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Highlights
Human activities are dramatically

altering ecological communities.

While many organisms are threat-

ened by human-induced rapid

environmental change (HIREC),

others are thriving. This variability is

often attributed to differences in

genetic variation and/or within-

generational plasticity, but trans-

generational plasticity (TGP) may

be another key (often overlooked)

process that contributes to this

variation.

We develop a framework that ex-

plores how TGP can affect organ-

isms’ responses to HIREC. We

highlight three sequential pro-

cesses in the detection and trans-

mission of parental cues to

offspring that are critical for TGP to

be beneficial in a given

environment.

Because many hypotheses

regarding TGP in human-altered

environments have yet to be

tested, our framework summarizes

potential positive and negative

outcomes and outlines key areas

for future study.
Our ability to predict how species will respond to human-induced rapid environmental change

(HIREC) may depend upon our understanding of transgenerational plasticity (TGP), which occurs

when environments experienced by previous generations influence phenotypes of subsequent

generations. TGP evolved to help organisms cope with environmental stressors when parental

environments are highly predictive of offspring environments. HIREC can alter conditions that

favored TGP in historical environments by reducing parents’ ability to detect environmental con-

ditions, disrupting previous correlations between parental and offspring environments, and

interfering with the transmission of parental cues to offspring. Because of the propensity to pro-

duce errors in these processes, TGPwill likely generate negative fitness outcomes in response to

HIREC, though beneficial fitness outcomes may occur in some cases.

Considering Transgenerational Plasticity in the Context of Human-Induced Rapid

Environmental Change

Humans are profoundly affecting the global abundance and distribution of organisms by facilitating

habitat loss and fragmentation [1], introducing exotic species [2], overharvesting wild populations [3],

increasing pollutant exposure [4], and altering the global climate [5]. While some species (e.g., inva-

sive species, commensal pests) have been successful [6] under human-induced rapid environmental

change (HIREC) (see Glossary) [7], other species exhibit maladaptive responses that contribute to

declines and even increased extinction risk [8]. This may be because organisms lack the ability to

effectively detect or respond to novel environments [9] or because cue-response systems that were

beneficial in past conditions become detrimental under HIREC [10,11]. To date, the vast majority

of theoretical and empirical work on plastic responses to HIREC has focused on within-generational

plasticity (WGP) (e.g., [12,13]). However, organisms can also convey environmental information

across generations via transgenerational plasticity (TGP), which evolved as another mechanism to

help organisms cope with changing environments [14]. HIREC is expected to alter the historical con-

ditions under which TGP evolved by changing how well environmental cues indicate environmental

conditions (cue reliability), the magnitude or rate of environmental variation across time or space

(environmental variability), or the ways in which current environmental conditions predict future con-

ditions (e.g., temporal or spatial autocorrelation). While recent reviews have explored related topics

on TGP and climate change (e.g., [15]), and models predict that variation in trait transmission from

parents to offspring can affect species persistence in human-modified landscapes [16], we lack a con-

ceptual framework that formulates general hypotheses about how TGP will affect organismal fitness

in response to a broad range of potential forms of HIREC.

TGP occurs when the environment experienced by one generation influences behavioral, physiolog-

ical, morphological, or life-history traits in future generations, sometimes in ways that increase fitness

(reviewed in [17–19]). TGP can occur via either the mother or the father (i.e., maternal or paternal ef-

fects) and persist for multiple generations (e.g., grandparental effects), although here we concentrate

on the relationship between parents and their offspring. TGP can operate in response to short-lived

or long-lasting experiences that occur at any point in a parent’s lifetime [20] (Box 1). TGP can operate

via mechanisms such as epigenetic marks in gametes, sperm miRNAs, hormones in ovo or in utero,

microbiota, parental care, or parental habitat selection or niche construction [21–24], and be trans-

mitted to offspring at different stages of offspring development (Box 2). Here, we focus on TGP

that has evolved primarily to transmit information to offspring rather than state-based TGP, in which

parental state (e.g., injury) alters offspring phenotypes. While some state-based TGP (e.g., body
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condition) also provides information to offspring about their potential environment, HIREC is ex-

pected to specifically alter the conditions under which information-based TGP is likely to evolve;

namely, environments with strong temporal autocorrelation in which parental environments reliably

predict offspring environments [25–28]. TGP may not evolve in systems that lack this predictability

[29,30].

