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Synopsis Anthropogenic change has well-documented impacts on stress physiology and behavior across diverse tax-

onomic groups. Within individual organisms, physiological and behavioral traits often covary at proximate and ultimate

timescales. In the context of global change, this means that impacts on physiology can have downstream impacts on

behavior, and vice versa. Because all organisms interact with members of their own species and other species within their

communities, the effects of humans on one organism can impose indirect effects on one or more other organisms,

resulting in cascading effects across interaction networks. Human-induced changes in the stress physiology of one species

and the downstream impacts on behavior can therefore interact with the physiological and behavioral responses of other

organisms to alter emergent ecological phenomena. Here, we highlight three scenarios in which the stress physiology and

behavior of individuals on different sides of an ecological relationship are interactively impacted by anthropogenic

change. We discuss host–parasite/pathogen dynamics, predator–prey relationships, and beneficial partnerships (mutual-

isms and cooperation) in this framework, considering cases in which the effect of stressors on each type of network may

be attenuated or enhanced by interactive changes in behavior and physiology. These examples shed light on the ways that

stressors imposed at the level of one individual can impact ecological relationships to trigger downstream consequences

for behavioral and ecological dynamics. Ultimately, changes in stress physiology on one or both sides of an ecological

interaction can mediate higher-level population and community changes due in part to their cascading impacts on

behavior. This framework may prove useful for anticipating and potentially mitigating previously underappreciated

ecological responses to anthropogenic perturbations in a rapidly changing world.

Introduction

Because all organisms interact with members of their

own species and other species within their commu-

nities, the effects of human-related stressors on one

organism can impose indirect effects on one or more

other organisms, resulting in cascading changes

across interaction networks. One mechanism by

which individual organisms may respond to environ-

mental change is through physiological responses to

stressors. Stress can covary with behavior (Packard

et al. 2016), meaning that it can affect how organ-

isms interact with their biotic and abiotic surround-

ings. While relationships between stress physiology

and behavior are inconsistent across species, stress–

behavior associations of variable directions and

magnitudes are well-documented at short-term

(plastic within the lifetime of an individual, e.g., re-

sponse to chronic and acute stressors; Thaker et al.

2009; Adamo and Baker 2011; Allan et al. 2015) and

longer-term timescales (e.g., evolutionarily selected

co-variation in suites of stress- and behavior-

related traits, R�eale et al. 2010; Baugh et al. 2017;

but see Royaut�e et al. 2018). The specific nature of

these relationships may be context-dependent and

difficult to predict, but within an individual, physi-

ological and behavioral changes induced by anthro-

pogenic change can covary and impact one another.

Interwoven changes in behavior and physiology

often take place in parallel among individuals in-

volved in ecological relationships. The consequences
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of global change may differ from what would be

expected if these factors are considered indepen-

dently, with possible amplifying, stabilizing, and

non-additive effects (Tylianakis et al. 2008; Ferrari

et al. 2017; Gunderson et al. 2017b). Moreover, en-

vironmental stressors can alter relationships between

physiological and behavioral traits (Killen et al.

2013). An integrative approach must be employed

to understand and describe such relationships in

the context of modified and altered environments.

Here, we highlight ecological scenarios in which

changes in stress physiology and behavior in inter-

acting individuals coping with anthropogenic stres-

sors can trigger changes at higher levels of biological

organization. We are not the first to call attention to

the role that behavioral and physiological responses

to global change may play in mediating community-

level dynamics (e.g., Gunderson et al. 2017a; Warne

et al. 2019). However, this perspective offers a mech-

anistic view, examining how changes in the stress

physiology of two or more interacting “partner

organisms” intermingle to induce vertical changes on

higher levels of biological organization, thereby

attenuating, amplifying, or otherwise altering the

biological interaction. In contrast to previous work, we

concentrate on three specific ecological interactions—

host–pathogen/parasite dynamics, predator–prey

relationships, and beneficial partnerships—to elucidate

how responses to anthropogenic stressors may alter these

interactions.

Stress is notoriously multifaceted and difficult to

define. Here, we define it as a response that occurs

when a physiological system is faced with an external

or psychological challenge that pushes the system out

of the scale of normal daily, circannual, or life-

history-transition based variation (Wingfield et al.

1998; Romero et al. 2009). This often involves the

sympathetic adrenomedullary system and the hypo-

thalamic pituitary adrenocortical (HPA) axis. While

we acknowledge that stress and glucocorticoids

(GCs) are not equivalent (MacDougall-Shackleton

et al. 2019), our perspective does rely heavily upon

the large body of empirical evidence for behavioral

responses to stressors via the HPA axis. However, we

also point toward other, relevant components of the

physiological stress response that may be important,

particularly in non-vertebrate systems (e.g., heat

shock proteins, oxidative stress; Ottaviani and

Franceschi 1996; Gunderson et al. 2017a). We define

anthropogenic change inclusively (i.e., climate

change, invasive species, overexploitation, and habi-

tat degradation/loss, including pollution and human

presence). Each ecological interaction is likely im-

pacted by multiple components of anthropogenic

change, but we first review the types most pertinent

for each of our three ecological relationship foci

(host–pathogen/parasite dynamics, predator–prey

relationships, and beneficial partnerships). We then

explore how changes in stress physiology and behav-

ior within individuals on different sides of the rela-

tionship could impact larger ecological and

evolutionary phenomena. These non-exhaustive

examples contribute to a simplified framework with

the aim of identifying common processes vulnerable

to anthropogenic change across seemingly disparate

areas of study.

