 2014; Stein et al., 2018) showed that stickleback
offspring produced by fathers exposed to predation risk were
lighter and smaller. It is possible that these offspring received less
fanning (oxygen) from predator-exposed fathers, altering growth
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TABLE 1 | Relevant information of the 55 papers studying transgenerational plasticity in the context of predator-prey interactions.

References Prey species Taxonomy Predator species Offspring Cues Parental Number of Parental Offspring stage
traits sex exposed generations stage exposed concerned
concerned
Agrawal et al., 1999 Water flea Branchiopoda Phantom midge Morphology Real predator Mother 3 Entire life Neonates
(Daphnia cucullata) (Chaoborus avican) Adult
Basso et al., 2014 Great tit Aves Sparrowhawk Morphology Auditory Mother 2 Adult Neonates
(Parus major) (Accipiter nisus) Life-history Larval/juvenile
Basso and Richner, Great tit Aves Short-tailed weasel Morphology Visual Mother 2 Adult Neonates
2015a (Parus major) (Mustela erminea) Life-history Auditory Larval/juvenile
Basso and Richner, Great tit Aves Short-tailed weasel Morphology Visual Mother 2 Adult Neonates
2015b (Parus major) (Mustela erminea) Life-history Auditory Larval/juvenile
Beaty et al., 2016 Freshwater snail Gastropoda  Southern plains crayfish Behavior Chemical Biparental 2 Larval/juvenile Adult
(Physa acuta) (Procambarus simulans) Morphology
Bestion et al., 2014 Common lizard Squamata Green whip snake Behavior Chemical Mother 2 Adult Neonates
(Zootoca vivipara) (Hierophis viridiflavus) Life-history Larval/juvenile
Morphology
Coslovsky and Richner, Great tit Aves Eurasian sparrowhawk Behavior Visual Mother 2 Adult Neonates
2011 (Parus major) (Accipiter nisus) Morphology Auditory Larval/juvenile
Life-history
Coslovsky and Richner,  Great tit Aves Eurasian sparrowhawk Life-history Visual Mother 2 Adult Neonates
2012 (Parus major) (Accipiter nisus) Morphology Auditory Larval/juvenile
Dixon and Agarwala, Pea aphid Insecta Two-spot ladybird Morphology Chemical Mother 2 Adult Adult
1999 (Acyrthosiphon pisum) (Adalia bipunctata)
Donelan and Trussell, Marine snail Gastropoda  Green shore crab Behavior Chemical Biparental 2 Adult Larval/juvenile
2015 (Nucella lapillus) (Carcinus maenas) Physiology
Donelan and Trussell, Marine snail Gastropoda  Green shore crab Behavior Chemical Biparental 2 Adult Larval/juvenile
2018a (Nucella lapillus) (Carcinus maenas) Life-history
Physiology
Donelan and Trussell, Marine snail Gastropoda  Green shore crab Life-history Chemical Biparental 2 Adult Neonates
2018b (Nucella lapillus) (Carcinus maenas)
Dzialowski et al., 2003 Water flea Branchiopoda Phantom midge Morphology Chemical Mother 2 Larval/juvenile Neonates
(Daphnia lumholtzi) (Chaoborus punctipennis)
Bluegill sunfish
(Lepomis macrochirus)
Evans et al., 2007 Guppy Actinopterygii  Northern pike Behavior Visual Mother 2 Adult Neonates
(Poecilia reticulata) (Esox lucius) Morphology Chemical
Freinschlag and Spider mite Arachnida Predatory mite Behavior Real predator Mother 2 Adult Larval/juvenile
Schausberger, 2016 (Tetranychus urticae) (Phytoseiulus persimilis) Life-history Chemical

(Continued)
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TABLE 1 | Continued

References Prey species Taxonomy Predator species Offspring Cues Parental Number of Parental Offspring stage
traits sex exposed generations stage exposed concerned
concerned
Giesing et al., 2011 Three-spined stickleback Actinopterygii  Northern pike Behavior Visual Mother 2 Adult Embryonic
(Gasterosteus aculeatus) (Esox lucius) Life-history Larval/juvenile
Physiology
Goeppner et al., 2020 Freshwater snail Gastropoda  Bluegill sunfish Morphology Chemical Biparental 2 Entire life Adult
(Physa acuta) (Lepomis macrochirus)
Hales et al., 2017 Water flea Branchiopoda Redbreast sunfish Genomic Chemical Biparental 3 Larval/juvenile Adult
(Daphnia ambigua) (Lepomis auritus)
Hellmann et al., 2019 Three-spined stickleback Actinopterygii  Prickly sculpin Behavior Visual Mother 3 Adult Larval/juvenile
(Gasterosteus aculeatus) (Cottus asper) Life-history Father
Genomic Biparental
Hellmann et al., 2020 Three-spined stickleback Actinopterygii  Prickly sculpin Behavior Visual Father 2 Adult Larval/juvenile
(Gasterosteus aculeatus) (Cottus asper) Life-history
Physiology
Keiser and Mondor, Pea aphid Insecta Alarm pheromone Behavior Chemical Mother 2 Larval/juvenile Larval/juvenile
2013 (Acyrthosiphon pisum) ((E)-B-farnesene) Adul
Kunert and Weisser, Pea aphid Insecta Marmalade hoverfly Morphology Real predator Mother 2 Larval/juvenile Larval/juvenile
2003 (Acyrthosiphon pisum) (Episyrphus balteatus) Adult Adult
Common green lacewing
(Chrysoperla carnea)
Kunert and Weisser, Pea aphid Insecta Common green lacewing Morphology Real predator Mother 2 Larval/juvenile Larval/juvenile
2005 (Acyrthosiphon pisum) (Chrysoperla carnea) Adult Adult
Lehto and Tinghitella, Three-spined stickleback Actinopterygii  Shorthead sculpin Physiology Visual Mother 2 Adult Adult
2019 (Gasterosteus aculeatus) (Cottus confusus) Life-history Physical Father
Biparental
Li and Zhang, 2019 Spider mite Arachnida Predatory mite Life-history Chemical Mother 2 Larval/juvenile Entire life
(Tetranychus urticae) (Phytoseiulus persimilis)
Luquet and Tariel, 2016 Freshwater snail Gastropoda  Red swamp crayfish Behavior Chemical Biparental 2 Larval/juvenile Adult
(Physa acuta) (Procambarus clarkii) Morphology Adult
McGhee and Bell, 2014 Three-spined stickleback Actinopterygii  Northern pike Behavior Visual Father 2 Adult Larval/juvenile
(Gasterosteus aculeatus) (Esox lucius) Genomic
McGhee et al., 2012 Three-spined stickleback Actinopterygii  Northern pike Behavior Visual Mother 2 Adult Larval/juvenile
(Gasterosteus aculeatus) (Esox lucius) Life-history
Mikulski and Water flea Branchiopoda  Crucian carp Life-history Chemical Mother 2 Neonates Adult
Pijanowska, 2010 (Daphnia magna) (Carassius carassius) Larval/juvenile
(Continued)
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References Prey species Taxonomy Predator species Offspring Cues Parental Number of Parental Offspring stage
traits sex exposed generations stage exposed concerned
concerned

Mommer and Bell, Three-spined stickleback Actinopterygii  Northern pike Physiology Visual Mother 2 Adult Adult

2013 (Gasterosteus aculeatus) (Esox lucius)

Mondor et al., 2005 Cotton aphid Insecta Convergent lady beetle Morphology Chemical Biparental 2 Adult Adult
(Aphis gossypii) (Hippodamia convergens)

Monteforte et al., 2020  Guppy Actinopterygii - American cichlid Life-history Visual Mother 2 Adult Neonates
(Poecilia reticulata) (Crenicichla alta) Genomic Chemical

Morales et al., 2018 Yellow-legged gull Aves American mink Behavior Visual Mother 2 Adult Neonates
(Larus michahellis) (Neovison vison) Life-history

Podjasek et al., 2005 Pea aphid Insecta Alarm pheromone Morphology Chemical Mother 2 Larval/juvenile Adult
(Acyrthosiphon pisum) (E)-p-farnesene Adult

Schield et al., 2016 Water flea Branchiopoda Redbreast sunfish Genomic Chemical Biparental 2 Entire life Neonates
(Daphnia ambigua) (Lepomis auritus)

Segers et al., 2011 Mouthbrooding cichlid Actinopterygii  African cichlid Life-history Visual Mother 2 Adult Larval/juvenile
(Eretmodus cyanostictu) (Ctenochromis horel)