TGP differs from WGP in several key aspects that may influence how organisms respond to HIREC.

First, with TGP, parents must have the sensory/cognitive ability to correctly detect and identify envi-

ronmental conditions, possess a mechanism to transmit this information to offspring (e.g., methyl-

ation), and offspringmust possess amechanism to integrate these parental cues during development

(e.g., epigenetic marks escaping erasure at fertilization [17]; see [31] for a recent review of TGP mech-

anisms). In contrast, with WGP, individuals detect environmental conditions and integrate that infor-

mation into estimates of their environment, which then triggers biochemical, hormonal, or neurolog-

ical responses that elicit phenotypic change. The multiple steps of information transfer between

generations increase the scope for error with TGP relative to WGP. Further, because information ob-

tained from parents is likely to be less current than information obtained from an individual’s own

experience, there is greater potential for phenotypic/environmental mismatches with TGP [25,26].

Importantly, TGP does not necessarily require active detection or cognition on the part of parents;

TGP might occur because offspring phenotypes are highly correlated with the phenotypes of past

generations (e.g., egg size [32]; cascading maternal effects [28,33]). In these cases, HIREC may pro-

duce phenotypic/environmental mismatches by altering the selection regime favoring such

parent–offspring correlations.

If parents can transmit reliable information to offspring about their potential environment, TGP may

have benefits beyond what offspring can achieve with WGP alone [28,30,34], particularly when: (i) it is
Box 1. The Importance of the Timing and Duration of Parent’s Exposure to HIREC

We generally hypothesize that HIREC that occurs early in the parent’s lifetime may have outsized impacts on

parental fitness, and therefore offspring fitness, compared with HIREC experienced later in life [67]. This could

be because: (i) plasticity is often highest early in development [43]; (ii) certain TGP mechanisms (e.g., methyl-

ation, histone modifications) can only be established early in development [68]; or (iii) changes in parental state

induced in early development can compound across parents’ lifetimes. In cichlids, for example, maternal food

availability early, but not late, in life impacted maternal investment in offspring [69]. Further, HIREC encoun-

tered by parents early in life can alter key life history decisions (e.g., dispersal or habitat choice) that may

have stronger effects on offspring than conditions encountered after those life history choices have been

made. Finally, parents may be more likely to transmit accurate information about environmental shifts if HIREC

occurs before parents’ sensitive windows have closed because parents are sampling and integrating informa-

tion about the new environmental conditions during those critical periods.

HIREC that occurs just before parents reproduce is also expected to affect offspring via TGP. First, if a high de-

gree of temporal autocorrelation existed historically (e.g., snow thaw is followed by increased food availability),

past selection should have favored parents that transmit cues received close to reproduction to their offspring;

this sensitivity may be retained in response to HIREC [70]. Second, HIREC that occurs close to reproduction

may trigger certain state-based TGP mechanisms, such as cellular damage or physiological or neurogenomic

changes, that alter offspring phenotypes [20]. This has been shown in male flour beetles: fathers that experi-

enced a brief heat wave immediately before reproduction produced less fit offspring, likely because of reduc-

tions in sperm viability [71].

When HIREC occurs repeatedly and/or continuously (e.g., warming) rather than a single event (e.g., hurricane),

earlier parental exposure is likely correlated with longer exposure time. Longer exposure time should reduce

parental uncertainty about the environment [72] by better allowing parents to assess changes in temporal auto-

correlation or variability or to assess if novel conditions are relevant or dangerous to offspring. Repeated expo-

sure to HIREC may potentially reduce the negative impacts of HIREC on offspring; for example, in sea urchins,

short-term parental exposure to low pH induces fitness costs in offspring, but this is not true when parents are

exposed to low pH earlier and for longer time periods [73].
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Glossary
Autocorrelation: similarity be-
tween environmental conditions
in a temporal or spatial series.
Cue reliability: how well environ-
mental cues reflect environmental
conditions.
Diversified bet hedging (DBH):
when parents increase phenotypic
variance in their offspring to lower
the variance in genotypic fitness;
can be a type of TGP if the par-
ents’ environment modifies
offspring phenotypic variation.
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risky for offspring to sample their environment; (ii) offspring are unable to sample their future environ-

ments (e.g., organisms that undergo ontogenetic niche shifts); (iii) it takes a substantial amount of

time for offspring to generate a plastic response via WGP alone; or (iv) selective pressures are highest

early in life. These scenarios might favor parental priming via TGP [17] and can enhance offspring’s

sensitivity to relevant environmental conditions [35,36]. For example, in Caenorhabditis elegans,

learned avoidance behavior of pathogens in the parental generation can be transmitted for up to

four generations via epigenetic changes in sensory neurons and small RNA pathways [37]. This prim-

ing can be especially important in response to HIREC, where many of the selective pressures are

amplified (e.g., increased drought), such that even a small advantage via TGP is important for survival.