Host–pathogen relationships

While many facets of anthropogenic change impact

disease dynamics (Daszak et al. 2001), two particularly

relevant drivers in host–pathogen/parasite relation-

ships are habitat alteration (Pongsiri et al. 2009) and

introduced/invasive species (Crowl et al. 2008).

Habitat modification can impact disease dynamics

via changes in resource availability and distribution,

which have downstream consequences that alter dis-

ease exposure and transmission rates (Becker et al.

2015; Flint et al. 2016; Altizer et al. 2018). For in-

stance, food provisioning has been associated with in-

creased host densities, inter-individual contact rates,

and endoparasite infections (Wright and Gompper

2005; Blanco et al. 2017). Humans also introduce

pathogens into novel areas, often via domestic animals

or commercial trade, thereby exposing organisms to

pathogens with which they have no evolutionary his-

tory (Epstein et al. 2006; O’Hanlon et al. 2018). These

and other human-related activities can impact a host’s

likelihood of contracting a pathogen and, often less

appreciated, a pathogen’s ability to infect.

Stress responses of individuals can mediate many

of these emergent dynamics (Fig. 1A and Box 1A).

For example, the recent onslaught of disease-related

wildlife declines (Pongsiri et al. 2009) may be related

to chronic stress in individuals exposed to multiple,

simultaneous human-related stressors (Hing et al.

2016). Chronic stressors can reduce individual qual-

ity and cause immunosuppression, leading to in-

creased disease susceptibility (Dhabhar and

McEwen 1997; Apanius 1998; Gervasi et al. 2017).

At the same time, individuals experiencing acute or

chronic stress varying in stress reactivity (e.g., pro-

active vs. reactive personalities, R�eale et al. 2010)

can exhibit different behavioral traits, including al-

tered foraging and risk-taking behaviors (Martins

et al. 2007; Baugh et al. 2017; Vindas et al. 2017;

Moyers et al. 2018a; but see Royaut�e et al. 2018;

Westrick et al. 2019). In turn, certain behaviors
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are linked to population-level contact and disease

transmission rates (Adelman et al. 2015; Adelman

and Hawley 2017; Sih et al. 2018). Altogether, co-

varying behavioral and physiological traits may alter

disease transmission via two linked mechanisms: al-

tered susceptibility (often via physiological changes)

and exposure (often via behavioral changes; Hawley

et al. 2011), both of which respond to human

Fig. 1 Flowcharts exhibiting a set of possible relationships between anthropogenic change and interrelated changes in stress physiology

and behavior in the context of three ecological interactions: (A) host–pathogen dynamics, (B) disease dynamics, and (C) beneficial

relationships. Individual-level changes in physiology and behavior can have bidirectional, horizontal impacts and can contribute to higher,

system-level changes, with potential consequences for populations, species interactions, and biodiversity.

Interacting responses to anthropogenic stressors 59
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Box 1

Schematics illustrating relationships among anthropogenic

change, stress physiology, behavior, and higher-level impacts on

interspecific relationships. Relationships (casual or correlative)

supported by empirical data are shown in gray/black; relation-

ships not yet examined in the respective systems (but in some

cases with support in other related systems) and which could be

focused on in future studies are shown in spotted rather than

solid fill (online version: yellow instead of gray fill), with associ-

ated statements followed by question marks.

(A) Avian–Mycoplasma host–pathogen system: Human food

supplementation can facilitate higher local densities of free-
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modifications of habitat structure and resource

distributions.

Concurrent physiological and behavioral changes

take place in the parasites and pathogens that infect

human-impacted hosts. Relationships between an-

thropogenic change, stress, and behavior have largely

been examined from the perspective of the host, but

pathogens and parasites also have stress pathways

(Vonlaufen et al. 2008; Keppel et al. 2016) and are

susceptible to anthropogenic change (Carlson et al.

2017). Certain types of environmental change are

known to directly impact their physiology and be-

havior. For example, in helminth parasites, pollution

can inhibit reproductive (Gheorghiu et al. 2007) and

encystment physiology (Morley et al. 2003) and can

alter behavior by impairing locomotion and the abil-

ity to find hosts (Pietrock and Marcogliese 2003).

Parasites and pathogens are also known to respond

negatively to certain extreme environmental condi-

tions (e.g., higher than usual temperatures,

Stevenson et al. 2013; or lower than usual pH,

Marcogliese and Cone 1996).

Studies examining hosts or parasites in isolation

often conclude that anthropogenic stressors have

negative impacts on fitness for each group, but the

consequences of these changes for higher-level dis-

ease dynamics depend upon interactive effects (e.g.,

Ezenwa et al. 2016) and the relative susceptibilities of

hosts versus parasites to environmental change (Rohr

et al. 2008; Sonn et al. 2017; Decker et al. 2018). If

pathogens or parasites incur higher costs than hosts,

it is possible that environmental change could lead

to unexpected benefits for host populations. For ex-

ample, some parasites can act as “pollutant sinks”

accumulating pollutants and thereby reducing the

host’s exposure (Sures et al. 2003, 2017). On the

other hand, the ability of parasites and pathogens

to use hosts as a buffer to their direct exposure to

environmental change may allow these organisms to

persist while taking advantage of immunocompro-

mised hosts.