Seiter and Predatory mite Arachnida Predatory mite Behavior Real predator Mother 2 Adult Larval/juvenile

Schausberger, 2015 (Phytoseiulus persimilis) (Amblyseius andersoni)

Sentis et al., 2017 Peach aphid Insecta Spotted lady beetle Morphology Real predator Mother 2 Adult Adult
(Myzus persicage) (Coleomegilla maculata)

Sentis et al., 2018 Pea aphid Insecta Asian lady bettle Morphology Real predator Mother 5 Entire life Adult
(Acyrthosiphon pisum) (Harmonia axyridlis)

Sentis et al., 2019 Pea aphid Insecta Asian lady bettle Morphology Real predator Mother 2 Adult Larval/juvenile
(Acyrthosiphon pisum) (Harmonia axyridis) Adult

Sheriff et al., 2009 Snowshoe hare Mammalia Dog Life-history Real predator Mother 2 Adult Neonates
(Lepus americanus) (Canis lupus) Larval/juvenile

Sheriff et al., 2010 Snowshoe hare Mammalia Lynx Physiology Real predator Mother 2 Entire life Larval/juvenile
(Lepus americanus) (Lynx canadensis)

Shine and Downes, Scincid lizard Squamata  White-lipped snake Behavior Chemical Mother 2 Adult Larval/juvenile

1999 (Pseudemoia (Drysdalia coronoides) Life-history
pagenstecheri) Morphology

(Continued)
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TABLE 1 | Continued

References Prey species Taxonomy Predator species Offspring Cues Parental Number of Parental Offspring stage
traits sex exposed generations stage exposed concerned
concerned
St-Cyr and McGowan,  Mice Mammalia Bobcat (Lynx rufus) Behavior Chemical Mother 2 Adult Larval/juvenile
2015 (Mus musculus) Coyote (Canis latrans) Life-history Adult
Fox odor TMT Morphology
(2,3,5-Trimethyl-3-thiazoline) Genomic
Physiology
Stein and Bell, 2014 Three-spined stickleback Actinopterygii  Northern pike Behavior Visual Father 2 Adult Adult
(Gasterosteus aculeatus) (Esox lucius) Life-history
Morphology
Physiology
Stein et al., 2018 Three-spined stickleback Actinopterygii  Northern pike Behavior Visual Father 2 Adult Larval/juvenile
(Gasterosteus aculeatus) (Esox lucius) Genomic
Life-history
Morphology
Storm and Lima, 2010  Field cricket Insecta Wolf spider Behavior Real predator Mother 2 Adult Larval/juvenile
(Gryllus pennsylvanicus) (Hogna helluo) Life-history
Stratmann and Mouthbrooding cichlid Actinopterygii  African cichlid Behavior Real predator Mother 2 Adult Larval/juvenile
Taborsky, 2014 (Simochromis pleurospilus) (Ctenochromis horei) Life-history
Morphology
Physiology
Tariel et al., 2019 Freshwater snail Gastropoda  Spinycheek crayfish Behavior Chemical Biparental 2 Larval/juvenile Adult
(Physa acuta) (Orconectes limosus) Adult
Tariel et al., 2020 Freshwater snail Gastropoda  Spinycheek crayfish Behavior Chemical Biparental 3 Larval/juvenile Adult
(Physa acuta) (Orconectes limosus) Morphology Adult
Tollrian, 1995 Water flea Branchiopoda Phantom midge Life-history Chemical Mother 2 Entire life Larval/juvenile
(Daphnia pulex) (Chaoborus punctipennis)
Walsh et al., 2015 Water flea Branchiopoda Redbreast sunfish Life-history Chemical Mother 4 Entire life Adult
(Daphnia ambigua) (Lepomis auritus)
Walsh et al., 2016 Water flea Branchiopoda Anadromous alewive Life-history Chemical Biparental 2 Entire life Adult
(Daphnia ambigua) (Alsoa pseudoharengus)
Weisser et al., 1999 Pea aphid Insecta Seven-spot lady bettle Morphology Real predator Mother 2 Adult Adult
(Acyrthosiphon pisum) (Coccinella septempunctata)
Two-spot lady bettle
(Adalia bipunctata)
Yin et al., 2015 Rotifer Rotifera Freshwater rotifer Morphology Chemical Mother 3 Embryonic Adult

(Brachionus calyciflorus)

(Asplanchna brightwellii)
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TABLE 2 | Number of traits investigated across the 55 studies reviewed and putative adaptive value of the predator-induced transgenerational effects according to the

trait type.

Trait type Number of traits(anti-predator defenses) Adaptive Maladaptive Unknown No effect Not relevant
Behavior 41 (35) 22 7 1 11 0
Morphology 42 (21) 20 2 8 12 0
Life-history 49 (11) 12 6 8 19 4
Physiology 10 (0) 2 0 5 3 0
Genomic 5(0) 0 0 4 1 0
Epigenomic 3(0) 0 0 3 0 0

Total (anti-predator defenses) 150 (67) 56 (41) 15(9) 29 (2) 46 (12) 4(3)

The numbers in brackets are traits involved in anti-predator defenses. The putative adaptive value (Adaptive, Maladaptive, Unknown) was defined according to the author’s
explanations although most studies did not directly assess the fitness consequences of predator-induced TGP, ‘Not relevant’ means that it makes no sense to characterize
the adaptive value of a trait (e.g., survival). We do not consider the traits that referred to reproductive performances of parents (e.g., egg size or clutch size).

patterns during embryonic development (carry-over effect), or
that increased timidity (a transgenerationally induced anti-
predator behavior) involved a trade-off with foraging, limiting
feeding of offspring from predator-exposed fathers. In these cases,
we followed the study authors in classifying the traits as anti-
predator defenses (i.e., participating in anti-predator strategy)
or not (Table 3). The empirical studies included in this review
reported statistically significant predator-induced TGP for 55 of
the 68 (81%) anti-predator defenses and for 50 of the 82 (61%)
more general responses (Tables 2, 3), although this rather high
prevalence may be influenced by publication bias.

Induction of anti-predator defenses both within and across
generations depends mainly on the cost/benefit balance in
different environments (with and without predators) (Uller,
2008; Auld et al, 2010; Murren et al, 2015). Benefits of
induced responses can rely on (1) a decrease in the predator’s
ability to perceive the prey (behavioral traits: e.g., increased
refuge use, decreased activity); for example, Freinschlag and
Schausberger (2016) showed in the two-spotted spider mite
(Tetranychus urticae) that maternal exposure to predator-
cues changes offspring preference for feeding sites from the
leaf vein (predator-free mothers) to the leaf blade (predator-
exposed mothers), reducing the likelihood of encountering
predators; (2) a deviation from the predator’s preferred prey
size (morphological and life-history traits: e.g., refuge-size,
acceleration in development time, growth rate; Sogard, 1997);
for example, Stratmann and Taborsky (2014) showed in a
mouthbrooding cichlid (Simochromis pleurospilus) that offspring
from predator-exposed mothers grow faster, protecting them
from gape-limited fish predators; (3) an increased escape
ability (morphological traits: e.g., improving locomotion ability
or increasing handling time of predators to increase escape
probability); for example, Bestion et al. (2014) exposed gravid
females of common lizards (Zootoca vivipara) to snake cues
and observed that offspring from predator-exposed mothers
had longer tails (luring effect). Costs associated with induction
of defenses within a generation arise mainly from changes in
energy allocation. To our knowledge, costs of transgenerationally
induced defenses have never been investigated, but are most
likely similar to those of WGP. In addition, an interesting open
question is whether the fact of transmitting defenses to offspring
incurs costs to the parents.

Induction of anti-predator defenses also depends on trait
lability, i.e., how fast the trait can change (induction and

reversion) relative to predation risk; for example, behavioral traits
are more labile and more easily reversible than morphological
traits, which are in most cases more constrained during
development and exhibit irreversible variations (West-Eberhard,
2003; Ghalambor et al.,, 2010). Theory therefore predicts that
TGP should be found more frequently for morphological traits
(allowing offspring to orient their early development toward
an anti-predator response based on parental cues, before the
morphological traits are fixed) than in behavioral traits (which
should be more likely to be influenced by current cues) (Piersma
and Drent, 2003; Dingemanse and Wolf, 2013; Kuijper and
Hoyle, 2015). However, contrary to this theoretical prediction,
the empirical studies included in this review found significant
predator-induced TGP for all kinds of anti-predator defenses,
including behavior [18 out of the 21 (86%) morphological
defenses, 25 out of the 35 (71%) behavioral defenses and 10
out of the 11 (91%) life-history defenses, Tables 2, 3]. The
benefit of inducing anti-predator behavior across generations
may be that, precisely because they are highly labile, they
can be quickly “switched off” (due to WGP) in case of a
mismatch between parental and offspring environments (Beaman
etal., 2016). Conversely, TGP involving morphological defensive
traits or life-history traits is likely to irreversibly engage
the offspring in certain developmental trajectories, even if
predation risk decreases.

