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Humans currently occupy all continents and by doing so, modify the environment and

create novel threats to many species; a phenomenon known as human-induced rapid

environmental changes (HIREC). These growing anthropogenic disturbances represent

major and relatively new environmental challenges for many animals, and invariably alter

selection on traits adapted to previous environments. Those species that survive often

have moved from their original habitat or modified their phenotype through plasticity or

genetic evolution. Based on the most recent advances in this research area, we predict

that wild individuals with highly plastic capacities, relatively high basal stress level, and

that are generally shy—in other words, individuals displaying a reactive phenotype—

should better cope with sudden and widespread HIREC than their counterparts’

proactive phenotypes. If true, this selective response would have profound ecological and

evolutionary consequences and can therefore impact conservation strategies, specifically

with respect to managing the distribution and abundance of individuals and maintaining

evolutionary potential. These insights may help design adaptive management strategies

to maintain genetic variation in the context of HIREC.

Keywords: coping style, antipredator behavior, evolution, stress physiology, ecology, predation, urbanization,

pollution

INTRODUCTION

Conservation scientists have long recognized the importance of genetic variation for the
management of sustainable populations (Loeschcke et al., 2013), including in the context of global
changes (Rice and Emery, 2003). However, much less is known regarding the significance of
evolutionarily important phenotypic traits, including physiological and personality traits, on the
likelihood of successful management. Emphasizing the role of physiology is relatively recent, as
exemplified by the recent launch (2013) of the journal “Conservation Physiology” (see also Cooke
et al., 2014). Animal personality has also been recently included in the myriad of factors that could
have profound consequences on population management (Réale et al., 2010a).

When within-individual variation of a behavioral trait is less than among-individual variation,
this is defined as “personality” (Roche et al., 2016). Sometimes different personality traits co-vary
(e.g., boldness is positively correlated with aggressiveness), and this defines a behavioral syndrome
(Sih et al., 2004; Bell, 2007). Behavioral syndromes are related to the older notion of “coping styles”
(Koolhaas et al., 1999), in that individuals are described on a reactive-proactive continuum based
on their physiological and behavioral responses to a challenge. At one end of the continuum,
reactive animals are those that are shy, less aggressive and less active compared to their proactive
counterparts. But they are also characterized by high hypothalamic-pituitary-interrenal/adrenal
(HPI/A) responses to stressors and low sympathetic activity compared to proactive ones
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(Koolhaas et al., 2010). In this sense, Koolhaas et al. (2010)
specified that “proactive coping is characterized by low flexibility
expressed as rather rigid, routine-like behavioral tendencies
and reduced impulse control (behavioral inhibition) in operant
conditioning paradigms.” Many studies have identified a range
of behavioral and physiological traits that are linked to being
reactive or proactive. Figure 1 illustrates to what extent proactive
and reactive animals differ based on two authoritative reviews on
the subject (Koolhaas et al., 1999, 2010).

Coping styles can evolve. Significant heritability in coping
styles has been reported multiple times in wild and captive
contexts and for various taxa including mammals, birds, reptiles,
and fishes (Carere et al., 2003; Drent et al., 2003; Øverli et al.,
2007; Ferrari et al., 2016; Øverli and Sørensen, 2016; Navas
González et al., 2018; Wong et al., 2019). These studies all
provide evidences that coping styles are genetically driven and
can be shaped by selective pressures that lead to evolved changes.
Additionally, coping styles may have fitness consequences
where proactive or reactive individuals are differently favored
depending on the environment (Smith and Blumstein, 2008;
Réale et al., 2010b; Monestier et al., 2015; Moiron et al., 2020).

Early research on coping styles was carried out on animals
selected for aggressiveness, or for HPI response, thus giving
the well-known proactive/reactive dichotomy (Koolhaas et al.,
1999; Øverli et al., 2007). However, later work in non-selected
populations observed a continuum between these two extremes
responses rather than a bimodal distribution (Ferrari et al., 2013;
Monestier et al., 2015; Bensky et al., 2017; Daniel and Bhat, 2020).
It is worth noting that some studies failed to discover consistent
coping styles in the wild (Qu et al., 2018), possibly because
predation pressure (a major selective force) might constrain the
variability of behavioral and physiological traits (Geffroy et al.,
2020), by selecting proactive or reactive individuals as a function
of predation intensity.

