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Ecosystems are shaped by complex interactions between species and their environment.

However, humans are rapidly changing the environment through increased carbon

dioxide (CO2) emissions, creating global warming and elevated CO2 levels that

affect ecological communities through multiple processes. Understanding community

responses to climate change requires examining the consequences of changing

behavioral interactions between species, such as those affecting predator and prey.

Understanding the underlying sensory process that govern these interactions and

how they may be affected by climate change provides a predictive framework, but

many studies examine behavioral outcomes only. This review summarizes the current

knowledge of global warming and elevated CO2 impacts on predator-prey interactions

with respect to the relevant aspects of sensory ecology, and we discuss the potential

consequences of these effects. Our specific questions concern how climate change

affects the ability of predators and prey to collect information and how this affects

predator-prey interactions. We develop a framework for understanding howwarming and

elevated CO2 can alter behavioral interactions by examining how the processes (steps) of

sensory cue (or signal) production, transmission and receptionmay change. This includes

both direct effects on cue production and reception resulting from changes in organismal

physiology, but also effects on cue transmission resulting from modulation of the physical

environment via physical and biotic changes. We suggest that some modalities may be

particularly prone to disruption, and that aquatic environments may suffer more serious

disruptions as a result of elevated CO2 and warming that collectively affect all steps of

the signaling process. Temperature by itself may primarily operate on aspects of cue

generation and transmission, implying that sensory-mediated disruptions in terrestrial

environments may be less severe. However, significant biases in the literature in terms of

modalities (chemosensation), taxa (fish), and stressors (elevated CO2) examined currently

prevents accurate generalizations. Significant issues such as multimodal compensation

and altered transmission or other environmental effects remain largely unaddressed.

Future studies should strive to fill these knowledge gaps in order to better understand

and predict shifts in predator-prey interactions in a changing climate.
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INTRODUCTION

Ecological communities are regulated by key biotic
interactions (e.g., predation, competition, mutualism, and
parasitism) that are affected by information obtained from
and affected by the physical and biological environment
(Dusenberry, 1992). In particular, predator-prey interactions
are powerful regulators of community dynamics (Paine, 1966;
Ripple et al., 2001; Schmitz, 2008) and these interactions
can depend on behaviors mediated by sensory cues passing
between predators and prey. Thus, processes governing the
production, transmission, and detection of sensory cues from
other organisms strongly affect predator-prey dynamics. Animals
use these cues to respond in the appropriate way; i.e., a predator
that successfully detects a prey species must be able to pursue
and capture it, while prey detecting a predator must be able
to employ the appropriate anti-predator defense. Therefore,
sensory processes govern, at least partially, the density mediated
effects that depend on predators consuming prey (consumptive
effects) as well as those that depend on prey responses to
predator risk such as flight or induced morphological defenses
(non-consumptive effects) (Werner and Peacor, 2003; Weissburg
et al., 2014).

The properties of both senders and receivers affect
information transfer between predators and prey, but the
environment also has an important role. Environmental context
affects predator-prey dynamics by modulating the ability of
predator and prey to detect one another. For example, in marine
systems the fluid environmental context (e.g., bulk flow and
turbulence) can reduce consumptive effects by interfering with
the ability of predators to find prey using chemical signals
(Weissburg and Zimmerfaust, 1994). Fluid motion also can
increase non-consumptive effects by enhancing the ability of
prey to remotely detect predators via predator scent (Leonard
et al., 1998; Shears et al., 2008; Smee et al., 2010; Pruett and
Weissburg, 2018). The nature of these effects depends on the
intensity and characteristics of the flow environment. Generally
speaking, community interactions must be placed in an
environmental context to fully understand ecosystem dynamics.

Anthropogenic impacts will strongly affect the environmental
context in which predator-prey sensory processes operate.
Increased carbon dioxide (CO2) emissions from human activities
(e.g., burning of fossil fuels) have caused global atmospheric
temperatures to increase over the recent years in both
terrestrial and marine systems. Mean temperature increases
likely will exceed an additional 2◦C by year 2100 (IPCC,
2014). Additionally, oceans and coastal systems (and some
freshwater systems) are experiencing direct changes in water
chemistry known as ocean acidification (Doney et al., 2009),
where increased dissolved CO2 shifts the balance of carbonates
to produce more bicarbonate and less carbonate ions, while also
reducing pH of seawater by 0.3–0.4 units by 2100 (Orr et al., 2005;
IPCC, 2014) from the current value of roughly 8.1.