Overall, our review shows that the effects of parental exposure
to predation are not restricted to specific types of traits. However,
within studies, the transgenerational effects vary strongly among
traits (significance and direction: e.g., Luquet and Tariel, 2016;
Donelan and Trussell, 2018a; Stein et al., 2018), meaning that
interpretations based on single traits will often be meaningless.
Instead, predator-induced TGP should be interpreted in the
context of a global anti-predator strategy, including several types
of traits, and if relevant, their anti-predator role, and how they
trade off with each other.

EVOLUTIONARY ASPECTS OF
PREDATOR-INDUCED
TRANSGENERATIONAL PLASTICITY

A key question for the study of TGP in predator-prey interactions
is whether the transgenerationally induced phenotype actually
increases offspring fitness. Indeed, the evolutionary potential of
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TABLE 3 | Nature and details of all traits involved in predator-induced TGP (anti-predator defenses themselves or not) in the 55 studies.

References Trait nature Anti-predator Precise traits Direction of Trait-specific ~ Global adaptive Interplay WGP  Direction WGP TGP dependent on
defense TGP response  adaptive value value and TGP and TGP offspring
environment
Agrawal et al., 1999 Morphology Yes Relative helmet length Positive Adaptive Adaptive Additive Same direction /
Basso et al., 2014 Life-history No Mass No effect No effect Unknown
Life-history No Fledging success Not relevant Unknown
Life-history No Fledging age No effect No effect
Morphology No Tarsus length Not relevant Unknown
Morphology No Wing length No effect No effect
Basso and Richner, 2015a Life-history No Mass at hatching Negative Maladaptive No effect
Life-history No Fledging mass No effect No effect
Life-history No Fledging success No effect No effect
Life-history No Fledging age No effect No effect
Morphology No Tarsus length No effect No effect
Morphology No Wing length No effect No effect
Basso and Richner, 2015b Life-history No Growth Negative Maladaptive Maladaptive
Life-history No Fledging success No effect No effect
Life-history No Fledging age No effect No effect
Morphology No Tarsus growth No effect No effect
Beaty et al., 2016 Behavior Yes Escape behavior No effect No effect Adaptive No TGP No TGP /
Morphology Yes Crush-resistance Positive Adaptive No WGP No WGP /
Morphology Yes Shell shape No effect No effect No TGP No TGP /
Morphology No Shell size Positive Adaptive Additive Opposite /
direction
Bestion et al., 2014 Behavior Yes Activity Positive Maladaptive Adaptive
Behavior Yes Dispersal Positive Adaptive
Behavior No Preferred temperature Not relevant Adaptive
Morphology Yes Tail length Positive Adaptive
Morphology No Total length No effect No effect
Life-history No Mass No effect No effect
Coslovsky and Richner, 2011 Behavior Yes Dispersal No effect No effect Adaptive
Life-history No Mass Negative Adaptive
Morphology No Sternum growth No effect No effect
Morphology No Tarsus length Negative Adaptive
Morphology No Wing length Positive Adaptive
Coslovsky and Richner, 2012 Life-history No Growth Unknown Unknown Unknown Non-additive Unknown Unknown
Life-history No Fledging success No effect No effect No TGP No TGP /
Life-history No Fledging age Unknown Unknown Non-additive Unknown Unknown
Morphology No Tarsus growth Unknown Unknown Non-additive Unknown Unknown
Morphology No Wing growth Unknown Unknown Non-additive Unknown Unknown
Dixon and Agarwala, 1999 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
(red and green pea aphids)
(Continued)
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TABLE 3 | Continued

References Trait nature  Anti-predator Precise traits Direction of Trait-specific Global adaptive Interplay WGP Direction WGP TGP dependent on
defense TGP response adaptive value value and TGP and TGP offspring
environment
Donelan and Trussell, Behavior Yes Refuge use Negative Maladaptive Adaptive Non-additive Opposite Only in predator-cue
2015 direction
Behavior No Foraging Positive Adaptive Non-additive Opposite Only in predator-cue
direction
Physiology No Tissue maintenance Positive Adaptive Non-additive Opposite Only in predator-cue
direction
Donelan and Trussell, Behavior Yes Refuge use Negative Maladaptive Adaptive No WGP No WGP /
2018a
Behavior No Foraging No effect No effect No WGP and No No WGP and No /
TGP TGP
Life-history No Growth efficiency Positive Adaptive Additive Direction WGP /
unknown
Physiology No Tissue growth Positive Adaptive Non-additive Same direction  Only in predator-cue
Donelan and Trussell, Life-history No Size at hatching Positive Adaptive Adaptive Non-additive Direction WGP Only in predator-cue
2018b depends on TGP
Dzialowski et al., 2003 Morphology Yes Head and tail spines Positive Adaptive Adaptive
Evans et al., 2007 Behavior Yes Capture with a hand net No effect No effect Maladaptive
Behavior Yes Response time No effect No effect
Behavior Yes Schooling No effect No effect
Behavior Yes Swimming speed Negative Maladaptive
Morphology No Length No effect No effect
Freinschlag and Behavior Yes Activity No effect No effect Adaptive No TGP No TGP /
Schausberger, 2016
Behavior Yes Feeding site choice Not relevant Adaptive No WGP No WGP /
Life-history No Developmental time Positive Maladaptive Non-additive Direction WGP Higher in control
depends on TGP
Giesing et al., 2011 Behavior Yes Shoaling behavior Positive Adaptive Adaptive
Life-history No Growth No effect No effect
Physiology No Egg metabolic rate Positive Unknown
Goeppner et al., 2020 Morphology Yes Crush resistance Negative Maladaptive Maladaptive
Morphology Yes Shell shape Negative Maladaptive
Hales et al., 2017 Genomic No Gene expression Not relevant Unknown Unknown
Hellmann et al., 2019 Behavior Yes Activity Positive Maladaptive Unknown
(sons; paternal treatment)
Behavior No Scototaxis Positive Adaptive
(maternal treatment)
Genomic No Brain gene expression Not relevant Unknown
Life-history Yes Captures by predator Positive Not relevant
(paternal treatment)
Hellmann et al., 2020 Behavior Yes Activity (daughers; paternal Negative Adaptive Unknown
grandfather treatment)
Behavior Yes Escape behavior (sons; maternal Negative Maladaptive
grandfather treatment)
Behavior Yes Freezing (sons; maternal Negative Maladaptive
grandfather treatment)
Life-history No Mass (size-corrected; daughters) Positive Adaptive

(Continued)
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TABLE 3 | Continued

References Trait nature  Anti-predator Precise traits Direction of Trait-specific Global adaptive Interplay WGP Direction WGP TGP dependent on
defense TGP response adaptive value value and TGP and TGP offspring
environment
Physiology No Plasma cortisol No effect No effect
Keiser and Mondor, 2013 Behavior Yes Feeding site choice Positive Adaptive Adaptive
Kunert and Weisser, 2003 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Kunert and Weisser, 2005 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Lehto and Tinghitella, 2019 Life-history No Daughter’s egg size No effect No effect Unknown
Life-history No Daughter’s egg number No effect No effect
Physiology No Daughter’s egg cortisol Positive Unknown
Li and Zhang, 2019 Life-history No Hatching age No effect No effect Unknown
Life-history No Development No effect No effect
Life-history No Survival Negative Not relevant
Life-history No Lifespan No effect No effect
Life-history No Reproduction No effect No effect
Luquet and Tariel, 2016 Behavior Yes Escape behavior Positive Adaptive Adaptive Non-additive Same direction Only in control
Morphology Yes Shell shape No effect No effect Non-additive Direction WGP /
depends on TGP
Morphology Yes Shell thickness Positive Adaptive Non-additive Same direction Only in control
Morphology No Shell size Negative Unknown Additive Same direction /
Morphology No Mass Negative Unknown Additive Same direction /
McGhee and Bell, 2014 Behavior No Anxiety Not relevant Unknown Unknown
Epigenomic No Epigenetic alteration Not relevant Unknown
McGhee et al., 2012 Behavior Yes Avoidance behavior Negative Adaptive Adaptive
Life-history Yes Survival Negative Not relevant
Mikulski and Pijanowska, 2010 Life-history Yes Clutch size Negative Adaptive Adaptive Non-additive Direction TGP Both in control and
unknown predator-cue
Life-history Yes Size at maturation Negative Adaptive Non-additive Direction TGP Both in control and
unknown predator-cue
Mommer and Bell, 2013 Physiology No Plasma cortisol Not relevant Unknown Unknown
Mondor et al., 2005 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Monteforte et al., 2020 Genomic No Telomere length No effect No effect Unknown
Life-history No Size at birth Negative Unknown
Morales et al., 2018 Behavior Yes Freezing (second-laid eggs) Positive Adaptive Adaptive
Behavior Yes Response time (second-laid Negative Adaptive
eggs)
Life-history No Mass at hatching (third-laid Negative Maladaptive
eggs)
Podjasek et al., 2005 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Schield et al., 2016 Epigenomic No Methylation patterns Not relevant Unknown Unknown
Segers et al., 2011 Life-history No Size No effect No effect No effect
Seiter and Schausberger, 2015 Behavior Yes Activity Negative Adaptive Adaptive
Behavior Yes Feeding site choice Positive Adaptive