Finally, TGP offers greater possibilities for diversified bet hedging (DBH) if, for example, parental

experiences do not reliably predict future conditions. With bet hedging, parents increase the pheno-

typic variance of their offspring, thus potentially increasing geometric mean offspring fitness and

population persistence under HIREC [38] (Box 3).

Ecological trap: a type of evolu-
tionary trap; when organisms
choose a suboptimal habitat,
even though there is a better
quality habitat available, because
previously reliable environmental
cues have become unreliable.
Environmental mismatch: when
the parents’ environment differs
from the offspring’s environment;
can result in phenotypic
mismatches.
Environmental variability: the
extent to which environmental
conditions vary from the mean.
Evolutionary trap: when an envi-
ronmental change reduces the
reliability of previously reliable
environmental cues, such that
previously adaptive phenotypes
become maladaptive.
How HIREC Alters Environments in Ways That May Influence the Benefits of TGP

TGP is likely to be beneficial if: (i) parents can detect and identify current environmental conditions, (ii)

parental environments accurately predict offspring environments, and (iii) parents can accurately

transmit information to offspring so that it can be integrated into offspring phenotypes [17]. Here,

we outline a framework that highlights how HIREC is likely to produce errors in one or more of these

processes if HIREC produces a mismatch between current environmental conditions and historical

conditions that made TGP adaptive in the past (Figure 1). Namely, if HIREC produces conditions

that increase temporal/spatial environmental variability relative to historic environments, decrease

temporal/spatial autocorrelation, or creates conditions where previously reliable environmental

cues become unreliable or in which environmental variability and autocorrelation are unknown, there

is high potential that TGP may produce detrimental phenotypes in offspring. If, however, the condi-

tions that favored the evolution of TGP are maintained after HIREC, TGP has the potential to substan-

tially enhance offspring adaptive responses to HIREC. While offspring are not necessarily passive re-

cipients of parental information (Box 2), we focus on parents because they directly experience

environmental conditions produced by human activities.

Human-induced rapid environ-
mental change (HIREC): environ-
mental change caused by human
activities that is occurring at scales
and magnitudes faster and larger
than those that organisms have
likely experienced in their evolu-
tionary past.
Phenotypic mismatch: when in-
dividuals express a phenotype
that is inappropriate for their cur-
rent environmental conditions.
Sensitive window: a period of
development where an in-
dividual’s environment shapes
phenotypic development more
strongly relative to other life
stages.
Transgenerational plasticity
(TGP): the effect of a previous
generation’s environment on the
phenotypes of a subsequent
generation (also referred to as
intergenerational plasticity). TGP
can act through maternal or
paternal pathways via a variety of
mechanisms (see Box 2 for com-
mon TGP mechanisms) and can
also include grandparental
Can Parents Detect and Identify Environmental Conditions Produced by HIREC?

Parents may be especially likely to detect and correctly identify environmental conditions produced

by HIRECwhen it alters mean conditions by intensifying (e.g., increased temperatures associated with

global warming [8]) or weakening (e.g., reduced nutrient limitation via anthropogenic nutrient inputs

[39]) the same environmental stressors or conditions that were present in historic conditions. Because

there should be minimal effects on cue reliability, environmental variability, or autocorrelation, par-

ents can continue to use historically existing cues to identify such HIREC-induced changes in mean

conditions. Parents may be particularly likely to detect mean changes if the absolute change is large

(e.g., extreme drought) or quick (e.g., sudden habitat loss) because the cue is strong and detection

error is less likely [40].