The changing environmental conditions associated with
elevated CO2 and increased temperature can affect the processes
of cue generation, propagation, and reception underlying
predator prey dynamics (i.e., the sensory transduction cascade),

or place limits on the subsequent behavioral responses. Although
there has been increasing attention to alterations in predator
foraging rates and behavioral responses to climate change across
taxa (Briffa et al., 2012; Rosenblatt and Schmitz, 2016; Beever
et al., 2017), these studies often fail to indicate clearly the
mechanism. We are just beginning to understand how climate
change alters sensory processes and the consequences of such
alterations for predator-prey interactions. But this research
agenda is especially important given the potential of climate-
induced change in species interactions to scale up to community
effects (e.g., Goldenberg et al., 2018). It also may inform species
and environmental conservation efforts by identifying which
sensory modalities drive predator-prey behaviors in a changing
climate and potential mitigation strategies.

This review is an initial step in developing a framework for
studying impacts of climate change (i.e., warming and elevated
CO2) on sensory and behavioral mechanisms altering predator-
prey interactions. We review the current research on climate
change effects on predator prey interactions in light of the general
processes governing cue production, transmission, reception,
and response. Our goals are to suggest which elements in this
sequence are affected, how they may be affected, and whether
there are modality-specific patterns in climate change effects.
We also attempt to distinguish between effects due to increased
temperature and elevated CO2.

METHODS

We conducted comprehensive literature searches in
Web of Science and Google Scholar for publications
within the last 20 years using the keywords “climate
change,” “carbon dioxide/CO2” “warming,” “acidification,”
“sensory/visual/auditory/chemosensory/olfactory/
mechanosensory,” “predator/prey,” and “behavior.” We sought
studies from terrestrial, freshwater, and marine environments
that tested some component of sensory ecology in any taxon
(i.e., fish, insects, other invertebrates), which resulted in ∼60
relevant studies. We then supplemented our search to include
relevant publications from the references sections of papers
from the initial literature search, but that did not have these
keywords explicitly listed in the title, keywords, or abstract
(∼10 additional studies). We also included relevant papers that
have cited studies from the initial search (i.e., forward citation
search; ∼15 additional studies), and several topical reviews
on behavioral responses to climate change stressors. We then
read the abstracts to exclude studies based on the following
criteria: (1) while we recognize the large body of knowledge
documenting physiological responses to climate change, studies
that did not include sensory-based behavioral metrics relevant to
predator-prey responses were excluded; (2) we focused on studies
examining how cues from predators or prey affected interactions
and we excluded any study where the cues eliciting behavior were
not obviously connected to prey finding or predator sensing;
(3) freshwater studies that did not explicitly test CO2-induced
acidification (i.e., conditions in naturally acidic streams) were
excluded (∼5 studies), as acidification in freshwater systems can
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also occur from acid rain and thus possibly confound analyses
in this review; (4) terrestrial studies involving herbivore-plant
interactions were not explicitly considered as this is a specific
subfield and signaling aspects of climate change effects have been
reviewed recently (Peñuelas and Staudt, 2010; Ode et al., 2014).

We identified 57 studies that matched our criteria and which
document an effect of climate change (i.e., warming and/or
elevated CO2) on a component of the sensory transduction
cascade governing predator-prey interactions. We categorized
these studies by sensory modality and sensory step affected,
species tested, and relevant habitat, and climate change stressor;
and we summarized the results of each study (Table 1). We
synthesize emerging global patterns from these studies below,
and we recognize that it is possible that we did not include every
study that fit our criteria due to synonymous terminology used
to describe these studies. We also included in our discussion
papers on general sensory biology relevant to our review that gave
insight to sensory processes impacted by climate change.

One emerging pattern identified from our analysis is
that warming and elevated CO2 affect interactions targeting
different components of the sensory transduction pathway:
warming largely will affect consumptive effects by physiological
changes in activity and metabolic rates (with some effects on
cue production, transmission, and reception), while elevated
CO2 largely can affect non-consumptive effects by behavioral
changes in the sensory transduction pathway (with some effects
on metabolism), changing various aspects of predator-prey
information exchange (Figure 1). However, many investigations
only examine behavioral endpoints and not specific mechanisms,
and literature is biased toward a few environments and
taxonomic groups, preventing robust generalizations. Further,
the ecological consequences often will depend on how both
predator and prey are affected, since both use information
about the presence of the other to regulate their behavior.
Almost no studies examine how the sensory ecology of predator-
prey interactions may or may not change when predators
and prey both are challenged with warming and/or elevated
CO2. We discuss these issues below and how climate change
stressors affect information exchange and interactions governed
by specific modalities.