From an ecological perspective, this structure has major
implications for ecosystem dynamics since it drives intra-
population competition as well as inter-species interactions
(Bolnick et al., 2011; Sih et al., 2012). From an evolutionary
point of view, variability in coping styles is also of primary
importance since it constrains a population’s capacity to adapt
to environmental changes and determines the response to
natural selection (Dingemanse and Réale, 2005). Yet, most of
the studies focusing on coping styles in different contexts have
been performed in fishes (Figure 2) and we suggest that a more
comprehensive understanding of coping styles in all taxa must be
developed because they may play a vital demographic role and
hence influence population persistence and ecosystem dynamics.

Through extensive harvesting, environmental pollution,
habitat loss and fragmentation, the introduction of exotic
species, urbanization and climate change, humans modify the
strength and direction of natural selection. This has profound
consequences on the behavior and physiology of many species.
These human-induced rapid environmental changes, or HIREC
(Sih et al., 2011), have rapidly proliferated across the world,
and better understanding the response to these changes is of
primary importance for conservation and management Another
emerging threat for wild species concerns the increased pressure

caused by tourism and eco-tourism on wildlife (Geffroy et al.,
2015; Blumstein et al., 2017), so that we suggest here to include
mass tourism as a new HIREC. While behavioral responses
to HIREC have previously been reviewed (Sih et al., 2011;
Tuomainen and Candolin, 2011; Sih, 2013; Wong and Candolin,
2015), the associated underlying physiological mechanisms of
the differences in coping style have been relatively ignored
(Figure 2). We argue that they are essential traits to consider
when animals will have to cope with HIREC, since behavioral
responses alone do not necessarily map on perfectly with
physiological responses and long-term associated costs.

Here, we focus on the multiple physiological and behavioral
processes by which HIREC modifies the coping style structure
of populations. Based on recent literature, we hypothesize that
evolutionary responses to HIREC that resulted in increased
selection at the intraspecific level may generally favor reactive
individuals. Under this hypothesis, the reactive-proactive
continuum of a population influenced by HIREC is assumed to
shift toward reactive individuals. We propose that this change
is the consequence of three different time-related steps starting
with habitat changes (migration or dispersal), where proactive
animals would be more likely leave unfavorable situations. Then,
we suggest that reactive individuals have enhanced survival due
to higher physiological and behavioral plasticity when facing
unexpected events. Finally, we propose that long-term exposure
to HIREC can result in genetic evolution favoring more reactive
phenotypes (Figure 3). We provide accumulated evidence for
all three described processes, but also note the limits of this
perspective by providing relevant counter-examples. We discuss
the ecological consequences of this speculative loss of proactive
phenotypes and highlight its conservation relevance.

CHALLENGING SITUATIONS MAKE
PROACTIVE INDIVIDUALS CHANGE
HABITATS

The quickest response for individuals in a wild population to
avoid human presence and associated environmental changes
is to flee and change habitats. This first step in response to
HIREC (Figure 3.1), is nevertheless highly dependent upon an
individual’s personality. Prior work has indeed shown that inter-
individual differences in the propensity to disperse are linked to
personality traits (Cote and Clobert, 2007; Clobert et al., 2009;
Cote et al., 2010a). Bold individuals are generally more active,
explore novel areas faster and are more likely to disperse farther
(reviewed in Réale and Montiglio, 2020). Harrison et al. (2015)
also differentiated “resident” from “mobile” individuals. Mobile
individuals tend to explore more, be more active and be less site-
specific, and thus, they resemble proactive individuals. In this
sense, less socially embedded yearling female marmots (Marmota
flaviventer) are also more likely to disperse (Blumstein et al.,
2009), and in the month preceding dispersal these marmots
upregulate a suite of specific genes, many of which are associated
with migration (Armenta et al., 2018).