In contrast, it may be more difficult for parents to detect and correctly identify environmental condi-

tions if HIREC introduces novel conditions that lack historical context (e.g., anthropogenic noise) or

increases environmental variability of historically existing conditions. In the case of novel conditions,

parents may fail to respond because they lack appropriate cue-response systems; for example, novel

olfactory cues emitted by invasive predators may underlie the failure of native prey to respond appro-

priately to invasive predators [41]. When HIREC increases environmental variability relative to historic

environments, parents may fail to detect HIREC-induced environmental conditions or fully incorpo-

rate environmental changes into their phenotype because conditions occur outside of sensitive win-

dows when parents are most responsive to environmental stimuli. For example, humans have a sen-

sitive window of development in middle childhood; environmental conditions (e.g., food availability)

experienced during this period, but not after, alter the phenotypes of their grandchildren [42]. How-

ever, HIREC may lengthen parental exposure to certain environmental conditions (e.g., longer
Trends in Ecology & Evolution, --, Vol. --, No. -- 3



effects, which we do not discuss
here.
Within-generational plasticity
(WGP): the effect of an in-
dividual’s experience on their
phenotype.
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growing season) or lengthen parents’ sensitive windows (by increasing environmental variability [43])

such that relevant environmental conditions still overlap with parents’ sensitive windows.

Increased environmental variability caused by HIREC may also result in disruptions in relationships

between historically related conditions (e.g., temperature and day length) or the decoupling of key

phenological shifts [44] such that previously reliable environmental cues become unreliable indica-

tors of current conditions. These may be difficult for parents to detect if organisms evolved to rely

heavily on one of many correlated environmental cues during a certain time period (e.g., temperature

as a proxy for seasonality). This may result in mistimed parental reproduction, which may have strong

effects on offspring survival or alter key life history shifts in offspring themselves [45,46]. For example,

the decoupling of winter freezing events and warming spring temperatures produced by HIREC

caused the timing of winter moth reproduction to be out of sync with peak food offspring availability,

which may negatively affect the survival of the newly hatched winter moth caterpillars [44].
Box 2. Common TGP Mechanisms, Their Timing of Delivery from Parents to Offspring, and Their Potential to Affect Offspring Phenotypes

Parents convey information to their offspring through a variety of potential mechanisms (Figure I). The effects of TGP on offspring phenotypes will also

depend on the point in development when offspring receive parental cues: (i) fertilization (formed in parents prior to offspring fertilization); (ii) during

development or gestation; and (iii) post-emergence during the parental care period. Pre-fertilization mechanisms apply to most sexually reproducing

organisms, developmental/gestational mechanisms only apply to organisms where parents have some influence over the environment of the devel-

oping offspring (e.g., live bearers, nesting birds), and post-emergencemechanisms only apply to organisms that provide parental care. In some species,

early cues transmitted via one mechanism (e.g., gametes) can be confirmed or refuted by cues received later in development (e.g., parental care [74]) or

from the offspring’s own experience (WGP [75]). If HIREC causes parents to misidentify environmental cues, TGP can set offspring on incorrect devel-

opmental trajectories that are not easily readjusted by WGP or later parental cues. A striking example involves parental choice of offspring habitat that

offspring cannot leave until they mature (e.g., oviposition site choice by amphibians or aquatic insects).

We predict that parental cues received earliest in development will have the greatest influence on offspring fitness (positive or negative). First, the earlier

a phenotype begins to develop, the greater the change in affected traits and the harder it is to reverse those changes later in life (epiphenotype problem

[76]). Second, earlier cues are more likely to be received before potential sensitive windows of development have closed, increasing the likelihood that

affected traits are still plastic. Third, parental cues received early in development may be difficult to alter via WGP; in contrast, during the post-emer-

gence parental care period, offspring can simultaneously integrate TGP and WGP. Life history will also alter offspring’s ability to update parental cues

with WGP; offspring that develop outside of parents’ bodies can begin sampling their own environment earlier in development.

We also predict that early cues may be least predictive of offspring environments because of the time lag between when parental cues are delivered to

offspring and when offspring will encounter the predicted environment. Further, some pre-fertilization mechanisms of TGP are a result of parents’ early

life decisions or experiences (e.g., parental state, habitat choice) that may no longer be reflective of the current environment; this is particularly likely to

occur for long-lived organisms relative to short-lived organisms.

Pre-f During development/ge on Post-emergence

Figure I. Potential Mechanisms of Transgenerational Plasticity.