There is an urgent need for work characterizing

the physiological and behavioral responses of patho-

gens and parasites to anthropogenic change, and

how these responses interact with simultaneous

impacts on infected hosts. Unsurprisingly, technolog-

ical advances are opening doors for studies of disease

ecology; proximity sensors, movement tracking, and

passive integrated transponder (PIT) tags may be

useful for mapping out contact/transmission dynam-

ics. Studies of the house finch–mycoplasma system

provide a particularly elegant, thoroughly explored

case-study off of which future work could be mod-

eled (Box 1A).

living house finches (Mertz and Brittingham 2000), alter

contact rates among house finches (Moyers et al. 2018b), and

promote contaminated feeder surfaces (Adelman et al. 2015).

These changes have consequences for transmission and infec-

tion rates of the bacterium Mycoplasma gallisepticum (Adelman

et al. 2015; Fischer and Miller 2015). Infection with this patho-

gen can lead to increased GCs (Lindström et al. 2005; Love

et al. 2016), decreased roost-site fidelity that may further

increase contact rates (Dhondt et al. 2006), and can inhibit

antipredator responses (Adelman et al. 2017). Moreover, in

house finches, seasonal increases in GCs are correlated with

periods of Mycoplasma gallisepticum outbreaks (Lindström

et al. 2005), and individual differences in GCs are associated

with increased exploratory behavior (Moyers et al. 2018a),

which may further alter finch contact rates (Moyers et al.

2018a). The direct impacts of other aspects of anthropogenic

change (e.g., climate change) on M. gallisepticum’s behavior and

physiology have not yet been explored in this context, but ul-

timately these dynamics could lead to reductions in host

populations.

(B) Fire Ant–Lizard Predator–Prey System: Invasive fire ants prey

upon eastern fence lizards, resulting in changes to their GC phys-

iology (Graham et al. 2012, 2017; McCormick et al. 2017;

Sprayberry et al. 2019), immune responses (McCormick et al.

2019; Sprayberry et al. 2019), and limb morphology (Langkilde

2009). Changes in GC physiology and an evolutionary history of

exposure to fire ant predation in members of this species are also

associated with altered anti-predator behaviors that are thought to

reduce susceptibility to fire ant predation but to increase suscep-

tibility to avian predation (Trompeter and Langkilde 2011; Thawley

and Langkilde 2017). Although not yet explored, increased injury

from avian predation (Thawley and Langkilde 2017) in combination

with immune function changes related to fire ant exposure

(Sprayberry et al. 2019) could make lizards more susceptible to

certain diseases and mortality, with potential downstream conse-

quences for population numbers. While the direct impacts of cli-

mate change on these dynamics have yet to be explored, recent

work has suggested that increased temperatures can further con-

tribute to changes in GC physiology in fence lizards (Telemeco

et al. 2019), with unexplored consequences for/interactions with

fire ants.

(C) Anemone–clownfish mutualism: Climate change causes

thermal stress-induced bleaching in the magnificent sea anemone.

Bleaching has been found to increase metabolic demands (Norin

et al. 2018) and to induce a GC stress response in the anemones’

associated anemonefish, the orange-fin anemonefish (Beldade

et al. 2017). In turn, these changes have been associated with

decreased reproduction in anemonefish (Beldade et al. 2017).

The downstream consequences of these dynamics on anemone

and anemonefish populations in this particular system and the

role of anemone or anemonefish behavior in mediating these

changes are not yet understood.
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Predator–prey dynamics

Human activities are known to affect predator–prey

dynamics directly, via human presence or direct kill-

ing, and indirectly via the introduction of invasive

species and habitat alteration. Introduced species

have had devastating impacts on native species

with cascading effects on ecological communities

(Nelson et al., 2010; Murphy et al. 2019). Habitat

modification—particularly modification that involves

changes in food availability (e.g., supplementation:

Rodewald et al. 2011; overexploitation: Baum and

Worm 2009; hunting: Ritchie and Johnson 2009)—

has obvious impacts on predator–prey dynamics.

More subtly, habitat modifications that impact sen-

sory ecology—for example noise and light pollu-

tion—can alter susceptibility to predation and/or

hunting ability (Siemers and Schaub 2011; Minnaar

et al. 2015).

In comparison to other ecological interactions,

there is a relatively large body of literature examining

behavior- and stress-mediated impacts of humans on

predator–prey dynamics. Predator–prey interactions

are inherently behavioral, and there are clear impacts

of humans on space use (Muhly et al. 2011; Ordiz

et al. 2013; Suraci et al. 2019a), activity rhythms

(Ordiz et al. 2017), and other behaviors relevant to

predators and prey (Smith et al. 2015; Ortiz et al.

2019). Humans can also act or be perceived as direct

predators, which can induce stress-mediated, non-

consumptive impacts on animal physiology

(Ellenberg et al. 2006; Pereira et al. 2006; Casas

et al. 2016). Because humans are “super-predators”

(Darimont et al. 2009; Suraci et al. 2019a), their ac-

tivities can trigger stress–responses (Creel et al. 2002,

2013; Van Meter et al. 2009) in both prey and pred-

ator species. Such physiological changes can be

linked to further downstream changes (e.g., Thaker

et al. 2009), such as acting to inhibit anti-predator

behaviors in prey (e.g., Allan et al. 2015; Hammond

et al. 2019; but see Lawrence et al. 2017). Altogether,

these physiological and behavioral changes could

make already-stressed prey more susceptible to pre-

dation. It is difficult to predict the overall impacts of

humans on predator–prey relationships without bal-

ancing the costs and benefits of human activity on

each member of the relationship.