Yet, the fact that bolder individuals are more likely to
disperse might not be always true. For example, resident wild
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FIGURE 1 | Radar charts describing the behavioral and physiological features of proactive (orange) and reactive (blue) coping style. *Note that concerning immune

capacities, fishes exhibit opposite tendency to that described in Koolhaas et al. (2010) and Réale et al. (2010b). **Here, cognitive capacities are referring to cognitive

capacities in changing environment context, where reactive animals displayed better performances. A non-exhaustive list of examples is presented in this figure from

mammals, fishes and birds. Numbers refer to the studies as follows: Behavior: [1] (Benus et al., 1990); [2] (Verbeek et al., 1994); [3] (Carere and van Oers, 2004); [4]

(Mettke-Hofmann et al., 2005); [5] (Øverli et al., 2006); [6] (Kralj-Fišer et al., 2007); [7] (Koolhaas et al., 2010); [8] (Chapman et al., 2011); [9] (Castanheira et al., 2013);

[10] (Geffroy et al., 2014); [11] [12] (Kralj-Fišer et al., 2007); [13] (Ruiz-Gomez et al., 2008). Physiology: [2] (Verbeek et al., 1994); [14] (Korte et al., 1998); [15] (Bolhuis

et al., 2003); [16] (Carere et al., 2003); [17] (Brelin et al., 2005); [18] (Huntingford et al., 2010); [7] (Koolhaas et al., 2010); [19] (De Miguel et al., 2011); [20] (Kittilsen

et al., 2012); [21] (Vargas et al., 2018); [22] (Yuan et al., 2018); [23] (Baker and Wong, 2019); [24] (Wong et al., 2019); [25] (Careau et al., 2011).

FIGURE 2 | Number of studies in Web of Science investigating coping styles and various HIRECs in 4 taxa: Fish, Birds, Mammals, and Lizards (searched on the 14

September 2020 with Ifremer access).
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FIGURE 3 | Temporal consequences of Human Induced Rapid Environmental Changes (HIREC) on the reactive-proactive continuum. Animals are from 0. An initial

pristine population exposed to HIREC with effects on 1. dispersal, 2. phenotypic plasticity, 3. genetic evolution related to HIREC that produce 3.1. a human predator

shield such as 3.1.1. Tourism and 3.1.2. Urbanization or 3.2. that do not produce a human shield (e.g., Climate Change, Pollution, or Harvesting). The dashed purple

arrow highlights the fact that some proactive individuals could invade urban areas. The shape of the border of each circle directly correlates to the intensity of

human-shield, from no contact (light dashed circle), to high contact (full circle). The diamond color corresponds to individual phenotypic coping style.

elk (Cervus canadensis) habituated to human presence in two
Canadian national parks (Banff and Jasper) were shown to
be bolder and more dominant than migrants elk (Found and
St. Clair, 2019). One reason could be that this was because
dominant individuals were residents. But this observation
could also be the result of high contact with humans in
the parks, where some individuals are, or become bold to

exploit new food sources or due to habituation (Found and
St. Clair, 2019), a case we specifically discuss below (see
HIREC relaxing selection pressure section). Interestingly, these
individuals also exhibited characteristics of reactive phenotypes
(i.e., high cognitive flexibility), which could support the second
hypothesis where initially shy individuals become bold following
human contact.

Frontiers in Conservation Science | www.frontiersin.org 4 December 2020 | Volume 1 | Article 611919

https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles


Geffroy et al. A World for Reactive Phenotypes

Overall, when the outcome of the encounter is positive (e.g.,
increased access to food or protection from predators), then
we might expect that bold individuals remain. However, when
HIREC reduces habitat quality or when the situation becomes
more challenging, then we expect bold individuals to be better
at escaping (Figure 3.1). For instance, bold crabs were the first to
disperse when habitat quality was reduced (Belgrad and Griffen,
2018). Bolder fish make more attempts to escape laboratory-
induced hypoxia (Brelin et al., 2005; Ferrari et al., 2016), salinity
challenges (Zeng et al., 2019) or high ammonia concentrations
(Gesto et al., 2020). Bold individuals are also better at avoiding or
escaping fishing gear (Diaz Pauli and Sih, 2017). And, individual
great tits (Parus major) that are relatively more exploratory are
located further away from polluted sites (Grunst et al., 2019a,b),
although we cannot exclude that pollutants directly affects their
exploration abilities.