Transgenerational plasticity can operate through a variety of mechanisms listed above that affect offspring at various stages of ontogeny, including at

fertilization, during development/gestation, and after emergence. While somemechanisms are specifically linked to one stage of offspring development

(e.g., epigenetic changes in gametes conveyed at fertilization), other mechanisms (e.g., parental state, niche construction) are relevant for offspring at

multiple points in development. Regardless of when parental cues are delivered to offspring, many transgenerational plasticity mechanisms have

lifelong effects on offspring.
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Do Parental Environments Accurately Predict Offspring Environments?

Strong temporal and/or spatial autocorrelation between parental and offspring environments is crit-

ical for selection to favor TGP in historical environments [30]. The likelihood that parental environ-

ments remain predictive of offspring environments after HIREC depends on the extent to which envi-

ronmental autocorrelation that was present before HIREC is maintained after HIREC. When HIREC

increases or decreases the mean of an environmental condition relative to historical conditions

without affecting autocorrelation or variability, parental environments should remain similarly predic-

tive of offspring environments compared with historical conditions. Indeed, there are numerous ex-

amples of TGP generating seemingly adaptive offspring phenotypes in response to mean environ-

mental changes (e.g., reductions in mean ocean pH in marine fishes [47], reductions in mean

salinity due to increased freshwater inputs in a wetland perennial [48]).

If HIREC creates more variable environmental conditions relative to historic conditions or produces

novel conditions, temporal and/or spatial autocorrelation between parental and offspring environ-

ments may be reduced relative to historic conditions. If parents fail to detect this change in autocor-

relation, parents may convey information to offspring that is no longer relevant in human-altered en-

vironments. However, repeated exposure to HIREC-induced environmental conditions may allow

parents to learn novel patterns of environmental variability. Parents’ ability to repeatedly sample

the environment is a potential advantage of TGP compared with WGP, where offspring have a

more limited sampling window (Box 1). Importantly, HIREC may also create environments that are

more homogeneous in both space and time (e.g., increased spatial and temporal autocorrelation

in temperature caused by climate change [49]), thereby increasing the predictive power of parental

experiences for offspring.

Finally, the effects of changes in autocorrelation between parental and offspring environments

should further depend on organisms’ life history. For example, HIREC may be especially

disruptive to short-lived organisms because historically, temporal autocorrelation between
Box 3. Bet Hedging as Another Means for TGP: Will It Fare Better in Response to HIREC?

When future environmental conditions are unpredictable, it may be adaptive for parents to increase pheno-

typic variation among offspring of the same genotype, that is, express diversified bet hedging (DBH)

[77,78], to ensure that at least a portion of offspring will have phenotypes that match the current environment

[27,79]. DBH is only a form of TGP if a parent’s experience alters the amount of phenotypic variation in

offspring. There is growing evidence that DBH occurs in both plants [80] and animals [38]; for example,

three-spine stickleback mothers increase intraclutch egg size variability when temperatures are highly variable

[81].

DBH may outperform other forms of TGP in response to HIREC. Because DBH alters the variance in offspring

phenotypes rather than themean offspring phenotype [77,78], DBHmay be less sensitive to reductions in auto-

correlation or increases in environmental variability caused by HIREC because parents using DBH do not have

to predict the precise environmental conditions that their offspring will encounter. How well populations

respond to HIREC may therefore depend more on variation in offspring phenotypes than on mean phenotypes

[15], particularly when uncertainty is high (e.g., parents have low information about the potential mean of off-

springs’ environment), directional plasticity is ineffective because offspring must make decisions before reli-

able information is available, or when uncertainty in past environments has favored DBH. For example, if

DBH was effective in historical environments because of existing variation in the relationship between environ-

mental conditions (e.g., how well temperature and photoperiod correlate), we expect that it will be a key

component of organisms’ response to HIREC.

DBH will only be adaptive in response to HIREC if parents adjust offspring traits in ways that affect offspring

fitness. For example, increasing variance in egg size will only be adaptive if egg size is linked to differences

in offspring fitness in the altered environment. Since DBH does not alter the mean of offspring phenotypes,

it is, on its own, unlikely to allow populations to adaptively respond to sustained, directional environmental

change. DBH is also unlikely to help populations persist under HIREC unless past and future environmental

conditions favor DBH [82], but the existence of DBH might reduce the negative effects of HIREC within a pop-

ulation and provide time for other types of responses (e.g., plasticity and selection) to arise.

Trends in Ecology & Evolution, --, Vol. --, No. -- 5



Figure 1. Overview of the Key Determinants of the Transgenerational Consequences of Human-Induced Rapid Environmental Change (HIREC)

Using a Hypothetical Example.