Interactions between changes in the physiology

and behavior of predators and prey have cascading

consequences that can mediate eco-system level

changes (Hammond et al. 2007; Hawlena and

Schmitz 2010; Guiden et al. 2019; Fig. 1B). For ex-

ample, when predators avoid human settlements, the

same areas can function as a shield for prey species,

providing a low-risk area for foraging and reproduc-

ing (Berger 2007; Muhly et al. 2011). This in turn

alters dietary choices of prey, which can impact na-

tive plant communities (Schmitz et al. 1997; Killen

et al. 2013; Suraci et al. 2019a). Altered prey avail-

ability in low-risk areas (Berger 2007; Muhly et al.

2011) may leave predators nutritionally stressed,

forcing them to either hunt novel or non-preferred

species, or to become willing to hunt in high-risk

areas, thereby incurring further physiological costs.

Alternatively, when prey perceive humans as preda-

tors, subsequent changes in stress physiology may

lead to inhibition of anti-predator behaviors

(Clinchy et al. 2013) and altered energy flow up

the food chain (Hawlena and Schmitz 2010). When

the performance curves of predator and prey species

differ with respect to environmental traits, one spe-

cies may be favored as the environment changes

(Miller et al. 2017). Alternatively, fitness costs for

both groups of animals may be amplified when

chronically stressed predators hunt for poor-quality,

declining prey.

Ultimately, anthropogenic stressors may drive se-

lection for generalist and bold-type predators, which

may be more successful in environments with scarce

prey options (Terraube et al. 2011; Mella et al. 2015).

Personality types in predators can alter predation

rates and non-consumptive impacts on prey species

(Sih et al. 2012; Toscano and Griffen 2014).

Similarly, certain stress phenotypes in prey may be

favored in modified environments, and if stress

physiology is linked to behavioral phenotypes

(Martins et al. 2007; Øverli et al. 2007; Atwell

et al. 2012; Baugh et al. 2017; but see Royaut�e
et al. 2018; Westrick et al. 2019), there may be par-

allel, selective impacts on prey temperament.

Selection on animal temperaments can in turn influ-

ence community structure (Toscano et al. 2016;

Moran et al. 2017; Sih et al. 2018).

Exploring stress- or behaviorally-mediated effects

of anthropogenic change on both sides of predator–

prey relationships is a difficult task, particularly for

larger-bodied, longer-lived, and more far-ranging

organisms like mammalian carnivores. Long-term

datasets will likely be critical in this pursuit

(Langkilde 2009; Smith et al. 2017b). Studies of in-

vasive, predatory fire ants and fence lizards provide

an elegant example that future work may benefit

from emulating (Box 1B).

Beneficial partnerships

Certain types of anthropogenic change may be most

likely to impact beneficial interaction networks, in
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which the behavior and physiology of two or more

individuals is linked through a mutualistic (between

heterospecifics; Fig. 1C) or cooperative (between

conspecifics) relationship. For example, climate

change and invasive species can change species

assemblages (Williams and Jackson 2007; Rogers

et al. 2017) thereby altering the likelihood of mutu-

alistic species interacting. In contrast, direct killing,

which can remove key individuals from social groups

(Packer et al. 2011) and human presence, which can

alter grouping of conspecifics (Li et al. 2017), may

impact cooperative networks. Theory and existing

evidence suggest that humans may impose contrast-

ing pressures on these relationships, acting to disrupt

mutualisms (Tylianakis et al. 2008; Dunn et al. 2009;

Aslan et al. 2013), but to promote cooperation

(Raulo and Dantzer 2018).

While mutualistic relationships are thought to ame-

liorate environmental stressors for the involved species

(Stachowicz 2001), there is little empirical research

exploring how anthropogenic stressors imposed on

one partner may indirectly act as a stressor upon an

associated partner, thereby contributing to biodiversity

loss because associated species are bound to common

fates (Toby Kiers et al. 2010). One key example comes

from the impacts of climate change on a marine mu-

tualism. Temperature-induced anemone bleaching can

indirectly harm anemones’ associated anemonefish by

increasing metabolic demands (Norin et al. 2018),

triggering the fish’s GC response, and ultimately sig-

nificantly suppressing reproductive output (Beldade

et al. 2017). This fascinating study system has been

illustrated in Box 1C. Indirect effects of global change

may also negatively affect cleaner mutualisms via the

stress axis in other systems. Mutualistic relationships

can be subject to cheating (Bshary and Grutter 2005),

thus, if anthropogenically-mediated changes in stress

are associated with certain behavioral types or

responses, then selfish behaviors may change in fre-

quency. Moreover, stress activation can have masking

impacts on relationships between physiology and be-

havior, sometimes resulting in a homogeneity of be-

havioral types (Killen et al. 2013).

Relatively fewer studies have explored the poten-

tial for humans to trigger stress responses to modify

patterns of cooperation within social species.