Most studies conducted to date on the subject have
investigated behavioral traits, while ignoring physiological ones.
With respect to coping styles that associate behavior and
physiology, most of our knowledge comes from fishes (Figure 2).
A recent study conducted on juvenile eels pinpointed that
individuals that were more likely to climb dams to accomplish
their upstream migration, also had lower levels of transcription
of synapse-related genes (which are associated with cognitive
abilities) compared to others, and were thus coined as proactive
(Podgorniak et al., 2016). In European sea bass and Atlantic
salmon, individuals who flee from hypoxic environments also
have lower HPI stress response and greater serotonin turnover
ratio than individuals who remain in hypoxic environments,
which is indicative of proactive coping style (Damsgård et al.,
2019; Ferrari et al., 2020). Thus, this suggests that proactive
individuals are more prone to leave HIREC-impacted areas.
Additional work on distinct taxa is, however, needed to clearly
identify the physiological and cognitive features of bold/mobile
animals in the context of HIREC. We suggest that in many cases,
bold/mobile individuals with lower stress responses (i.e., those
that are relatively proactive) are more likely to change habitats in
stressful situations related to HIREC (Figure 3.1) and this may
have evolutionary and ecological consequences (Hebblewhite
et al., 2005).

HIREC-DRIVEN ADVANTAGES OF PLASTIC
INDIVIDUALS

Phenotypic variations for individuals exposed to HIREC
are largely documented in their responses to exposure
to contaminants, changes in temperature, acidification,
environmental noise, etc. Individuals with the best capacities
to respond rapidly via behavioral plasticity (van Baaren and
Candolin, 2018) or physiological plasticity (Taff and Vitousek,
2016) are therefore the most likely to survive HIREC, as
seen with how some species respond to climate change
(Beever et al., 2017). In a wide range of taxa, proactive, and
reactive phenotypes diverge in their capacities to respond
to environmental changes (Figure 1). Overall, case studies
highlighted the ability of reactive individuals to be more

behaviorally plastic in a wide range of circumstances. In house
mice (Mus musculus) selected for their aggressive behavior,
proactive individuals developed routines; a putatively superior
strategy in predictable environments (or situations) but not
when the environment frequently changed (Benus et al.,
1991).

Plasticity may nevertheless be energetically costly (Moran,
1992; Murren et al., 2015). Consequently, in a stable
environment, proactive individuals, which are less plastic
than reactive individuals, are expected to better perform
because less energy is invested in coping abilities, memory
and learning capacities (Figure 1). The cost of plasticity has
been highlighted in great tits, where fast exploring/proactive
individuals performed better in stable environments, while
the slow exploring/reactive individuals performed better in
a variable and fluctuating environment (Dingemanse and de
Goede, 2004). In rainbow trout (Oncorhynchus mykiss) moved
from the UK to Norway, reactive individuals had greater
feeding motivation and started to win dyadic fights against
proactive opponents; the opposite outcome that occurred
prior to being moved (Ruiz-Gomez et al., 2008). Moreover,
reactive rainbow trout are also more efficient at finding food
when it is relocated (Ruiz-Gomez et al., 2011). Overall, these
examples show that reactive individuals have better coping
capacities in modified environments, and this highlights the
benefits of plasticity. Similarly, in brook trout (Salvelinus
fontinalis), reactive fish performed better in cognitively complex
foraging tasks, even after environmental modifications (White
et al., 2017). Comparable conclusions were drawn in birds
(Verbeek et al., 1994) and pigs (Sus scrofa; Bolhuis et al.,
2004), where proactive individuals were less successful in
reversal learning than reactive pigs, suggesting that proactive
individuals are less plastic. In monogamous red point cichlids
(Amatitlania siquia), reactive individuals were better at varying
their behavioral profile within the pair (Laubu et al., 2016),
a capacity that enhances their reproductive success (Gabriel
and Black, 2012; Harris and Siefferman, 2014). A recent
study on gray seals (Halichoerus grypus) also highlighted that
mothers displaying reactive coping style presented a more
variable energy expenditure in reproduction and reproductive
success compared to their proactive counterparts (Twiss
et al., 2020); while mean fitness was equal across coping
styles (Twiss et al., 2020). The authors proposed that this
high variability was linked to reactive mothers attempting to
match pup phenotypes to the local environmental conditions
(Twiss et al., 2020). Hence, in case of a sudden extreme
event (i.e., HIREC), one might expect higher fitness for
reactive mothers.