DIRECT VS. INDIRECT SENSORY EFFECTS

On a basic level we may distinguish effects of climate change
that depend on general changes to metabolic processes vs. those
that operate by changing the production, transmission, and
reception of sensory cues (Figure 1). Increased temperaturesmay
change predator-prey interactions by increasing metabolic rates
of predators, therefore increasing foraging demand in order to
meet the same requirements for a given growth rate. This has
been demonstrated in multiple species of fish and crustacean
consumers (Wu et al., 2017; Goldenberg et al., 2018) and sharks
(Pistevos et al., 2015). A similar phenomenon occurs in prey
species, although the effect is reversed; warming has been shown
to reduce prey activity (Kidawa et al., 2010) and suppress prey
metabolism (Paganini et al., 2014), potentially reducing escape

responses from predators. Since predator consumptive effects are
based on activity levels of both predator and prey, warming may
increase predator consumptive effects via changes to metabolic
processes (but see Miller et al., 2014 for warming increasing
non-consumptive effects). However, activity level also may affect
the production of sensory cues that mediate predator-prey
interactions. Movement, for instance, produces mechanical and
visual cues that both predators and prey may use. Thus, warming
may indirectly affect cue production via changes in metabolism
or activity and has some direct effects on cue transmission
(see below).

Elevated CO2 can affect directly all elements in the
transduction cascade and may strongly impact sensory processes
in receivers that determine the ability of animals to detect and
process cues, although this conclusion is based on limited studies
focused on chemosensation (Table 1). Both predators and prey
may be affected. Smooth dogfish shark predators (Mustelus canis)
in high CO2 conditions avoid food chemical cues while their
general activity levels remain unaffected, suggesting a deficit in
processing (Dixson et al., 2015). Elevated CO2 also can decrease
foraging success of Port Jackson shark predators (Heterodontus
portusjacksoni) by dramatically increasing time to chemically
locate prey (although it is unclear if this is a result of changes to
cue production, detection or processing), thus leading to reduced
growth rates overall (Pistevos et al., 2015). Prey species also may
show reduced ability to identify predators, leading to behaviors
that increase their susceptibility. Pea aphids under increased
CO2 produce less alarm pheromone and respond less when
exposed to alarm pheromones (Boullis et al., 2017). Simpson
et al. (2011) report that high CO2 reduces the response of clown
fish to predator sounds, and degraded reefs are known to have
significantly different sound scales than healthy ones (Gordon
et al., 2018). Elevated CO2 also decreases the intensity of anti-
predator behaviors in juvenile damselfish in response to visual
predation risk (Ferrari et al., 2012).

Elevated CO2 may cause some indirect physiological effects
with behavioral consequences for predator-prey interactions.
High CO2 levels can indirectly decrease foraging success of
brown crab predators (Cancer pagurus) through increased resting
metabolic rates and thus less energy allocated to foraging
behavior (Wang et al., 2018). Thick shell mussels (Mytilus
coruscus) also experience reduced excretion rates in elevated CO2

conditions, which may indirectly affect chemical cues used by
predators although this has not been tested (Wang et al., 2015).
Despite substantial studies on physiological changes in response
to climate change stressors (Pörtner and Farrell, 2008; Kroeker
et al., 2013), it is not yet clear how often these indirect effects
occur or their importance in the sensory transduction pathway.

SENSORY PROPERTIES AND MODALITIES

Sensory behavior involves information transfer via a series of
steps from the sender to receiver: production and release of cue,
transmission through the environment, detection and processing
of cue (collectively known as cue reception), and behavioral
response (Figure 1, Table 1). These steps are all important in
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FIGURE 1 | Effects of global warming and elevated CO2 on the sensory transduction pathway governing predator-prey interactions. The sender controls cue

production and emission into the environment, which modulates cue transmission to the receiver. The receiver controls detection and processing of cue to determine

behavioral response. Elevated CO2 can directly affect sensory behavior via changes in cue production by the sender, transmission through the environment, and

detection and processing by the receiver. Warming can affect cue production indirectly via physiological changes in activity and metabolic rates and can directly affect

cue transmission. Note in this depiction that the sender is predator and the receiver is prey, but cues also pass from prey to predator so the roles also can be reversed.