(Continued)
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TABLE 3 | Continued

References Trait nature  Anti-predator Precise traits Direction of Trait-specific =~ Global adaptive Interplay WGP  Direction WGP TGP dependent on
defense TGP response  adaptive value value and TGP and TGP offspring
environment
Sentis et al., 2017 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Sentis et al., 2018 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Sentis et al., 2019 Morphology Yes Proportion of winged adult Positive Adaptive Adaptive
Sheriff et al., 2009 Life-history No Right hind foot (RHF) length Negative Maladaptive Maladaptive
Life-history No Mass Negative Maladaptive
Sheriff et al., 2010 Physiology No Plasma cortisol and maximum Positive Unknown Unknown
corticosteroid-binding capacity
Shine and Downes, Behavior Yes Tongue-flick Positive Adaptive Adaptive
1999
Behavior No Speed No effect No effect
Life-history No Mass Positive Unknown
Morphology Yes Tail length Positive Adaptive
St-Cyr and McGowan,  Behavior Yes Avoidance behavior Positive Adaptive Adaptive
2015
Behavior Yes Activity Negative Adaptive
Genomic No Brain stress-related gene Not relevant Unknown
expression
Epigenomic No Brain DNA methylation Not relevant Unknown
Life-history No Mass No effect No effect
Morphology No Size No effect No effect
Physiology No Cortisol Positive Unknown
Stein and Bell, 2014 Behavior Yes Activity Negative Adaptive Unknown
Behavior Yes Freezing No effect No effect
Behavior Yes Jerky swimming No effect No effect
Life-history No Mass Negative Unknown
Morphology No Size Negative Unknown
Morphology No Color (size-corrected) No effect No effect
Physiology No Plasma cortisol No effect No effect
Stein et al., 2018 Behavior Yes Response time Positive Adaptive Adaptive Non-additive Same direction Only in control
Genomic No Brain gene expression Not relevant Unknown Non-additive Same direction Only in control
Life-history No Mass Negative Unknown Non-additive Same direction Only in control
Morphology No Size Negative Unknown Non-additive Same direction Only in control
Storm and Lima, 2010  Behavior Yes Freezing Positive Adaptive Adaptive
Life-history Yes Survival Positive Not relevant
Stratmann and Behavior Yes Response time, freezing, No effect No effect Adaptive No WGP and No / /
Taborsky, 2014 avoidance and escape behavior TGP
Life-history No Growth Positive Adaptive No WGP / /
Morphology No Size Positive Adaptive No WGP / /
Physiology No Opercular beat rate No effect No effect No TGP / /
(Continued)
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TABLE 3 | Continued

TGP dependent on

Trait-specific  Global adaptive Interplay WGP  Direction WGP

adaptive value

Direction of

Precise traits

Trait nature Anti-predator

References

offspring
environment

and TGP and TGP

value

TGP response

defense

Additive Same direction

Adaptive

Adaptive

Escape behavior Negative

Yes

Behavior

Tariel et al., 2019

Both in control and

Adaptive Unknown Additive Same direction

Escape behavior Positive

Behavior Yes

Tariel et al., 2020

predator-cue

Both in control and

Direction TGP
depends on WGP

Non-additive

Unknown

Not relevant

Shell thickness

Yes

Morphology

predator-cue

No TGP

No TGP

No effect

No effect

Shell size
Size at birth

Size at maturation

No
Yes

Morphology

Unknown Adaptive

Positive

Life-history

Tollrian, 1995

Adaptive

Positive

No
Yes

Life-history

Adaptive

Adaptive

Negative

Age at maturation

Life-history

Walsh et al., 2015

Adaptive

Positive

Clutch size

Yes

Life-history

Adaptive Adaptive

Negative

Age at maturation

Yes

Life-history

Walsh et al., 2016

No effect

No effect

Clutch size

Yes

Life-history

Adaptive

Negative

Size at maturation

Yes

Life-history

Adaptive Adaptive

Proportion of winged adult Positive

Yes

Morphology

Weisser et al., 1999
Yin et al., 2015

Additive Same direction

Adaptive

Adaptive

Length of posterolateral spine Positive

Yes

Morphology

The direction of TGP responses (e.g., positive: increase in the trait value with parental exposure to predator-cues) and the global and trait-specific adaptive values are indicated. For 13 studies, where both WGP and

TGP were investigated in offspring, we specified the type (additive, non-additive effects) and direction of the TGP x WGP interplay.

TGP depends on its adaptive value, the correlation between
parental and offspring predation risk and on how the cue of
predation risk is imprinted at a molecular level and inherited
over generations.

Adaptive Value

Determining the adaptive value of TGP is not an easy task,
because depending on studies, parental exposure to predation
can have very different outcomes with regard to offspring
fitness. In some cases, transgenerational responses appear clearly
adaptive, for example, when offspring of predator-exposed
parents exhibit stronger inducible defenses (e.g., Agrawal et al.,
1999; Storm and Lima, 2010; Luquet and Tariel, 2016; Table 3 -
“Adaptive value” columns). In other cases, transgenerational
responses are more complex and depend on interactions
between ancestral and offspring environments, the trait under
consideration (§2; Tariel et al., 2020), developmental stage of
offspring (§4.1.1; Li and Zhang, 2019) and sex (§5.1; Hellmann
et al, 2019), and are therefore more difficult to relate to
self-explanatory anti-predator scenarios with clear adaptive
advantages. In addition, detection of predator presence may
generate stress, which not only negatively impacts parental
condition, but may also generate negative carry-over effects
on offspring (state-based TGP, e.g., reduced body condition of
progeny; Stein et al., 2018). As only three studies measured
offspring fitness experimentally (for instance, with a survival test
against a lethal exposure to predators; Storm and Lima, 2010;
McGhee et al., 2012; Hellmann et al., 2019), we determined
putative adaptive values of the transgenerational responses
to predation by following the opinion of the study authors
(Tables 2, 3). 64% of studies reported potentially adaptive
responses, while 7% reported maladaptive responses; for 25%
of studies, we were not able to determine the adaptive nature
of the induced trait(s), and two studies did not show any
transgenerational effects at all (Table 3 - “Global adaptive
value” column). Although this imbalance may be due to
publication bias in favor of systems with well-characterized anti-
predator defenses, the above pattern nevertheless shows that
predator-induced TGP has the potential to play an important
role in predator-prey interactions, by allowing prey to pre-
adapt their phenotype to future predation risk. Concerning
interactions between ancestral and offspring environments, 14
studies report such interactions using full factorial experiments
(Table 3 - “Interplay WGP and TGP” column). Results were
very varied: WGP and TGP can operate in the same or
opposite directions (Table 3 - “Direction WGP and TGP”
column). Moreover, the direction of WGP can depend on
parental environments, and conversely, the direction of TGP
can depend on offspring environments (Table 3 - “Direction
WGP and TGP” column). Interestingly, WGP can mask TGP,
ie, the effects of parental environment are only observed
in predator-free offspring environments, or reveal it, i.e., the
effects of parental environment are only observed in offspring
experiencing predator presence (Table 3 - “TGP dependent
on offspring environment” column), while TGP can override
WGP, i.e., offspring do not respond to their own environment
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(e.g., Beaty et al, 2016; Freinschlag and Schausberger, 2016;
Luquet and Tariel, 2016).