Transgenerational plasticity (TGP) is a process by which offspring phenotypes are altered by environments experienced by previous generations (e.g.,

parents). Parental experiences can be conveyed to offspring through a variety of potential mechanisms, but TGP involves three general processes (top

panel). In historical environments, TGP is more likely to be favored when these processes occur with minimal error. This is likely if: (i) parents possess the

sensory/biochemical systems to accurately detect and identify environmental conditions and cue reliability is high, (ii) temporal/spatial environmental

variability is low or similar to historic conditions and/or temporal/spatial autocorrelation is high, and (iii) parents can accurately transmit information

about their environment to offspring and offspring can accurately integrate that information into their phenotype. Human-altered environments (bottom

panel) increase the potential for errors in each of these processes. This may be due to the introduction of novel environmental conditions (which may

reduce cue reliability), increases in environmental variability, or decreases in environmental autocorrelation relative to historic environments. HIREC may

also increase the likelihood of mismatches between offspring phenotypes and human-altered environments and lead to detrimental effects of TGP.

Visual example in both panels adapted from [66], who found that direct exposure to predator risk cues from dragonfly larvae cause tadpole prey to

develop an antipredator phenotype (deeper tails) and that exposure to herbicides can elicit this same phenotypic response. We extend this WGP

example to suggest possible errors in the process of TGP. Images by M. Bensky.
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parental and offspring environments should be strongest in organisms that have short generation

times [30].
Can Parental Information Be Integrated into Offspring Phenotypes?

Even if parents successfully detect and identify environmental conditions produced by HIREC,

offspring phenotypes may also be influenced by constraints on existing mechanisms of TGP.

HIREC-induced environmental conditions may activate existing TGP pathways that would have pro-

duced a response that was appropriate in historical environments, but is inappropriate under HIREC.

For example, organisms that evolved to live in high predation environments might have pathways by

which stress caused by predation can influence sperm, such as circulating cortisol that binds to recep-

tors in the epididymis and causes the release of extracellular vesicles that transmit small RNAs to
6 Trends in Ecology & Evolution, --, Vol. --, No. --
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sperm [50]. This same pathway may be erroneously activated in response to another HIREC-induced

environmental stressor, thereby causing offspring to inappropriately express an antipredator pheno-

type. For example, insecticides can inappropriately induce an antipredator defense (helmets) in

Daphnia [51]; these effects in the parental generation may persist into future generations. In certain

cases, however, activation of a general stress pathway by parents may increase offspring fitness by

serving as an indicator of poor environmental quality and inducing traits (e.g., dispersal) that can

improve offspring fitness across a range of stressful environments. For example, maternal exposure

to warmer temperatures increases offspring tolerance of a toxic macroalga in zooplankton [52]. TGP

may therefore be adaptive if parental and offspring environments are both stressful, even if they are

stressful for different reasons.

Assuming that organisms can overcome potential mechanistic constraints, the timing of when parents

encounter HIREC may be a key determinant of its effects on offspring phenotypes. Specifically,

parental sensitivity to environmental conditions may change across their lifetime, and different

TGP mechanisms may be capable of being activated at different parental life stages such that the ac-

curacy and likelihood of parental transmission of information to offspring can change over parents’

lifetime and influence offspring responses to HIREC (Box 1).
Overall Fitness Consequences of HIREC-Induced TGP

HIREC will likely reduce parents’ ability to detect and assess their own environment, alter historical

relationships in the degree of autocorrelation between parental and offspring environments, and

limit the accuracy of information transmission and reception between parents and offspring. Because

errors can occur at each stage, we argue that TGP is especially prone to errors compared with WGP,

which may have severe consequences for offspring fitness in human-altered environments.

If parents fail to detect or correctly identify an environmental condition produced by HIREC or if

parental environments are no longer predictive of offspring environments, TGP may result in false

positives [46], when parents classify a benign condition as stressful (e.g., ecotourism). TGP could

also result in false negatives if parents do not recognize the new environmental condition or cue

(offspring have a false cue of safety, e.g., novel predator [53]), if HIREC masks stimuli from the envi-

ronment (e.g., toxins [54]), or if HIREC degrades parents’ ability to personally detect or transmit cues

to offspring. For example, zebra finch parents acoustically signal their developing offspring about po-

tential temperature conditions [55] and increased anthropogenic noise (e.g., road noise) may obscure

these signals. False negatives and positives may also arise if parents incorrectly ‘teach’ offspring

about the value of novel resources or habitats, causing offspring to over- or under-value novel re-

sources or habitats and potentially increase the frequency of ecological/evolutionary traps [56,57].