Symbols for diagrams courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols).

regulating predator-prey interactions (Weissburg et al., 2014).
Cue production is dependent on characteristics of the sender;
for example, acoustic or visual cues depend on movement. Cue
emission is closely related to cue production, which as defined
here corresponds to cue intensity, and emission duration and
frequency. The environment plays a large role in transmitting
sensory cues and consequently has great potential to alter cue
intensity and persistence (Smee et al., 2010; Weissburg et al.,
2014), whichmodulates howwell the cue can be perceived against
background “noise.” Cue intensity diminishes as it propagates
through the environment, and other properties also may change
to affect how or whether the cue may be perceived (Table 2). For
example, physical properties of water attenuate light, lowering
light levels in deeper waters in a frequency-dependent manner
to shift the color spectrum toward blues (Dusenberry, 1992).
This reduces contrast and the ability to detect particular colors.
The chemical, spectral and auditory environments can therefore
prevent cues from being detected or discriminated from the
background, a process we refer to generally as “masking”
(Dusenberry, 1992). Note that masking can occur directly
as a result of environmental changes or indirectly when the
environment changes biotic factors that in turn affect background

sensory properties. For instance, terrestrial environments differ
in background spectral quality as a result of the interaction of
biological features and physical properties, which makes certain
colors stand out and masks others (Endler, 1993). A receiver
able to detect a cue and distinguish it from the environment
uses this information to detect potential prey or predation risk
and respond appropriately to the sender. Climate change (i.e.,
warming and elevated CO2) has the potential to directly or
indirectly affect any of these sensory steps (Figure 1), and the
sections below discuss modality-specific effects (Table 2).

Audition
Sound perception occurs over somewhat large spatial scales
(i.e., tens of meters), and can be used to detect habitats or
potential predators or prey (Weissburg et al., 2014). Sound
speed and distance traveled is dependent on density of medium,
nearby objects, and potential mixing forces (Dusenberry, 1992).
Elevated CO2 has been the focal stressor of the limited studies
examining changes in behavior to auditory cues (Table 2,
Figure 2), although there is theoretical evidence for warming
effects (Table 3). Warming may indirectly affect auditory cue
production via changes in metabolism and activity levels that
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TABLE 2 | Modality-specific parameters of the sensory transduction pathway.

Sensory modality Sender Environment Receiver

Audition Frequency, intensity Speed, sound pressure level, frequency Intensity, frequency discrimination

Chemosensation Concentration, molecular

structure

Spatial and temporal odor plume

structure, cue degradation

Intensity, spatial and temporal structure, molecular

cue discrimination

Vision Intensity, contrast, movement Intensity, frequency Intensity, looming, contrast detection

Mechanosensation Frequency, intensity Intensity, frequency Intensity, frequency, spatial and temporal structure

The second column gives relevant properties of the stimulus produced by the sender, the third column lists properties that are changed during transmission, whereas the last column

shows the cue properties used by the receiver to extract information. Masking occurs when the environment modulates the cue so that it can no longer be discerned against the

background, even when it is in principle detectable.

would affect how much or how often sound is produced.
These effects may occur in interactions such as bat predators
detecting prey in cluttered environments where echolocation
is not effective, and where detection and localization of prey
is modulated by prey-generated sounds (Arlettaz et al., 2001).
However, these effects of warming on auditory cue production
remain unexplored. Elevated CO2 also reduces the frequency
and intensity of predatory snapping sounds (Rossi et al., 2016a).
General activity levels in this case were not affected by elevated
CO2 but other potentially confoundingmetabolic effects were not
examined (see below).

Warming has a direct effect on auditory cue transmission;
sound speed in seawater increases by ∼4 ms−1 per 1◦C rise in
ocean temperature (Munk and Forbes, 1989), and an increased
sound speed of 0.6 ms−1 per 1◦C temperature rise in air.
Since auditory location depends partially on time of arrival
differences at sound-receiving organs, increasing the speed of
sound may reduce the ability of animals (particularly small
ones), to discern sound direction (Miles et al., 1995). Sound
attenuation also is predicted to change with warming, which
has consequences for animals that use sounds to detect other
organisms. Global warming will change sound transmission of
echolocating bats, and the direction of change depends on call
frequency and local climate conditions; bats living in temperate
regions and producing higher frequency calls will lose prey
detection space, while tropical bats with lower frequency calls
will be able to detect more prey (Luo et al., 2013). Changes in
community composition are likely to result from these changes
in sound transmission, with stronger impacts in temperate
regions. Ambient or background noise also may directly
increase as a result of ocean acidification as the environment
can modulate reflection and attenuation of sounds; increased
CO2 will reduce sound absorption in the oceans, particularly
for low-frequency sounds (<10 kHz), via shifts in chemical
reactions of sound-absorbing compounds (e.g., magnesium
sulfate and boric acid), making for a noisier environment
that reduces transmission and detection of ecologically relevant
sounds such as hearing and communication in cetaceans
(Hester et al., 2008; Ilyina et al., 2010). In combination
with warming, an ocean pH reduction of 0.3–0.6 units will
reduce absorption of sounds below 1 kHz by almost 40–
60%, especially in regions that receive increased amounts of
low-frequency noise from human activities such as shipping
(Hester et al., 2008; Ilyina et al., 2010).