Evolutionary Implications

The next question is then to know whether predator-induced
TGP can evolve and under what environmental conditions. In
general, phenotypic plasticity is selected when the environment is
variable in time and/or space and provides reliable and accurate
cues about future selection pressures that will act on the induced
phenotype (Kuijper and Hoyle, 2015; Leimar and McNamara,
2015). This is challenging for TGP, because cue perception and
expression of the induced phenotype are distant in time with
a minimum lag time of one generation. Empirical examples
showing that TGP can evolve are rare, but some examples come
indeed from the context of predator-induced defenses. Two
studies have demonstrated local adaptation of transgenerational
responses to predators in wild populations. Storm and Lima
(2010) showed that gravid crickets (Gryllus pennsylvanicus) from
populations with predators produce offspring that are more
responsive to predator-cues than those from populations without
predators. Walsh et al. (2016) studied induced defenses of
Daphnia ambigua in populations under three regimes of fish
predation (consistently strong, consistently weak, or variable
predation risk). They demonstrated that consistently strong (or
weak) predation risk selected for TGP, while variable risk favored
WGP. These two examples confirm that TGP may evolve in
the wild, and that temporal variability and predictability of
predation risk are key forces driving evolution of predator-
induced TGP. In contrast, Goeppner et al. (2020) found Physa
acuta snails from a population with predators to be more crush-
resistant than snails from a population without predators (local
adaptation), but no differential patterns of predator-induced
TGP between the two populations (same transgenerational
responses in both populations, and opposite to WGP). Finally,
evolution of predator-induced TGP is suggested by two studies
on aphids (Acyrthosiphon pisum). Sentis et al. (2019) compared
clonal lineages specialized on two host plants characterized by
contrasting predation risk. They found that lineages specialized
on plants associated with high predation risk had a stronger
transgenerational response to predators (increased frequency
of winged offspring) relative to those from plants associated
with low predation risk. Importantly, the authors showed
that the proportion of winged offspring has high heritability,
indicating that this defense and its plasticity can potentially
evolve by selection. In another study, Sentis et al. (2018)
exposed aphids from the same clone to predator presence or
absence for 27 generations. They observed that predator-induced
TGP was similar between treatments after 16 generations of
predator exposure, but decreased after 25 generations of predator
exposure in the predator treatment compared to the predator-free
treatment, suggesting that TGP was counter-selected (probably
because production costs of defenses were not compensated
by higher survival to predators in their experimental system
where dispersal was limited). With so few studies, it seems
difficult to draw general conclusions about the evolutionary
potential of predator-induced TGP, but both theoretical and
empirical studies point in the same direction. Therefore, it is

crucial to investigate the evolutionary potential of predator-
induced TGP by (1) assessing the heritability of transgenerational
responses to predators, (2) demonstrating in the laboratory (e.g.,
by experimental evolution) that TGP can be selected according
to the variability and predictability of predation risk, and (3)
confirming local adaptation in transgenerational responses to
predators in wild populations.

Inheritance Mechanisms

While it is now well-established that predation can induce
defensive responses that persist for several generations, the
mechanisms underlying this persistence remain a black box.
For example, the relationship between shifts in gene-expression
patterns and defense induction has only been described within
a generation (Miyakawa et al., 2010; Tollrian and Leese, 2010).
For transmission of information across generations, many
authors evoke non-genetic sources of heritability, especially
epigenetic ones (Boskoviz and Rando, 2018; Norouzitallab et al.,
2019; Duempelmann et al., 2020). However, both genetic and
epigenetic mechanisms of predator-induced TGP have rarely
been investigated in detail. Indeed, we found only six studies that
explored predator-induced TGP at the genomic level (McGhee
and Bell, 2014; St-Cyr and McGowan, 2015; Schield et al., 2016;
Hales et al., 2017; Stein et al., 2018; Hellmann et al., 2019).
Hales et al. (2017) tested the influence of chemical cues from
fish predators on gene expression patterns within and across
three generations (FO, F1, and F2) in D. ambigua. The clone
they used was known to show strong predator-induced TGP, with
phenotypic changes opposite to those induced by WGP (Walsh
et al., 2015). They found that TGP and WGP involved changes
in expression level in different sets of genes, indicating divergent
underlying mechanisms. In contrast, Stein et al. (2018) showed
that TGP and WGP involved changes in identical sets of genes
in offspring of three-spined stickleback (Gasterosteus aculeatus),
and that changes in expression level of these genes were identical
whether predation risk was experienced by the father (TGP), the
offspring (WGP) or both. At the phenotypic level, WGP and
TGP also involved identical responses. These two studies suggest
that predation risk induces similar genomic responses within and
across generations when the phenotypic responses are themselves
similar. In addition, genomic mechanisms may differ between the
sexes. Hellmann et al. (2019) demonstrated in G. aculeatus that
maternal and paternal exposure to predation risk had distinct
effects on gene expression patterns in the offspring brain, and that
these effects varied between male and female offspring. A similar
result was observed in mice, where only the gene expression
patterns of female offspring were impacted by maternal exposure
to predator-cues (St-Cyr and McGowan, 2015).

Interestingly, Hales et al. (2017) observed a decrease in
the number of differentially expressed genes between the F1
and F2 generations—a trend consistent with the observed
decrease in transgenerational responses (§4.2; Walsh et al., 2015)
and the lability of inherited epigenetic marks (Fallet et al,
2020). In a companion methodological paper, Schield et al.
(2016) found shifts in the methylation state of sampled loci
between FO (with predator-cues) and F1 (without predator-
cues) in D. ambigua, suggesting that DNA methylation patterns
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can vary between generations experiencing different predation
environments. However, their experimental design dit not allow
to demonstrate whether the epigenetic modifications are (1)
sensitive to predator-cues (with vs. without predator-cues within
a generation) and (2) related to the transmission of predation
risk across generations (this would require a fully factorial
design across two generations). In addition, Hellmann et al.
(2020) showed that FO exposure to predator-cues influenced
the phenotype of F2 but not F1, indicating that epigenetic
transmission and phenotypic consequences can be decoupled.
Individuals could be carriers of epigenetic information and
transmit altered phenotypes to their offspring without displaying
the phenotypes themselves. Finally, McGhee and Bell (2014)
showed in G. aculeatus that the amount of direct care
provided by fathers, when modulated by predation risk, was
linked to differential expression in offspring brains of a DNA
methyltransferase (Dnmt3a) responsible for de novo methylation.
Although this is not evidence of transgenerational epigenetic
inheritance, it suggests that predation-risk driven behavior of
fathers may influence the epigenetic programming of their
offspring, which might in turn be transmitted to the next
generation. To our knowledge, how and to what extent the
epigenome is related to phenotype across generations is still an
open question both in predator-prey systems and in general
(see Fallet et al., 2020 for a detailed discussion). Taken together,
the above results highlight the need for future work examining
predator-induced TGP and WGP simultaneously, at both the
(epi)genomic and phenotypic levels.

TEMPORAL DYNAMICS OF
PREDATOR-INDUCED
TRANSGENERATIONAL PLASTICITY

Transgenerational plasticity is a temporal process that is initiated
in past generations, but has consequences in current and
future generations. Temporal dynamics are thus a key aspect
of this process: what are the time windows during which an
environmental signal must be detected to be transmitted across
generations? When are the transgenerational responses expressed
in offspring? How long can predator-induced TGP persist in prey
across generations?

Critical Time Windows to Trigger
Transgenerational Plasticity

Evolution of TGP depends on how accurately the parental cue
eliciting TGP predicts the environment that will exert selection
on the offspring phenotype (Auge et al., 2017; Bell and Hellmann,
2019; Donelan et al., 2020). Cue accuracy depends on the time lag
between cue perception and expression of offspring phenotypes
(§3.2). Therefore, two developmental aspects may influence the
presence, strength and direction of predator-induced TGP: (1)
the life-history stage at which parents perceive environmental
cues (induction time), and (2) the life-history stage at which the
offspring initiate responses (expression time) (Figure 2; Burton
and Metcalfe, 2014; Donelson et al., 2018; Bell and Hellmann,

2019; Yin et al, 2019; Donelan et al, 2020). Among the 55
studies that explore transgenerational effects in response to
predation risk, 18 investigate patterns of TGP with different
timings of exposure in parents (four studies) or expression in
offspring (14 studies).