Evidence for the role of the HPA-axis in promoting

or inhibiting social behavior comes mainly from

studies of reproduction (Montgomery et al. 2018;

Raulo and Dantzer 2018). Mating behavior and pa-

rental care are generally inhibited by HPA activation

(Wingfield et al. 1998; Kirby et al. 2009; but see

Blumstein et al. 2016), including, potentially,

human-induced HPA activation. However, stressors

can also promote coordinated, group-level coopera-

tion (von Dawans et al. 2012; Schweda et al. 2019)

and increase social network cohesion (Crockford

et al. 2008), both of which can positively impact

individual fitness of social animals (Silk 2007;

Smith et al. 2017a). Such findings can be extended

to generate hypotheses about the impacts of human-

induced stressors on cooperative behaviors (e.g., co-

operative hunting, group defense/vigilance). For ex-

ample, human-induced disturbances can promote

group-level vigilance in ungulates or birds (Hunter

and Skinner 1998; Blumstein 2006). These effects

may shape community processes by altering rates

of herbivory or depredation by non-human preda-

tors. Although the strength of these effects likely

varies with sex, species, and the intensity/duration

of the stressor, human-induced stressors may pro-

mote group-level cooperation to alter population de-

mography, spatial distributions, and persistence.

The extent to which social cooperation can buffer

anthropogenic challenges remains poorly understood.

Cooperatively breeding vertebrates do occur dispro-

portionately in unpredictable environments

(Guindre-Parker and Rubenstein 2018; Schradin

et al. 2019), but the extent to which this flexibility

in offspring care behavior reduces vulnerability to an-

thropogenic change is understudied. Even for non-

cooperatively breeding animals, social bonds can

shield the effects of everyday stressors (Young et al.

2014), suggesting that sociality may help animals to

buffer some costs of global change. However, in other

species, individuals sacrifice their personal thermal

preferences to maintain social cohesion (Cooper

et al. 2018), suggesting that sociality may constrain

appropriate responses to warming global tempera-

tures. Going forward, technological advances such as

animal–worn sensors that monitor stress-reactivity in

real-time (Young et al. 2014; Lee et al. 2016) in com-

bination with data collected from long-term studies

(Packer et al. 2011; Smith et al. 2017b) could offer

insights into the effects of physiological and beneficial

partnerships shaping higher-level processes.

Conclusions and future directions

The exposure of multiple parties in an ecological

relationship to simultaneous anthropogenic stressors

may be greater or less than the sum of its parts

(Jackson et al. 2016). We focused on three, classic

ecological relationships here, but many other inter-

actions could be examined with a similar perspective

(e.g., competition, pollination, animal-mediated seed

dispersal, herbivory). We also did not touch upon

the extensive ways that early life stress and maternal
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stress may impact these dynamics (Pryce et al. 2002),

nor upon higher-level interactions between interac-

tions, for example, the impacts of predator–prey rela-

tionships on disease dynamics (Buss and Hua 2018;

Sprayberry et al. 2019). Stress and stress-mediated

changes are not inherently “bad,” and may facilitate

wildlife persistence in the face of environmental

change (Boonstra 2013). In some cases, anthropo-

genic change-induced stress responses may interact

to facilitate or stabilize ecological dynamics. Still,

while impacts of anthropogenic change on interacting

organisms may sometimes counterbalance each other

in a network, when multiple changes are made to a

carefully tuned system disruption is more likely than

stabilization (Tylianakis et al. 2008). These dynamics

are context-dependent, and ideally should be studied

against the backdrop of altered environments.

It is challenging and often logistically impossible

to simultaneously study stress and behavior on mul-

tiple sides and/or levels of an ecological interaction.

However, systematically studying species responses to

environmental change in isolation from the ecologi-

cal relationships and modified habitats they exist

within may yield biased conclusions. When attempt-

ing to predict or characterize one species’ response

to anthropogenic change, meta-analyses that inte-

grate seemingly disparate literatures may be valuable

in examining how that same type of environmental

change impacts other species that are ecologically

bound to the focal species (Winfree et al. 2009;

Becker et al. 2015). HormoneBase, a new repository

of vertebrate hormone levels, may be a useful online

resource in this pursuit (Vitousek et al. 2018).

Simulations and modeling may also be required

(Gilman et al. 2010). Studies that experimentally ma-

nipulate physiological or environmental parameters

(e.g., with hormone implants, or mesocosms) will

be critical in teasing apart the causality of hor-

mone–behavior–anthropogenic change relationships

in modified habitats. Finally, while it is more easily

suggested than done, another possible solution to

this logistical challenge is for multiple research

groups studying disparate sides or levels of the

same ecological relationship to combine forces.

This approach may be most useful when long term

or museum-based datasets are also available, or when

studies can be preemptively designed with both

groups in mind. Moreover, it will be important to

reach outside of comfort zones to pair seemingly

diverse datasets (e.g., behavioral/movement datasets

from telemetry, GPS, or accelerometers in combina-

tion with ecosystem function studies that integrate

data on stable isotopes or nutrient flow; Nakamura

and Sato 2014; Schmitz et al. 2018).

Stress-mediated ecological changes will have evo-

lutionary consequences for wildlife communities. For

example, species that have spent many generations in

urbanized conditions can exhibit altered physiologi-

cal and behavioral traits, potentially due to evolu-

tionary change (Partecke et al. 2006; Donihue and

Lambert 2015; Charmantier et al. 2017; Tennessen

et al. 2018). In the face of environmental change,

novel species assemblages (Williams and Jackson

2007), and altered phenology (Rafferty et al. 2015),

the target species involved in pathogenic, predatory,

or mutualistic relationships may change. Generalist

species with flexible life histories may emerge as

“winners” (Dunn et al. 2009; Le Viol et al. 2012;

Hammond et al. 2018). The stress response may be

one process at play in these shifting community dy-

namics, allowing species to modulate several mecha-

nisms of response to novel conditions (e.g., behavior,

reproduction, metabolic expenditure, etc.). Species

exist within ecological interactions. When attempting

to predict the impacts of anthropogenic change on

one species, we must also consider the ways that it

may directly or indirectly impact the physiology and

behavior of partner species.
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Pearce-Higgins JW, Reif J, Van Turnhout C, Devictor V.