Altogether, the various studies conducted on the subject
showed that reactive individuals have increased behavioral
capacities to cope with rapid environmental changes, and
this might be essential in the context of HIRECs. This is
also seen at the physiological level, with reactive individuals
having higher capacities to mount physiological responses
required to cope with environmental challenges (Figure 3.2),
partly due to greater HPI/A axis activation when exposed
to stressors.
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EVOLUTIONARY SHIFTS OBSERVED IN
RESPONSE TO HIREC

In response to persistent HIREC, populations might evolve
to adapt to new environmental constraints (Figure 3.3). It
should however be noted that sometimes, environmental (biotic
and abiotic) pressures are so intense and ubiquitous (climate,
predation, competition and parasitism) that the population does
not have sufficient time to adapt, andmay instead collapse (White
et al., 2014).

Due to its intrinsic variability, it appears essential to categorize
HIREC according to its effect since some are acting as additional
new direct selective forces on wild populations (e.g., climate
change, harvesting, etc.), while others act by reducing selective
forces by, for example, protecting prey from their predators
(e.g., urbanization, ecotourism). Below, we will explain why this
distinction is essential because the two categories have different
evolutionary consequences.

i) HIREC increasing selection pressure
HIREC increasing selective pressures drive both behavioral

and physiological changes. For example, fish with bold
phenotypes can be preferentially, although unintentionally,
harvested, resulting in the selective depletion of bold
individuals (Biro and Post, 2008). While intensive fishing
selects on life history traits (growth, maturation, reproduction),
demonstrations of fishing’s effects on behavior remained scarce
until the last decade (Uusi-Heikkilä et al., 2008). Fishing
methods are diverse, and lead to different selection pressures
on behavior (Diaz Pauli et al., 2015; Arlinghaus et al., 2017).
Passive fishing (e.g., using long-lines, angling, trapping or gill
nets) preferentially catch proactive individuals (Biro and Post,
2008; Arlinghaus et al., 2017), while active gear (e.g., trawls or
purse seines) unintentionally targets reactive individuals (Heino
and Godø, 2002; Diaz Pauli et al., 2015).

Hunting may have weaker effects on wild populations than
fishing, yet it too selects for specific behavioral traits. Shyer
captive-reared and released pheasants (Phasianus colchicus) were
more likely to survive to the hunting season than bolder ones
(Madden and Whiteside, 2014). In wild reindeer (Rangifer
tarandus), a long-term study showed that hunting pressure was
correlated with increased flight distance over time, suggesting
that populations become shyer under consistent hunting pressure
(Reimers et al., 2009). Importantly, those elk (Cervus elaphus)
that were successfully hunted were bolder (Ciuti et al., 2012).
Thus, hunting leads to the same result as passive fishing because
it selects against bolder individuals and therefore favors reactive
phenotypes. Notably, fewer active animals die from active
hunting techniques, such as when dogs are used to chase animals,
as seen in bear-hunting (Leclerc et al., 2019). As a consequence,
the HIREC linked to fishing and hunting seems to favor one
coping style over another depending on whether the harvesting
technique is active or passive.