Elevated CO2 also can directly change the receptors of
auditory cues such as otoliths used by fishes to detect sound
waves. Bignami et al. (2013) found that ocean acidification
increases otolith size and auditory sensitivity; despite the
potential benefit of detecting relevant cues with larger auditory
receiving structures, hypersensitivity may impair the ability to
discriminate these cues from “background noise.” This would
make it more difficult to locate food or avoid predators using
auditory cues.

In addition to affecting the sound reception organ, elevated
CO2 also can affect auditory processing. Juvenile clownfish
(Amphiprion percula) in ambient conditions avoid daytime reef
habitat noise indicative of predation risk. However, clownfish
in high-CO2 laboratory conditions showed neither avoidance
of, nor attraction to, habitat noise. The lack of response was
not due to changes in the sound reception organ; otolith
morphology was unaffected suggesting an inability to process the
auditory inputs effectively (Simpson et al., 2011). These results
have important implications for habitat selection to minimize
predation risk, and of course also affect responses to attractive
auditory stimuli. Habitat sounds can be attractive cues used for
orientation during settlement, with elevated CO2 levels reducing
these attractive behaviors as demonstrated in settlement-stage
tropical and temperate fishes of several species (Rossi et al.,
2015, 2016b). Reduced responses to both attractive and aversive
auditory cues suggest deficits in cue detection or processing
may be the sensory mechanism in these cases, although this
remains to be explicitly tested using physiological investigations
of sensory receptor responses or central nervous system function
(e.g., Nilsson et al., 2012; Porteus et al., 2018).

Chemosensation
Chemical cues are prevalent in sensory-mediated predator-prey
behaviors and may mediate detection of both prey (Weissburg
et al., 2002) and predators (Kats and Dill, 1998) as these cues
have the potential to persist over large distances (i.e., tens of
meters) and long times (i.e., minutes) (Weissburg et al., 2014).
Chemical cue production and emission is controlled by the
sender; prey often determine predation risk from chemical waste
products unavoidably released by predators (Scherer and Smee,
2016; Poulin et al., 2018) or by cues released by conspecific
prey (e.g., alarm pheromones). The amount of cue produced
can be an indicator of biomass and thus predator threat (Hill
and Weissburg, 2013), and predator diet can change the identity
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FIGURE 2 | Percentages of studies on predator-prey sensory processes and climate change by (a) sensory modality, (b) climate change stressor, (c) ecosystem, and

(d) organism type.

TABLE 3 | Summary of impacts of climate change stressors on sensory systems.

Climate change stressor

Warming Elevated CO2

System Terrestrial Freshwater Marine Terrestrial Freshwater Marine

Audition Yes Putative Putative Putative Putative Yes

Chemosensation Yes Putative Yes Yes Yes Yes

Vision Putative Yes Yes No Yes Yes

Mechanosensation Putative Putative Yes No Putative Yes

Yes, published experimental evidence; Putative, theoretical or indirect evidence; No, no experimental or theoretical evidence.

of metabolites released by predators (Poulin et al., 2018) to
chemically influence risk assessment by prey (Schoeppner and
Relyea, 2005; Turner, 2008; Scherer et al., 2016). The ubiquity
of chemical signaling processes in aquatic environments has
engendered a great deal of effort investigating the consequences
of climate change to predators and prey (Table 1, Figure 2).

Chemical cue production can change due to shifts in
metabolic rates from increased temperatures that cause predators
to consumemore prey. This may be especially important in dose-
dependent responses to chemical metabolites used in predator-
prey interactions (e.g., Weissburg and Beauvais, 2015). Increased

carbon dioxide also can directly reduce production of chemical
cues, as shown in alarm signaling in aphids discussed previously
(Boullis et al., 2017). Interestingly, elevated CO2 changes the
chemical composition of aphid honeydew, a metabolic byproduct
containing kairomones used by aphid predators to detect prey.
The qualitative changes in composition were insufficient to
impact predator search behavior in this study, suggesting that
this interaction is robust to climate change (Boullis et al., 2018).
That cue quality may be sufficiently conserved so that behavior is
not impacted may be due to the cue being composed of primary
metabolites that are the product of fundamental metabolic
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processes. These cues are important in other cases, such as mud
crab prey detecting primary metabolites of blue crab predators
(Poulin et al., 2018).