2012. More and more generalists: two decades of changes

in the European avifauna. Biol Lett 8:780–2.

Lee MA, Bakh N, Bisker G, Brown EN, Strano MS. 2016. A

pharmacokinetic model of a tissue implantable cortisol sen-

sor. Adv Healthc Mater 5:3004–15.

Li D, Liu Y, Sun X, Lloyd H, Zhu S, Zhang S, Wan D, Zhang

Z. 2017. Habitat-dependent changes in vigilance behaviour

of Red-crowned Crane influenced by wildlife tourism. Sci

Rep 7:16614.

Lindström KM, Hawley DM, Davis AK, Wikelski M. 2005.

Stress responses and disease in three wintering house finch

(Carpodacus mexicanus) populations along a latitudinal

gradient. Gen Comp Endocrinol 143:231–9.

Love AC, Foltz SL, Adelman JS, Moore IT, Hawley DM. 2016.

Changes in corticosterone concentrations and behavior

during Mycoplasma gallisepticum infection in house

finches (Haemorhous mexicanus). Gen Comp Endocrinol

235:70–7.

MacDougall-Shackleton SA, Bonier F, Romero LM, Moore

IT. 2019. Glucocorticoids and “stress” are not synonymous.

Integr Org Biol published online (https://doi.org/10.1093/

iob/obz017).

Marcogliese DJ, Cone DK. 1996. On the distribution and

abundance of eel parasites in Nova Scotia: influence of

pH. J Parasitol 1:389–99.

Martins TL, Roberts ML, Giblin I, Huxham R, Evans MR.

2007. Speed of exploration and risk-taking behavior are

66 T. T. Hammond et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article-abstract/60/1/57/5711290 by Zoological Society of San D

iego user on 27 July 2020



linked to corticosterone titres in zebra finches. Horm

Behav 52:445–53.

McCormick GL, Robbins TR, Cavigelli SA, Langkilde T. 2017.

Ancestry trumps experience: Transgenerational but not

early life stress affects the adult physiological stress

response.Horm Behav 87:115–21.

McCormick GL, Robbins TR, Cavigelli SA, Langkilde T. 2019.

Population history with invasive predators predicts innate

immune function response to early-life glucocorticoid ex-

posure in lizards. J Exp Biol 222:jeb188359.

Mella VS, Ward AJ, Banks PB, McArthur C. 2015. Personality

affects the foraging response of a mammalian herbivore to

the dual costs of food and fear. Oecologia 177:293–303.

Mertz T, Brittingham MC. 2000. Habitat use by house finches

in central Pennsylvania. Northeast Wildl 55:20–30.

Miller CR, Barton BT, Zhu L, Radeloff VC, Oliver KM,

Harmon JP, Ives AR. 2017. Combined effects of night

warming and light pollution on predator–prey interactions.

Proc R Soc B 284:20171195.

Minnaar C, Boyles JG, Minnaar IA, Sole CL, McKechnie AE.

2015. Stacking the odds: light pollution may shift the bal-

ance in an ancient predator–prey arms race. J Appl Ecol

52:522–31.

Montgomery TM, Pendleton EL, Smith JE. 2018.

Physiological mechanisms mediating patterns of reproduc-

tive suppression and alloparental care in cooperatively

breeding carnivores. Physiol Behav 193:167–78.

Moran NP, Wong BB, Thompson RM. 2017. Weaving animal

temperament into food webs: implications for biodiversity.

Oikos 126:917–30.

Morley NJ, Leung KM, Morritt D, Crane M. 2003. Toxicity of

anti-fouling biocides to Parorchis acanthus (Digenea:

Philophthalmidae) cercarial encystment. Dis Aquat Organ

54:55–60.

Moyers SC, Adelman JS, Farine DR, Moore IT, Hawley DM.

2018. Exploratory behavior is linked to stress physiology

and social network centrality in free-living house finches

(Haemorhous mexicanus). Horm Behav 102:105–13.

Moyers SC, Adelman JS, Farine DR, Thomason CA, Hawley

DM. 2018. Feeder density enhances house finch disease

transmission in experimental epidemics. Phil Trans R Soc

B 373:20170090.

Muhly TB, Semeniuk C, Massolo A, Hickman L, Musiani M.

2011. Human activity helps prey win the predator–prey

space race. PLoS One 6:e17050.

Murphy BP, Woolley L-A, Geyle HM, Legge SM, Palmer R,

Dickman CR, Augusteyn J, Brown SC, Comer S, Doherty

TS, et al. 2019. Introduced cats (Felis catus) eating a con-

tinental fauna: the number of mammals killed in Australia.

Biol Conserv 237:28–40.

Nakamura I, Sato K. 2014. Ontogenetic shift in foraging habit

of ocean sunfish Mola mola from dietary and behavioral

studies. Marine Biol 161:1263–73.