We have long known that populations evolve in response
to exposure to pollutants and, with the toxification of Earth,
chemical pollution has become a common new direct selective
force. Empirical studies in the lab monitoring the evolution

of behavioral and physiological traits over many generations
following exposure to pollutants are rare, despite abundant
evidence of rapid evolutionary responses (Whitehead et al., 2017;
Saaristo et al., 2018). If the exposure to only one pollutant selected
one behavioral response (e.g., boldness or activity), it could
be attenuated by a plastic behavioral response (Saaristo et al.,
2018). However, there are many pollutants, each with different
properties, and the possible interactions between them (Peterson
et al., 2017; Saaristo et al., 2018). Additionally, the method of
exposure varies and together these pollutants may act as multiple
environmental stressors for organisms which must continuously
respond to new threats and stressors. This makes it difficult to
make concrete predictions about the precise selective forces that
may act on a specific coping style.

Nevertheless, pollution is known to generally alter various
behavioral traits–such as boldness, activity, dispersal and
sociability–as well as physiological traits–such as cognitive
abilities or metabolic rate (reviewed in Jacquin et al., 2020).
Pollutants can disrupt the syndrome linking physiology and
behavior (Jacquin et al., 2020) and could even increase plasticity
of physiological and behavioral traits (Tan et al., 2020). Such a
variety of responses to the different stressors are likely context-
dependent and species-specific, so that it is difficult to anticipate
the direction of changes over generations (toward reactive or
proactive). In agreement with other authors (Jacquin et al., 2020),
we suggest that plasticity, a characteristic more often seen in
individuals that tend to be reactive, will be essential to cope
with the diversity of stressors created by pollution, as recently
highlighted in fishes (Tan et al., 2020).

In the context of climate change, both progressive changes
(e.g., increased temperature) as well as an increase in the
frequency of extreme events are expected, leading to new
direct selective forces. This combinations of threats may
also lead to evolutionary changes in the physiology and
behavior of wild population by selecting highly plastic
individuals who can respond to increased variability
(Nussey et al., 2005). Following this reasoning we may
thus infer that climate change is driving the evolution of
reactive phenotypes (Figure 3.3.2). It is nevertheless worth
noting that in some very specific cases, opposite results
were observed with, for example, tropical cyclones that
select for aggressive phenotypes (Little et al., 2019). This
suggests that, sometimes, proactive individuals may be better
equipped to survive environmental alterations related to
climate change.

ii) HIREC relaxing selection pressure
Contrary to previous examples, urbanization and ecotourism

are known to relax selective pressure related to predation
for species inhabiting these areas, due to the well-described
“human shield” they create (Berger, 2007). Studies of the
consequences of urbanization and ecotourism have proposed that
boldness increases in populations subjected to these HIRECs
(Geffroy et al., 2015) in response to the “human shield.” A
recent phylogenetic meta-analysis showed that antipredator
traits of urbanized animals decreased to a similar manner
to that of domesticated animals, though at a rate 3 times
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slower (Geffroy et al., 2020). Throughout the process of
urbanization, individuals are becoming bolder and less stressed
over generations (Geffroy et al., 2020), and in that sense,
more proactive.

This increase in boldness has been seen many times. Birds
from urban areas have reduced flight initiation distances
(Samia et al., 2015), and engage in more risk-taking behaviors
than rural individuals (Miranda et al., 2013). With respect
to physiological responses, urban birds facing humans have
reduced stress reactivity (Partecke et al., 2006; Atwell et al.,
2012). However, increased stress reactivity was observed in
urban lizards compared to rural ones in the context of inter-
individual social interactions (Batabyal and Thaker, 2019). These
results suggest that the response might be tightly associated
with the intensity of human-animal interactions, since lizards
might be less likely to interact with humans compared to
birds, which may view humans as a source of food. Being able
to live in urban environments requires substantial individual
plasticity. For instance, in response to urban noise, great tits
increase their pitch during mating calls to increase the likelihood
that potential mates receive the signal (Slabbekoorn and Peet,
2003).