Induction Time of Transgenerational Plasticity:
Parental Sensitive Windows

The time at which an environmental change is experienced can
directly influence phenotypic responses in both the exposed
individual (WGP) and its offspring (TGP) (Burton and Metcalfe,
2014; Donelson et al., 2018; Donelan et al, 2020). Some
theoretical models predict that early-perceived cues in parental
development should have weaker effects on offspring than late-
perceived cues (Ezard et al., 2014; Prizak et al., 2014). Indeed,
later parental environments are better predictors of offspring
environment because of the shorter time lag between perception
of cues and the predicted environment. Therefore, the period
before and during reproduction in parental development is
expected to be a critical period for TGP induction (Donelan et al.,
2020). In contrast, some empirical studies rather identify the
early parental development (i.e., embryonic or neonate phases)
as particularly sensitive to influence TGP (Burton and Metcalfe,
2014; Fawcett and Frankenhuis, 2015; Donelson et al., 2018; Yin
etal., 2019), which might be linked to a higher proportion of early
embryonic cells that are highly sensitive to environmental cues
(Burton and Metcalfe, 2014).

In the context of predator-induced TGP, most studies (62%)
focused on parental exposure during adult life only (Table 1).
A few studies explored the effects of parental exposure during
the post-embryonic period (neonates + larval/juvenile phase,
larval/juvenile phase, larval/juvenile phase + adults; 2, 7, and
13% of studies, respectively) or TGP responses when parents
were confronted with predator presence during their entire life
including the embryonic phase (15%). Only one study was carried
out with parents exposed to predator-cues only in the embryonic
phase (Yin et al, 2015). Finally, we found only four studies
(7%) that compared the influence of different exposure timings
(Agrawal et al., 1999; Mikulski and Pijanowska, 2010; Walsh
et al.,, 2015; Yin et al., 2015). Three of these studies are focused
on water fleas (D. cucullata, D. magna, D. ambigua; Agrawal
et al., 1999; Mikulski and Pijanowska, 2010; Walsh et al., 2015),
while the fourth one is on the rotifer Brachionus calyciflorus
(Yin et al., 2015). Considering these four studies, three patterns
emerge (Figure 2).

Two studies demonstrated that the expression of predator-
induced TGP depended on the parental life stage in which
the cues were perceived, but timing differed between the two.
Agrawal et al. (1999) showed that a defensive morphology in
water fleas (D. cucullata) was induced in offspring from mothers
exposed to predator-cues before becoming pregnant, but not
in offspring from mothers exposed later. Walsh et al. (2015),
working on D. ambigua, found that offspring from mothers
exposed to predator-cues during the juvenile stage did not show
TGP with respect to the age of maturation. In contrast, offspring
from mothers that had been exposed during their entire life or
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FIGURE 2 | Sensitive windows in parental and offspring lifetimes for transgenerational plasticity induction and expression.

only late in their development (i.e., at maturation) matured faster
than those originated from predator-free mothers.

Two other studies highlighted that the strength of predator-
induced TGP depended on the parental life stage in which
the cues were perceived. Offspring from D. magna mothers
exposed to predator-cues at a late juvenile stage exhibited
broader life-history responses to predation (i.e., maturity at
a smaller size, lower fecundity) than offspring from mothers
confronted with predation at earlier or later life stages (Mikulski
and Pijanowska, 2010). Similarly, offspring from B. calyciflorus
mothers exposed to predator cues at a late embryonic stage
exhibited broader morphological responses to predation (ie.,
longer spine and higher posterolateral spine-body length ratio)
during two generations than offspring from mothers exposed at
earlier embryonic stages (Yin et al., 2015).

To our knowledge, no study has found evidence that the
direction of predator-induced TGP depends on the parental life
stage in which the cues are perceived. However, an element of
a response emerges when two different studies on sticklebacks
(G. aculeatus) are combined. While paternal exposure to
predator-cues during sperm formation decreased offspring anti-
predator behavior and survival in the presence of a real predator
(Hellmann et al., 2019), paternal exposure later during egg care
increased offspring anti-predator behavior and decreased body
size and condition (Stein and Bell, 2014). These results suggest
that, in the first case, fathers transmitted negative effects of
predator-induced stress to their offspring, while in the second
case, fathers pre-adapted their offspring to predation risk.

All these results confirm the importance of considering
how the timing of parental exposure affects the presence,
strength and direction of transgenerational phenotypic changes.
Results are not consistent across studies and show that several
parental life stages can be critical periods for influencing the
next generation (embryonic stage, late juvenile stage, or at
maturation), sometimes with a narrow window of sensitivity
(early and late embryonic stage, or at maturation before or after
being pregnant).

Expression Time of Transgenerational Plasticity:
Offspring Sensitive Windows in Ontogeny

From the offspring’s perspective, timing of cue perception is
important because it determines when offspring can initiate
an appropriate response to information transmitted by their
parents. Some researchers expect a stronger effect on offspring
phenotype when parental cues are received early in embryonic
development (Bell and Hellmann, 2019). However, it is difficult
to know when cues are actually perceived or integrated by
the offspring, and studies generally only report the offspring
stage at which TGP is expressed. The meta-analysis of Yin
et al. (2019) found that TGP is most strongly expressed in
offspring juvenile stages, and less strongly in embryonic and
adult stages. In the context of predation, the majority of
studies measured transgenerational responses only once during
offspring development: during early development (neonates)
in 11% of studies, later during the larval-juvenile stage in
29% of studies, and during the adult stage in 35% of studies
(Table 1). No studies examined TGP expression only in the
embryonic stage. To our knowledge, 14 studies (25%) explored
TGP expression in response to predation risk at different
times in offspring life, either within an offspring stage or
among different stages (Tollrian, 1995; Agrawal et al., 1999
Sherift et al., 2010; Coslovsky and Richner, 2011, 2012; Giesing
et al., 2011; Basso et al., 2014; Bestion et al., 2014; Stratmann
and Taborsky, 2014; Basso and Richner, 2015a,b; St-Cyr and
McGowan, 2015; Freinschlag and Schausberger, 2016; Li and
Zhang, 2019). Screening these studies, different scenarios are
observed (Figure 2).

Five studies described that parental experience with predation
risk can influence offspring traits early in development, but
the effect dissipates later in life. Two studies on spider
mites (T. urticae) showed that maternal predation experience
retarded offspring development in embryonic, larval and
early juvenile stages, but the effect disappeared in the late
juvenile stage and for reproductive parameters in adults
(Freinschlag and Schausberger, 2016; Li and Zhang, 2019). In the
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same way, offspring of predator-exposed mothers were smaller
and lighter during the early juvenile stage in great tits (Coslovsky
and Richner, 2011, 2012; Basso and Richner, 2015a) and grew
faster in an African cichlid (Stratmann and Taborsky, 2014),
whereas no TGP of these traits was found later in the juvenile
and adult stages for both models.

In the study of Agrawal et al. (1999), TGP was also
expressed early in offspring development, but decreased
later without disappearing completely. Indeed, differences
in helmet length in D. cucullata offspring (second and third
brood of the same generation) from mothers exposed to
predator-cues relative to those from control mothers were
stronger in the neonate stage than later in the adult stage.
In contrast, Bestion et al. (2014) showed an increasing
strength of TGP expression over offspring development:
common lizard juveniles (Z. vivipara) born to mothers
exposed to predator-cues had longer tails relative to body
length already at birth, but the difference was stronger later
in development. In the study of Basso and Richner (2015b)
on great tits, maternal exposure to predator-cues did not
significantly alter offspring growth rate at birth, but later during
juvenile development.

Three other studies also showed that parental predator
experience induces defenses in early life-history stages that
persist over offspring development with approximately the
same strength. For example, in Tollrian (1995), the difference
in body size of D. pulex offspring from mothers exposed
to predator-cues relative to offspring from control mothers
remained significant and at approximately the same strength
throughout juvenile development (six instars). In another species
of water flea (D. cucullata), neonates (first brood) born from
mothers exposed to predator-cues produced stronger induced
defenses (i.e., higher relative helmet length) than neonates from
mothers raised in a predator-free environment (Agrawal et al.,
1999), and this effect persisted with the same strength when
offspring reached maturity. In the same way, Sheriff et al.
(2010) found identical patterns of TGP responses (increased
fecal corticosteroid metabolite concentration, a stress index) for
juvenile snowshoe hares (L. americanus) irrespective of their age.

In contrast, only one study (Coslovsky and Richner,
2011), on wing development in great tits (P. major), found
transgenerational responses changing direction over the course
of offspring development. The authors found that, just after
birth, offspring from predator-exposed mothers had shorter
wings than those from predator-free mothers. Later, however,
wing growth in offspring from predator-exposed mothers was
accelerated. Consequently, on day 14, the difference between the
two treatments had vanished, and at age of maturity, offspring
from predator-exposed mothers had longer wings than those
from predator-free mothers.