Chemical cues have been suggested to be modified directly
in future environments, although the specific mechanisms have
been defined poorly or not at all. Potential mechanisms of
altered chemical cues include protonation of peptides from ocean
acidification, which appears to alter peptide signaling molecules
used in other contexts (Roggatz et al., 2016; Lecchini et al.,
2017). Warming also may denature proteins or make them
more subject to decomposition. Although these examples do not
evaluate predator-prey cues specifically they illustrate the general
possibility of acidified environments changing the composition
of conspecific chemical cues, which has been suggested but not
tested for chemical alarm cues in Atlantic salmon (Leduc et al.,
2010), fathead minnows and finescale dace (Brown et al., 2002),
and European sea bass (Porteus et al., 2018).

Themechanisms by which climate changemay affect chemical
cues indicate that proteins and peptides would likely be most
affected by climate change; this implies broad impacts on
chemically-mediated interactions, especially in marine systems.
Proteins and associated amino acids are arguably the most
commonly used compounds in predator-prey interactions
(Rittschof, 1990; Carr et al., 1996), for they are often released
as water-soluble metabolites that rapidly spread and degrade.
These chemical classes are important in attracting predators to
prey (Hay, 2009) and also may be important constituents of
risk cues released by predators (Poulin et al., 2018). However,
other molecules, such as alarm substance released by prey, may
be more specialized (i.e., secondary metabolites) and less prone
to environmental degradation (Chivers and Smith, 1998; Ferrari
et al., 2010). Unfortunately, there are only a handful of studies
that have identified water born cues used by prey to detect
predators (Poulin et al., 2018).

Climate change may have indirect consequences to predator
and prey information transfer by modifying biotic factors
affecting perception. Lönnstedt et al. (2013a) tested antipredator
responses of tropical marine damselfish (Pomacentrus
amboinensis) to chemical cues indicative of predation risk, in
degraded (i.e., bleached or dead) vs. healthy coral communities.
By crossing healthy and degraded habitat types with exposure
and testing, this study found that fish did not respond (i.e.,
no changes in feeding rate, swimming, and shelter use) to
conspecific damaged-released chemical cues when in dead coral
habitats. Chemical cues in degraded habitats can be masked by
other compounds present in the environment, especially if the
habitat has drastically changed (e.g., coral overgrown by algae).
Algae and cyanobacteria that become dominant on degraded
reefs produce chemicals that mask anti-predator cues released
by conspecific prey (McCormick et al., 2017). In Lönnstedt et al.
(2013a) study, reversibility (i.e., masking) of the chemical alarm
cue was not supported; this suggests that degraded habitats can
directly alter chemical structure of alarm cue and thus reduce
antipredator responses, although the chemical compounds
present in degraded vs. healthy habitats were not explicitly
examined. As chemical alarm cues are naturally broken down
throughout the day (Ferner et al., 2005; Ferrari et al., 2007;

Bytheway et al., 2013; Chivers et al., 2013), warming may
accelerate these processes in all ecosystems and reduce the
effectiveness of chemical alarm cues as reliable indicators of
predation risk. In contrast, olfactory preference of dottyback
predators toward damaged-released damselfish prey cues is
maintained in both healthy and degraded coral environments
(Natt et al., 2017). This suggests that some predators may
have a sensory advantage over prey in degraded coral habitats,
potentially altering the outcome of predator-prey interactions.

Much climate change behavioral research has focused on cue
detection and processing in the sensory transduction pathway.
Effects of ocean acidification effects on chemosensation in
aquatic systems have been especially well-examined (Table 1,
Figure 2). Chemical reception (i.e., detection and processing)
relies on membrane bound receptors and combinatorial
responses to diverse and novel combinations of chemicals
(Bargmann, 2006; Symonds and Elgar, 2008). Changes to the
structure of the membrane-bound chemosensory receptors could
conceivably alter detection of chemical cues. Changes in central
nervous system processing that underlies recognition also can
affect the ability of predators or prey to respond to each other
(Nilsson et al., 2012).