It’s important to consider that we still do not really know
whether some individuals in urbanized areas become bolder
due to consistent interactions with humans or that bold
individuals are the one who invade towns (Sol et al., 2013, 2018)
(Figure 3.3.1.2; dashed arrow). For tourism and ecotourism,
biological consequences directly depends on the intensity of
human contact, with strong negative interactions triggering
avoidance, not habituation (Geffroy et al., 2017) (Figure 3.3.1.1).
For instance, increased stress reactivity was found in fish
interacting closely with tourists (so that they were bold toward
humans), but this also came with increased production of
neurogenesis markers, suggesting higher plasticity (Geffroy et al.,
2018).

Hence, to identify the better coping style under HIREC, two
essential parameters must be considered: (1) Does HIREC trigger
relaxed selection in the wild? (Lahti et al., 2009), and (2) Does
HIREC trigger an ecological trap depending on the scale of
the impact? (Hale and Swearer, 2016). For the first parameter,
if a HIREC protects animals (i.e., through a human shield),
then some proactive phenotypes would thrive in these impacted
areas (e.g., an urbanized area). By contrast, if HIREC are
increasing selection (by being, for example, consumptive through
hunting or fishing), then we expect that reactive individuals
will perform better. Note that in both cases, we expect that
plastic individuals will do better coping with human presence.
For the second parameter, if HIREC are relatively local, then we
expect that proactive individuals would perform better due to
their higher propensity to escape (reactive individuals will face
ecological traps: e.g., localized pollution). However, if HIREC are
widespread (which many are), then reactive individuals would
likely benefit, due to their greater plasticity. To summarize, we
predict that more reactive phenotypes would thrive in most
HIREC contexts (note however that urbanized individuals are
likely a mixture of proactive and reactive phenotypes).

POSSIBLE ECOLOGICAL
CONSEQUENCES OF THE VANISHING OF
ONE PHENOTYPE: EXTRAPOLATING THE
POTENTIAL LOSS OF PROACTIVE

Intra-species variation is a powerful driver of ecological
success (Forsman and Wennersten, 2016). Removing proactive
phenotypes might lead to a reduction in intra-species variability
with consequences on the population to cope with environmental
variation. We know that behavioral variation is an index
of genetic variation (Smith and Blumstein, 2013). If we
selectively reduce phenotypic variation, we likely reduce
genotypic variation. Such a reduction may be ultimately
costly if it reduces a population’s adaptive potential to
what may ultimately be a more variable environment. This
loss of behavioral diversity may be particularly acute in
conservation management when animals are brought into
captivity for breeding with subsequently planned translocations
and reintroductions (e.g., Smith and Blumstein, 2012; White
et al., 2014;Merrick andKoprowski, 2017).We expect captivity to
reduce genetic variation and also to eliminate the very variation
that may be essential for maintaining sustainable populations.

Many studies have noted the essential role of keystone species
that warrant specific conservation efforts due to their central
position in their ecological network (Mills et al., 1993; Paine,
1995; Betts et al., 2015), and whose extinction or population
decline could have drastic consequences on community structure
(Cortés-Avizanda et al., 2015). Recent work has focused on
the essential role played by some individuals in a group and
coined the term keystone individuals (Pruitt and Keiser, 2014).
Modlmeier et al. (2014, p. 55) defined these individuals as
having “a disproportionally large, irreplaceable effect on other
group members and/or the overall group dynamics relative to
its abundance.”