Finally, to our knowledge, no studies to date found
that parental experience of predator-cues can shape offspring
phenotype strictly late in life. While many studies (42%)
investigated and found TGP in adults, it is not possible to
determine if these transgenerational effects appeared earlier
and persisted across development or if they appeared only in
the adult stage.

All these studies on expression time suggest that offspring can
integrate past experiences of predation into the expression
of their phenotype at different stages of development.
Transgenerational effects in offspring may be expressed in
a single stage or throughout the entire life, and their strength
and direction can change during development. Contrary to the
meta-analysis of Yin et al. (2019), which found that TGP tends
to be weak in early offspring development and stronger later on
during the juvenile stage, most studies reviewed here show that
predator-induced TGP is stronger in early offspring stages.

In conclusion, empirical studies on the timing of TGP
showed equivocal and often inconsistent results. Indeed, TGP
may be induced by predator-cues perceived during different
developmental windows in parents and may be expressed at
different life stages in offspring. Missing these critical windows
in experiments may lead to underestimation of the importance of
TGP in predator-prey interactions.

Persistence Across Generations

How and for how long predator-induced TGP can persist in prey
across generations is crucial information, because it determines
the extent to which transgenerational responses contribute to
long-term evolutionary changes. Since TGP is characterized
by a lag time between cue perception and expression of the
induced phenotype (§3.2), its persistence across generations
should depend on the reliability of cues in predicting predation
risk in subsequent generations. Based on the patterns proposed
in the review of Bell and Hellmann (2019) on general TGP,
we can propose three scenarios: (1) Cues are reliable indicators
of predation risk only for the next generation: F1 offspring
produced by parents exposed to predator-cues (FO generation)
express phenotypic changes, which dissipate in the F2 and
subsequent generations (pattern 1 in Figure 3); (2) Cues are
reliable indicators for several generations: the induced phenotype
of the F1 generation persists in a similar way (strength and
direction) across one (F2) or multiple generations (pattern 2
in Figure 3); (3) The reliability of cues decreases over time:
the induced phenotype of the F1 generation persists across
multiple generations, but with decreasing mean effects between
consecutive generations (pattern 3 in Figure 3).

(1) Disappear
! (2) Persist ?
Predator
1(3) Decline ~a ~a ?

FIGURE 3 | Scenarios of transgenerational plasticity persistence over
generations. Prey are exposed to predator cues only at the FO generation.
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Most of the studies reviewed here (87%) investigated predator-
induced TGP over two generations only (FO and F1). In the
following, we summarize the results of seven studies that explored
the influence of past exposure to predation over three (Agrawal
et al,, 1999; Yin et al.,, 2015; Hales et al,, 2017; Hellmann et al,,
2020; Tariel et al, 2020), four (Walsh et al., 2015) or five
generations (Sentis et al., 2018). Agrawal et al. (1999) showed that
the morphological defense of D. cucullata (relative helmet length)
induced in F1 offspring from FO predator-exposed parents
disappeared in F2 offspring (pattern 1 in Figure 3). A similar
pattern was found for clutch size in D. ambigua (Walsh et al,,
2015), total length and stress-induced cortisol in the three-spined
stickleback G. aculeatus (Hellmann et al., 2020), and for body
mass and shell size in the freshwater snail P. acuta (Tariel et al.,
2020): in all cases, the transgenerational effect disappeared in
the F2 generation (no effect of the grand-parental environment).
In contrast, Yin et al. (2015) demonstrated grand-maternal
induction of defensive morphology (posterolateral spine) in
rotifers B. calyciflorus. Similarly, Tariel et al. (2020) found
that grand-parental exposure to predator-cues influenced escape
behavior and shell thickness in P. acuta. For age at maturation
in D. ambigua, predator-induced TGP (earlier maturation) was
detectable two generations following cue removal (ie., until
the F2 generation), and finally disappeared in the F3 (Walsh
et al,, 2015). Interestingly, the transgenerational effect in the F2
generation was lower than in the F1 in all studies (Walsh et al.,
2015; Yin et al., 2015; Tariel et al., 2020), indicating a decline
of transgenerational response to predation over time (pattern
3 in Figure 3). Moreover, Hellmann et al. (2020) observed in
G. aculeatus that predator-induced TGP persisted in a lineage-
specific (through the grand-maternal or grand-paternal lineage)
and in a sex-specific (only in male or female grand-offspring)
way: F2 females were heavier and had a reduced anti-predator
response (reduced activity after a simulated predator attack)
when their paternal grandfather was exposed to predator-cues,
while F2 males had a reduced anti-predator response (frozen
and escape behavior) when their maternal grandfather was
exposed to predator-cues. This means that transgenerational
effects may selectively persist across generations in only a subset
of individuals, which can make it very difficult to assess the
persistence of predator-induced TGP, since most studies focused
on average responses only. To our knowledge, the experimental-
evolution experiment by Sentis et al. (2018) is the only study
that investigated predator-induced TGP over five generations.
They exposed genetically identical pea aphids (A. pisum) to
predator presence for 27 generations, but removed predators
at three points (after 3, 13, and 22 generations of exposure)
and monitored predator-induced TGP for five generations after
predator removal. They found that the defensive phenotype—a
high frequency of winged aphids in the population—persisted for
one generation after predator removal, but then fell for two to
three generations below the level of the predator-free treatment
(lower proportion of aphids with defenses). This example
illustrates not only that TGP can persist over several generations,
but also that the effects can change direction (potentially going
from adaptive to non-adaptive) over generations. Interestingly,
the number of generations needed to come back to the level

of the predator-free treatment increased with the number of
generations previously exposed to predators. This suggests that
the accumulation of exposures to predators over generations may
increase the persistence of predator-induced TGP.

Although there are too few studies to draw a general
conclusion, all studies to date show that predator-induced TGP
can extend beyond the generation following predator exposure,
but seems to decline gradually with each generation and
eventually disappear (pattern 3 on Figure 3). This highlights the
need for empirical studies on longer timescales to determine how
long the signals of predators are embedded across generations.

OTHER KEY ASPECTS OF
PREDATOR-INDUCED
TRANSGENERATIONAL PLASTICITY

According to the literature, two other aspects can influence
the induction, strength and direction of predator-induced TGP:
sex and the strength of predation risk. The key questions are:
(1) Do paternal and maternal environments influence offspring
phenotype in the same way or not? And do transgenerational
responses depend on offspring sex? (2) Do prey invest in anti-
predator responses according to the level of predation risk in the
parental environment?

Sex-Specific Predator-Induced

Transgenerational Plasticity

TGP can be sex-specific: its induction in offspring may depend on
which parent transmits the environmental signal (parental level)
and its expression by offspring may depend on their sex (offspring
level). At the parental level, TGP can be induced in offspring
by the maternal environment, the paternal environment, or
both (e.g., Bonduriansky and Head, 2007; Triggs and Knell,
2012; Guillaume et al., 2016) (left panel on Figure 4). Parental
cues can lead to (1) different information allowing offspring to
trigger different responses in terms of strength or direction or
at different developmental stages (multiple messages hypothesis),
or (2) similar information allowing offspring to only respond
to cues when they receive information through more than one
modality (threshold hypothesis) or just to have a backup (backup
hypothesis) (Bell and Hellmann, 2019). At the offspring level, the
parental environment can impact only daughters, only sons, or
both daughters and sons, which can lead to different responses
in terms of strength and/or direction (review in Glover and Hill,
2012 for the effects of parental stress) (right panel on Figure 4).
What favors sex-specific patterns at parental and offspring levels
remains unexplored, but potentially has strong evolutionary
implications (Bell and Hellmann, 2019).

Parental Sex-Specific Transgenerational Plasticity

It has long been assumed that induction of TGP is mostly
driven by the maternal environment (Crean and Bonduriansky,
2014). Consequently, sex-specificity of TGP at the parental
level has been largely overlooked. In the context of predator-
induced TGP, it has only been investigated in two studies
on sticklebacks (Hellmann et al., 2019; Lehto and Tinghitella,
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FIGURE 4 | Sex-specific predator-induced transgenerational plasticity. Even if
both parents detected cues of predator presence, offspring may respond only
to maternal cues (pattern 1), only to paternal cues (2) or to both parental cues
with similar (3.1) or different effects on strength and/or direction between
maternal and paternal cues (3.2). Furthermore, the response to parental cues
may be expressed in daughters only (pattern a), in sons only (b) or in both
daughters and sons but with similar (c) or different responses in terms of
strength and/or direction (d).