Elevated CO2 effects on chemosensory reception mostly
examine only behavioral endpoints and do not directly reveal the
underlying mechanism. Some studies show changes in detection
and response to chemical food cues as a result of elevated CO2.
This includes reduced attraction to prey chemical cues, as shown
in brown dottyback predators (Cripps et al., 2011). Some shark
predators in high CO2 conditions have been shown to fail to
track, or even avoid, prey odors (Dixson et al., 2015; Pistevos
et al., 2015), suggesting both cue detection and processing are
being affected. Hermit crabs in high CO2 conditions take longer
to locate chemical food cues and spend less time in contact
with cue, suggesting deficits in cue detection as there were
no effects of cue pH on these behaviors (de la Haye et al.,
2012); however, small changes in general motility also occurred
from reduced pH and cannot be excluded completely from this
analysis. Importantly, all of these studies ruled out changes to
cue structure by testing cues in both elevated and ambient CO2

conditions. Studies show both reductions in activity levels related
to chemosensory-mediated foraging (e.g., handling time, time
to respond) in crab predators (Dodd et al., 2015; Glaspie et al.,
2017) and increases in activity of predatory reef fish (Cripps
et al., 2011). These imply that elevated CO2 levels may cause
some underlying physiological changes in addition to behavioral
changes, but there currently is not enough evidence to support
this hypothesis strongly within the scope of sensory ecology.

Prey chemosensory abilities also are affected. Manríquez et al.
(2014) tested the effects of ocean acidification on chemical
detection of predators and food by a muricid snail using y-
maze experiments. Orientation of juvenile snails to food cues
in elevated CO2 conditions was not suppressed by the presence
of predator odor; orientation behavior in attractive + aversive
cues was similar to that in response to only attractive cues.
The inability to detect aversive cues or discriminate them from
attractive cues could increase predation risk. Aversive predator
cues often inhibit or eliminate attraction to food in untreated
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animals (Moir and Weissburg, 2009; Weissburg et al., 2012).
These studies, like most others, do not suggest a mechanism. It
could be that detection of specific predator cues were affected
whereas food cues were not, as they are typically composed of
a number of different molecules (Hay, 2009). Elevated CO2 has
been demonstrated to reduce olfactory sensitivity in juvenile
European sea bass (Dicentrarchus labrax), possibly by changing
the affinity the receptors have for odorants (Porteus et al.,
2018), although this could involve either changes to the receptor
or changes to the chemical itself (e.g., Roggatz et al., 2016).
Alternately, as discussed below, elevated CO2 levels can interfere
with central nervous system processes that allow animals to
discriminate attractive from aversive cues.

Some studies show sharp changes in behavioral responses to
chemical risk that arise clearly from deficits in sensory processing
by the central nervous system. For example, tropical larval
clownfish (A. percula) are attracted to predator chemical cues
rather than avoiding them and do not distinguish predator from
non-predator cues, which translates to higher mortality rates on
natural marine reefs (Dixson et al., 2010; Munday et al., 2010).
These studies rule out changes in cue production or changes
during transmission; predators were held in ambient conditions
and prey tested in normal seawater, thus implicating changes in
the receiver (prey). High CO2 conditions do not change olfactory
receptor morphology (Munday et al., 2009), suggesting some
central neural process is responsible. Predator cue avoidance can
be restored by using the GABA-A antagonist gabazine to rescue
neurotransmitter function in animals exposed to elevated CO2

conditions (Nilsson et al., 2012; but see Abboud et al., 2019).
Lack of ability to identify, distinguish, and avoid chemical cues
indicative of predation risk also has been shown in damselfish
(Munday et al., 2010; Chivers et al., 2014), snails (Manríquez
et al., 2014; Abboud et al., 2019), trout (Munday et al., 2013),
and salmon (Ou et al., 2015). Future atmospheric conditions
have also been shown to mask carbon dioxide cues used by
mosquitos to find their hosts (Majeed et al., 2014), with elevated
CO2 background levels causing a reduction in olfactory receptor
sensitivity and potentially habituation in higher-order neurons
(i.e., cue processing). Disruptions of processing in the olfactory
bulb receptor pathway also has been demonstrated in ocean-
phase coho salmon that show reduced avoidance of chemical
alarm cues as a result of elevated CO2 (Williams et al., 2018).