The systematic loss of proactive phenotypes could initially
influence group composition and population dynamics because
these individuals are likely to be keystone individuals. As
noted above, proactive individuals tend to disperse more, while
reactive individuals are more likely to join newly colonized
areas (Cote et al., 2010a). If new populations are mostly
composed of reactive individuals, this may constrain dispersal
and space use. For instance, average group personality scores
(boldness, activity, and sociability) of some feral guppy (Poecilia
reticulata) populations were not associated with exploratory
propensity. Rather, group exploratory propensity was driven
by the personality of key individuals, whereby slow individuals
tended to slow down the shoal’s exploration rates (Brown
and Irving, 2014). In mosquitofish (Gambusia affinis) average
group personality appeared to also drive group dispersion in
the expected pattern; groups with many asocial individuals
dispersed further. However, this study failed to identify keystone
individuals (Cote et al., 2010b). Because exploration is likely
associated with resource harvesting, we can envision that HIREC
may modify these patterns and have consequences on other
trophic levels. Thus, if a system evolved with a mix of shy and
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bold individuals, and HIREC systematically eliminated one type,
we should expect changes in species composition.

The potential disappearance of one phenotype could have
substantial consequences on prey-predator relationships. A
recent review noted that whether a prey has a proactive or a
reactive response depends on the predictability of an encounter
with a predator (Creel, 2018). The former response will have
an energetic cost (fleeing) while the latter would have a stress-
mediated cost, by activating the HPI/A axis (Creel, 2018).
However, this previous analysis largely ignored potential intra-
individual differences in coping abilities by assuming that
all individuals can mount a similar response according to
the situation.

We suggest here that the type of response would also depend
on the coping style of each individual, although the ecological
consequences may be the same. If a population loses all proactive
individuals, then responses to a predator consisting of displaying
aggressive behaviors, modifying activity periods, or engaging in
particular patterns of vigilance (Creel, 2018) may likely be quite
different. Specifically, without proactive responses, we will only
see reactive responses, driving a variety of associated stress-
related costs. For instance, in the snowshoe hare-lynx system,
predation risk increased glucocorticoid production with direct
consequences in the decline of offspring production (Krebs et al.,
1995). Hence, we can expect that if prey mount a reactive
response to predatory encounters, prey will become chronically
stressed and this will have a cascading effect on reproductive
success (Krebs et al., 1995).

For predators too, the ecological consequences of losing
proactive individuals could be dramatic. For instance, when
comparing the behavior of predatory fishes living in relatively
unprotected areas (recreational fishing permitted) to old no-
take kelp forests (that have been protected for 40 years), some
species are 6.5 times less bold toward prey (as quantified by
the number of attacks) and consequentially consume nearly half
the prey compared to those in fully protected areas (Rhoades
et al., 2019). Spotted hyenas (Crocuta crocuta) inhabiting highly
disturbed areas (close to humans) are less bold toward a
mock intruder, compared to those living in undisturbed areas
(Turner et al., 2020). As a consequence, shyer hyaenas had
higher survival rates (Turner et al., 2020). Taken together, these
examples illustrate how the vanishing of proactive phenotypes
due to human presence or harvesting could have profound

impacts on predatory-prey dynamics. In addition to predator-
prey interactions, it is worth noting that physiological and
behavioral changes induced by HIRECs on wild populations may
also affect the host-parasite/pathogen dynamics and beneficial
partnerships between species, causing cascading impacts on
ecosystem functioning (Hammond et al., 2020).

CONCLUSIONS AND CONSERVATION
RELEVANCE

Taken together, human-induced rapid environmental changes
(HIREC) have profound and potentially cascading effects on
the behavior and physiology of wild animals that may impact
the proportion of proactive and reactive individuals in a
population. These alterations may lead to modifications in
species’ distribution and abundance. If this occurs, this would
be the result of three distinct time-related steps: (1) the loss of
proactive individuals because they move away, (2) the enhanced
survival of reactive individuals, and (3) genetic evolution. Based
on our current knowledge, we suggest that HIREC that do
not systematically relax predation pressure—such as seen with
climate change, pollution or harvesting—would lead to genetic
evolution toward reactive individuals. This, of course, assumes
that individuals are able to initially survive these widespread
changes, which of course is not a given. Knowledge of this
systematic selection is essential to inform conservation actions to
maintain genetic diversity, and hence evolutionary potential, in
natural populations. Importantly, these insights may help design
adaptive management strategies to maintain genetic variation
within populations in the context of HIREC.
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