2019). In these studies, parental sex-specific TGP patterns
were highly dependent on offspring traits. Some offspring
traits were affected only by maternal exposure to predator-
cues (cautiousness) or only by paternal exposure (activity)
(patterns 1 and 2 on Figure 4). For the other traits (survival,
cortisol level in the daughter’s egg), effects of paternal exposure
interacted with effects of maternal exposure, adding vyet
another layer of complexity. In other words, the presence and
pattern of paternal effects depended on maternal exposure to
predator-cues (and vice-versa). For example, in Hellmann et al.
(2019), paternal exposure decreased offspring survival to a
real predator, but only when mothers had not been exposed
to predator-cues. When mothers had been exposed, paternal
exposure did not affect offspring survival (multiple message
hypothesis). In Lehto and Tinghitella (2019), only exposure of
both parents increased cortisol level of daughter’s egg, while
paternal exposure or maternal exposure alone had no effect
(threshold hypothesis).

Offspring Sex-Specific Transgenerational Plasticity

In the context of predator-induced TGP, sex-specific TGP at
the offspring level has been investigated in seven studies:
three on great tits (Coslovsky and Richner, 2011; Basso and
Richner, 2015a,b), two on sticklebacks (Stein and Bell, 2014;
Hellmann et al, 2019), one on spider mites (Li and Zhang,
2019) and one on mice (St-Cyr and McGowan, 2015). As
at the parental level, sex-specific TGP patterns were highly
dependent on offspring traits. Most traits (e.g., weight, body
size, survival, cautiousness) did not show any sex-specific
pattern: daughters and sons were equally affected by the

parental environment (Coslovsky and Richner, 2011; Stein
and Bell, 2014; Basso and Richner, 2015a,b; Hellmann et al,
2019) (pattern c¢ in Figure 4). For the other traits, parental
exposure influenced only one sex and not the other (patterns
a and b in Figure 4: Coslovsky and Richner, 2011; Basso
and Richner, 2015a; Hellmann et al., 2019; Li and Zhang,
2019). For instance, paternal exposure to predator-cues increased
activity of sons but not daughters—this could be adaptive, as
only males may benefit from higher activity under predation
risk in sticklebacks. Only one study showed that the paternal
environment can influence both daughters and sons but
with different strength: daughters increased their anti-predator
behavior and cortisol level more than sons following maternal
exposure to predator-cues in mice (pattern d in Figure 4;
St-Cyr and McGowan, 2015).

At the parental level, as all results are on sticklebacks,
more species remain to be described to generalize the existence
and patterns of parental sex-specific TGP. However, these few
results suggest that offspring integrate cues from both parents,
raising questions about how parental cues combine together
(i.e., whether they are additive, non-additive, repetitious, etc.
Bell and Hellmann, 2019). At the offspring level, daughters
and sons tend to react similarly, but when sex-specific TGP is
present, transgenerational responses are often observed in one
sex and not the other.

In conclusion, all these results suggest that sex of both
offspring and parents may shape how TGP impacts predator-
induced traits. We still do not know what favors sex-specific TGP
at both parental and offspring levels. Sexual conflict may play
a role if males and females have different phenotypic optima
when facing predation risk (Christe et al., 2006; Meuthen et al.,
2018; Burke et al, 2019). Sex-differences in ecology, gamete
dispersal or offspring investment may also play a role if, for
example, maternal and paternal environments predict offspring
environment differently (§3.2; Bell and Hellmann, 2019).

Adjustment of Transgenerational

Plasticity to Predation Risk

In the context of WGP, anti-predator defenses have long
been considered as polyphenism between defended and
undefended morphologies (Figure 5A; Harvell, 1990). For
instance, a field experiment on the acorn barnacle Chthamalus
anisopoma showed polyphenism with two distinct shell
morphologies (straight vs. curved shape) in response to
predation (Lively, 1986). In reality, however, level of expression
of anti-predator defenses is often correlated with intensity
of current predation risk (i.e, phenotypic modulation;
Figure 5B; e.g., Tollrian, 1993; Van Buskirk and Arioli,
2002; Laurila et al, 2004), allowing prey to be protected
from predators while limiting the costs of over-expression of
defense (Tollrian et al., 2015). For example, Teplitsky et al.
(2005) found a positive correlation between morphological
changes and fish predator density in Rana dalmatina tadpoles,
and Yin et al. (2015) found a positive correlation between
spine development and concentration of predator-cues
in the rotifer B. calyciflorus. We can therefore reasonably
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FIGURE 5 | Offspring trait expression according to increasing predation risk in the parental environment. When the risk increases, (A) there is no interest to be half
protected against a predator, the expected response is a polyphenism (threshold response), or (B) the strength of the response is expected to be proportional to
actual risk (phenotypic modulation). Photographs are from Agrawal (2001), (reprinted with permission from AAAS) and from Herzog and Laforsch (2013).

suggest that the level of TGP (i.e., level of expression of
offspring defenses) should also be proportional to the level
of predation risk perceived by ancestors (Figure 5B). This
hypothesis has been investigated in only three papers. Podjasek
et al. (2005) clearly found a positive and relatively linear
correlation between production of winged offspring in the pea
aphid A. pisum and concentration of alarm pheromones, a
reliable cue of predation risk. Also in the pea aphid, Kunert
and Weisser (2003) found a non-linear relation between
transgenerational response and parental predation risk, with
the strongest response (i.e., highest percentage of winged
offspring) being observed at an intermediate predation risk
and the lowest response at very high and very low predation
risk. Finally, Freinschlag and Schausberger (2016) did not
find any correlation between developmental time or anti-
predator behavior of juvenile spider mites (T. urticae) and
the intensity of predation risk (no, low, moderate, severe)
experienced by their mothers. To get a consistent picture,
more empirical studies are needed on how the intensity of
parental predation risk modulates the expression level of
offspring defenses.

CONCLUSION

Predator-prey interactions have long been a focus of
ecological and evolutionary studies, likely because almost
all species are engaged in such interactions. The literature
has accumulated a solid knowledge of within-generation
plasticity (WGP) in prey and predators, and it is commonly
observed that prey develop defensive phenotypes when they
detect predation risk. Over the past two decades, some
studies have also shown that prey exposed to predator-cues
can produce offspring with better defenses than offspring

from predator-free parents [transgenerational plasticity
(TGP)]. This review summarizes current knowledge on
predator-induced TGP in metazoans. Most of the 55
studies we reviewed focused on five model taxa: fish (24%)
aphids (16%), water fleas (15%), aquatic snails (15%), and
birds (11%). Although a more diverse set of taxa would
allow for more robust generalizations, the study of TGP
requires rearing animals over at least two generations,
which limits the study to taxa with short generation times.
This explains why some taxa that are widely used to
study predator-induced WGP, such as amphibians, are still
lacking in TGP studies.

Our review highlights that all kinds of traits are prone to
exhibit predator-induced TGP, even the most labile ones such
as behavior. Predator-induced TGP seems to confer increased
fitness in most studies, is evolvable (e.g., shows signatures of
local adaptation) and can involve epigenetic mechanisms of
inheritance, although these aspects are still too rarely evaluated.
However, predator-induced TGP is often characterized by
complex phenotypic patterns that can be difficult to interpret
and do not always fit with simple explanatory scenarios invoking
clear adaptive advantages. The induction, strength, and direction
of predator-induced TGP depend on several factors and their
interplay:

(1) Timing is important, but no general sensitive or critical
periods can be defined, either in terms of parental
information or offspring expression.

(2) Predator-induced TGP can persist for more than one
generation (three generations on average in studies
conducted over a sufficiently long time-frame), meaning
that past environments may interact with each other and
with offspring environmental conditions in shaping the
anti-predator phenotype.
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(3) The induction of TGP can depend on which parent
(mother or father) has been exposed to predation risk, and
its expression can be different in daughters and sons.

(4) While prey are often able to adjust their within-
generational defenses to the level of predation risk,
evidence of such scaling is lacking for TGP, but the number
of relevant studies is still very limited.

Despite these general conclusions, we are only at the beginning
of understanding the processes involved in predator-induced
TGP. Indeed, most current studies only describe the existence
of TGP in response to predation risk, while very few unravel
the underlying processes. This makes TGP an exciting and
challenging research topic for future studies. Such studies will
be necessary (1) to add more examples of predator-induced
TGP, (2) to study TGP in different offspring environments to
account for the interplay between past and current predation
risk, and (3) to disentangle the complexity of TGP (i.e,
dissect processes and underlying mechanisms of induction
and expression) in order to evaluate its adaptive value
and its ecological and evolutionary impacts in predator-prey
interactions. A relevant perspective would be to consider
implications of TGP at the population level. Particularly, how
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