Nelson DW, Crossland MR, Shine R. 2010. Indirect ecological

impacts of an invasive toad on predator–prey interactions

among native species. Biol Invasion 12:3363–9.

Norin T, Mills SC, Crespel A, Cortese D, Killen SS, Beldade

R. 2018. Anemone bleaching increases the metabolic

demands of symbiont anemonefish. Proc R Soc B

285:20180282.

O’Hanlon SJ, Rieux A, Farrer RA, Rosa GM, Waldman B,

Bataille A, Kosch TA, Murray KA, Brankovics B,

Fumagalli M, et al. 2018. Recent Asian origin of chytrid

fungi causing global amphibian declines. Science

360:621–7.

Ottaviani E, Franceschi C. 1996. The neuroimmunology of

stress from invertebrates to man. Prog Neurobiol

48:421–40.

Ordiz A, Støen O-G, Saebø S, Sahl�en V, Pedersen BE,

Kindberg J, Swenson JE. 2013. Lasting behavioural

responses of brown bears to experimental encounters

with humans. J Appl Ecol 50:306–14.

Ordiz A, Saebø S, Kindberg J, Swenson JE, Støen O-G. 2017.

Seasonality and human disturbance alter brown bear activ-

ity patterns: implications for circumpolar carnivore conser-

vation?. Anim Conserv 20:51–60.

Ortiz CA, Pendleton EL, Newcomb KL, Smith JE. 2019.

Conspecific presence and microhabitat features influence

foraging decisions across ontogeny in a facultatively social

mammal. Behav Ecol Sociobiol 73:42.

Øverli Ø, Sørensen C, Pulman KG, Pottinger TG, Korzan W,

Summers CH, Nilsson GE. 2007. Evolutionary background

for stress-coping styles: relationships between physiological,

behavioral, and cognitive traits in non-mammalian verte-

brates. Neurosci Biobehav Rev 31:396–412.

Packard AE, Egan AE, Ulrich-Lai YM. 2016. HPA axis inter-

actions with behavioral systems. Comp Physiol 6:1897–934.

Packer C, Brink H, Kissui BM, Maliti H, Kushnir H, Caro T.

2011. Effects of trophy hunting on lion and leopard pop-

ulations in Tanzania. Conserv Biol 25:142–53.

Partecke J, Schwabl I, Gwinner E. 2006. Stress and the city:

urbanization and its effects on the stress physiology in

European blackbirds. Ecology 87:1945–52.

Pereira RJG, Duarte JMB, Negr~ao JA. 2006. Effects of envi-

ronmental conditions, human activity, reproduction, antler

cycle and grouping on fecal glucocorticoids of free-ranging

Pampas deer stags (Ozotoceros bezoarticus bezoarticus).

Horm Behav 49:114–22.

Pietrock M, Marcogliese DJ. 2003. Free-living endohelminth

stages: at the mercy of environmental conditions. Trends

Parasitol 19:293–9.

Pongsiri MJ, Roman J, Ezenwa VO, Goldberg TL, Koren HS,

Newbold SC, Ostfeld RS, Pattanayak SK, Salkeld DJ. 2009.

Biodiversity loss affects global disease ecology. Bioscience

59:945–54.

Pryce CR, Ruedi-Bettschen D, Dettling AC, Feldon J. 2002.

Early life stress: long-term physiological impact in rodents

and primates. News Physiol Sci 17:150–5.

Rafferty NE, CaraDonna PJ, Bronstein JL. 2015. Phenological

shifts and the fate of mutualisms. Oikos 124:14–21.

Raulo A, Dantzer B. 2018. Associations between glucocorti-

coids and sociality across a continuum of vertebrate social

behavior. Ecol Evol 8:7697–716.

R�eale D, Garant D, Humphries MM, Bergeron P, Careau V,

Montiglio PO. 2010. Personality and the emergence of the

pace-of-life syndrome concept at the population level. Phil

Trans R Soc B 365:4051–63.

Ritchie EG, Johnson CN. 2009. Predator interactions, meso-

predator release and biodiversity conservation. Ecol Lett

12:982–98.

Interacting responses to anthropogenic stressors 67

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article-abstract/60/1/57/5711290 by Zoological Society of San D

iego user on 27 July 2020



Rodewald AD, Kearns LJ, Shustack DP. 2011. Anthropogenic

resource subsidies decouple predator–prey relationships.

Ecol Appl 21:936–43.

Rohr JR, Raffel TR, Sessions SK, Hudson PJ. 2008.

Understanding the net effects of pesticides on amphibian

trematode infections. Ecol Appl 18:1743–53.

Romero LM, Dickens MJ, Cyr NE. 2009. The reactive scope

model—a new model integrating homeostasis, allostasis,

and stress. Horm Behav 55:375–89.

Royaut�e R, Berdal MA, Garrison CR, Dochtermann NA. 2018.

Paceless life? A meta-analysis of the pace-of-life syndrome

hypothesis. Behav Ecol Sociobiol 72:64.

Schmitz OJ, Beckerman AP, O’Brien KM. 1997. Behaviorally

mediated trophic cascades: effects of predation risk on food

web interactions. Ecol 78:1388–99.

Schmitz OJ, Wilmers CC, Leroux SJ, Doughty CE, Atwood

TB, Galetti M, Davies AB, Goetz SJ. 2018. Animals and the

zoogeochemistry of the carbon cycle. Science 362:eaar3213.