False negatives and positives may be particularly costly for offspring in the context of TGP because

parental information can change offspring phenotypes in potentially irreversible ways, such as

inducing dispersal [58] or morphological change (e.g., winged aphid morphs [59]). False negatives

and positives may also result in offspring with strong, but incorrect, estimates of the environment

that will impede their ability to respond via WGP later in life. For example, if parents signal to

offspring that something is dangerous, offspring may avoid that experience and thus never learn

that it is harmless.

If conditions that favored TGP before HIREC remain in place after HIREC, parental information may

increase the likelihood of offspring success [15,18]. This can arise through a variety of mechanisms,

such as reprogramming of offspring stress responses [20], changes in parental care or oviposition

site [60], or plasticity in reproductive timing [45]. Adaptive responses to HIREC-induced environ-

mental conditions can also arise if an initial bias is refined through repeated exposure to an evolu-

tionarily novel condition and persist across generations via epigenetic changes (e.g., methylation,

chromatin structure) [61]. For example, in rice, direct exposure to heavy metals causes methylation

and upregulation of genes involved in the uptake and translocation of heavy metals in the

parental generation, a response that is inherited in progeny for two subsequent generations [62].

Similarly, in mice, males that were trained to associate a novel odor with a stressor
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Outstanding Questions

How will HIREC affect the evolution

of TGP as a mechanism for pheno-

typic change in natural systems?

Are there general HIREC-induced

conditions under which TGP will

be more favored compared with

WGP? How quickly can existing

TGP mechanisms evolve/adapt to

novel HIREC such that TGP can pro-

duce beneficial offspring

phenotypes?

In what ways does information from

parents, personal experience, and

alleles interact to inform organ-

isms’ responses to HIREC?

How does an organism’s life-history

strategy (e.g., dispersal, long/short

lived, altricial/precocial, generalist/

specialist) influence the effective-

ness of TGP versus WGP in gener-

ating adaptive responses to

HIREC?

How can individual or social

learning as forms of WGP versus

TGP affect organisms’ responses

to HIREC? Does TGPmodify the ca-

pacity for learning and thus organ-

isms’ responses to HIREC?

How do existing relationships be-

tween organisms’ use of TGP and

WGP explain organisms’ ability to

cope with HIREC, particularly in

the context of evolutionary match/

mismatch?
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produce offspring with increased sensitivity to that novel odor, which is mediated via changes in

olfactory sensory neurons [63].

Concluding Remarks

HIREC is likely to make TGP maladaptive if it alters one or more of the conditions that made TGP

adaptive in historical environments. As environments become more variable and unpredictable,

TGP may facilitate species declines, at least until parents can evolve mechanisms to better detect

novel environmental conditions or evolve novel TGP pathways to more accurately convey information

about novel environmental conditions to offspring (see Outstanding Questions). However, TGP may

also allow rapid adaptation of organisms to HIREC and be a key trait in allowing species to become

invasive [34]. Fitness consequences of TGP under HIREC might be less severe for certain organisms,

such as those that are: (i) less dependent on parental cues (e.g., those that evolved in environments

with low temporal autocorrelation) or parental care (e.g., precocial organisms); or (ii) highly social,

such that socially learned adaptive responses to novel environmental conditions can easily spread

through a population [64]. Our framework highlights critical areas of future research that should be

empirically tested to improve our understanding of how TGP will affect organisms in human-altered

environments: namely, how changes in environmental variability, autocorrelation, cue reliability, and

the introduction of novel conditions affect each of the three key processes of TGP.We also encourage

further incorporation of TGP into models of phenotypic plasticity [26–28] to improve estimates of how

organisms will respond to environmental change. For example, TGP can be easily integrated into

Bayesian updating models via the concept of a ‘prior’, and may help explain variation in the response

of seemingly naive individuals to their environment [65]. Finally, given that TGP can extend tomultiple

generations (grandparents, great-grandparents [17]), assessing the fitness consequences of TGP

through multiple generations is a key next step. Overall, we suggest that across all timescales,

TGP should be better integrated into theoretical and empirical assessments of how organisms will

respond to human-altered environments.
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