Schradin C, Pillay N, Bertelsmeier C. 2019. Social flexibility

and environmental unpredictability in African striped mice.

Behav Ecol Sociobiol 73:94.

Schweda A, Faber NS, Crockett MJ, Kalenscher T. 2019. The

effects of psychosocial stress on intergroup resource alloca-

tion. Sci Rep 9:1–12.

Siemers BM, Schaub A. 2011. Hunting at the highway: traffic

noise reduces foraging efficiency in acoustic predators. Proc

R Soc B 278:1646–52.

Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012. Ecological

implications of behavioural syndromes. Ecol Lett 15:278–89.

Sih A, Spiegel O, Godfrey S, Leu S, Bull CM. 2018.

Integrating social networks, animal personalities, move-

ment ecology and parasites: a framework with examples

from a lizard. Anim Behav 136:195–205.

Silk JB. 2007. Social components of fitness in primate groups.

Science 317:1347–51.

Smith JA, Wang Y, Wilmers CC. 2015. Top carnivores in-

crease their kill rates on prey as a response to human-

induced fear. Proc R Soc B 282:20142711.

Smith JE, Lacey EA, Hayes LD. 2017a. Sociality in non-

primate mammals. In: Rubenstein DR, Abbot P, editors.

Comparative social evolution. United Kingdom:

Cambridge University Press. p. 284–319.

Smith JE, Lehmann KDS, Montgomery TM, Strauss ED,

Holekamp KE. 2017. Insights from long-term field studies

of mammalian carnivores. J Mammal 98:631–41.

Sonn JM, Berman S, Richards-Zawacki CL. 2017. The influ-

ence of temperature on chytridiomycosis in vivo.

EcoHealth 14:762–70.

Sprayberry K, Tylan C, Owen DA, Macleod KJ, Sheriff MJ,

Langkilde T. 2019. History of predator exposure affects

cell-mediated immunity in female eastern fence lizards,

Sceloporus undulatus (Squamata: Phrynosomatidae). Biol J

Linn Soc 128:944–51.

Stachowicz JJ. 2001. Mutualism, facilitation, and the structure

of ecological communities. Bioscience 51:235–46.

Stevenson LA, Alford RA, Bell SC, Roznik EA, Berger L, Pike

DA. 2013. Variation in thermal performance of a wide-

spread pathogen, the amphibian chytrid fungus

Batrachochytrium dendrobatidis. PLoS One 8:e73830.

Suraci JP, Clinchy M, Zanette LY, Wilmers CC. 2019. Fear of

humans as apex predators has landscape-scale impacts

from mountain lions to mice. Ecol Lett 22:1578–86.

Sures B, Dezfuli BS, Krug HF. 2003. The intestinal parasite

Pomphorhynchus laevis (Acanthocephala) interferes with the

uptake and accumulation of lead (210Pb) in its fish host

chub (Leuciscus cephalus). Int J Parasitol 33:1617–22.

Sures B, Nachev M, Selbach C, Marcogliese DJ. 2017. Parasite

responses to pollution: what we know and where we go in

‘Environmental Parasitology’. Parasite Vector 10:65.

Telemeco RS, Simpson DY, Tylan C, Langkilde T, Schwartz

TS. 2019. Contrasting responses of lizards to divergent eco-

logical stressors across biological levels of organization.

Integr Comp Biol 59:292–305.

Tennessen JB, Parks SE, Swierk L, Reinert LK, Holden WM,

Rollins-Smith LA, Walsh KA, Langkilde T. 2018. Frogs

adapt to physiologically costly anthropogenic noise. Proc

R Soc B 285:20182194.

Terraube J, Arroyo B, Madders M, Mougeot F. 2011. Diet

specialisation and foraging efficiency under fluctuating

vole abundance: a comparison between generalist and spe-

cialist avian predators. Oikos 120:234–44.

Thaker M, Lima SL, Hews DK. 2009. Acute corticosterone

elevation enhances antipredator behaviors in male tree liz-

ard morphs. Horm Behav 56:51–7.

Thawley CJ, Langkilde T. 2017. Attracting unwanted atten-

tion: generalization of behavioural adaptation to an inva-

sive predator carries costs. Anim Behav 123:285–91.

Toby Kiers E, Palmer TM, Ives AR, Bruno JF, Bronstein JL.

2010. Mutualisms in a changing world: an evolutionary

perspective. Ecol Lett 13:1459–74.

Toscano BJ, Gownaris NJ, Heerhartz SM, Monaco CJ. 2016.

Personality, foraging behavior and specialization: integrat-

ing behavioral and food web ecology at the individual level.

Oecologia 182:55–69.

Toscano BJ, Griffen BD. 2014. Trait-mediated functional

responses: predator behavioural type mediates prey con-

sumption. J Anim Ecol 83:1469–77.

Trompeter WP, Langkilde T. 2011. Invader danger: lizards

faced with novel predators exhibit an altered behavioral

response to stress. Horm Behav 60:152–8.

Tylianakis JM, Didham RK, Bascompte J, Wardle DA. 2008.

Global change and species interactions in terrestrial ecosys-

tems. Ecol Lett 11:1351–63.

Van Meter PE, French JA, Dloniak SM, Watts HE, Kolowski

JM, Holekamp KE. 2009. Fecal glucocorticoids reflect

socio-ecological and anthropogenic stressors in the lives

of wild spotted hyenas. Horm Behav 55:329–37.
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