However, other studies have shown no changes in
chemosensory reception of predators and prey in response
to elevated CO2. Goldsinny wrasse predators (Ctenolabrus
rupestris) acclimated and tested in ambient or elevated CO2

conditions maintain olfactory-mediated behaviors to food
cues (Sundin and Jutfelt, 2016). In a similar fashion, Atlantic
cod (Gadus morhua) avoid predator chemical cues regardless
of CO2 level that they were acclimated and tested in Jutfelt
and Hedgärde (2013). Likewise, damselfish (Acanthochromis
polyacanthus) continue to respond to predator chemical cues by
reducing activity in both ambient and elevated CO2 treatments,
especially when exposure to high CO2 is longer-term and the
predator is also exposed to high CO2 conditions (Sundin et al.,
2017). Interestingly, increased foraging behavior of speckled
sanddab in response to damaged-released chemical cues from

conspecifics is maintained in elevated CO2 (Andrade et al., 2018).
Other temperate fish from naturally high CO2 environments
(i.e., CO2 seeps) also do not show disruption of GABA-mediated
olfactory predator recognition (Cattano et al., 2017). These
studies suggest that variation in behavioral responses to elevated
CO2 may arise from predisposed adaptations to local habitat
conditions, allowing for chemically-mediated behaviors in some
species to remain robust in a variable environment. This is
supported by Jarrold et al. (2017), which suggests that fluctuating
elevated CO2 environments that reflect diel CO2 cycles can
reduce the negative effects of stable elevated CO2 on antipredator
behavior (e.g., lateralization and predator cue avoidance) (but
see Jellison et al., 2016). Given that these studies rule out
effects on cue production, transmission or detection/processing,
the robustness of chemical information transfer must reflect
properties of the receiver.

Warming has only been directly tested on isolated
chemosensory reception in the Antarctic sea star Odontaster
validus (Kidawa et al., 2010); in addition to reducing ability for
sea stars to right after being flipped and reducing locomotor
activity, this study reported that warming weakened attraction
to food odor cues. This suggests that warming can indirectly
reduce chemosensory detection and processing by reducing
overall activity.

Vision
Vision is important for detecting predation risk as well as
potential prey, especially in well-lit systems such as coral reefs
with predators that possess good visual systems. The success
of visual cue information transfer is highly dependent on
degree of movement, light availability and contrast against
an environmental background to transmit the cue, as well
as physiological eye function (Table 2). Consequently, visual
information transfer is highly variable across spatial (i.e., within
one meter or over tens of meters) and temporal (i.e., seconds or
minutes) scales (Weissburg et al., 2014). All of these factors have
been shown to be affected by climate change stressors, although
there are limited studies (Table 1; Figure 2). Increased predator
movement from warming has been shown in European sea bass
(D. labrax) with higher levels of swimming and other activity
(Manciocco et al., 2015), which may indicate higher predation
risk to potential prey. In a similar fashion, increased prey
metabolism fromwarming can increase production of prey visual
cues via increased activity levels, causing prey to become more
susceptible to predation. This has been suggested with increased
activity levels (and consequently encounters) between spider
predators and fly prey from increased temperatures (Kruse et al.,
2008), but the sensory ecology of these interactions remains to be
tested. Elevated CO2 can increase activity levels in juvenile coral
trout (Plectropomus leopardus), and produces bolder behavior
and less time spent in shelter (Munday et al., 2013). Pygmy
squid also are more active and use less cryptic behaviors in
high CO2 conditions (Spady et al., 2014). These changes increase
production of visual cues by prey and potentially increase
predation risk.

Warming is predicted to have a strong impact on
transmission of visual cues. Coker et al. (2009) demonstrated
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that piscivorous dottybacks (Pseudochromis fuscus) initially
avoid bleached corals as a degraded habitat but increase
strike rates at prey positioned against the white background
of bleached corals. This indicates a mismatch between
camouflaged prey and background, which can lead
to increased predation as a consequence of increased
temperature. Degraded habitats have also been shown to
maintain transmission of visual predation risk via reduced
habitat complexity (McCormick and Lönnstedt, 2013),
strengthening the visual transduction pathway between predator
and prey.

Warming also is predicted to have indirect effects on visually
mediated predator-prey dynamics. Climate change conditions
favor algal blooms (Paerl and Huisman, 2009) that can increase
turbidity and reduce light availability. Turbidity has been shown
to directly interfere with visually-mediated foraging success of
pinfish predators on crustacean prey (Lunt and Smee, 2015)
by reducing reactive distance (Sweka and Hartman, 2003),
although other fish predators with well-developed visual systems
(e.g., Atlantic cod) may not experience as dramatic effects
(Meager et al., 2005). Turbidity also drastically reduces the
distance at which cormorant (Phalacrocorax carbo sinensis)
predators can visually detect fish prey (Strod et al., 2008).
Increased turbidity also has been demonstrated to decrease
transmission of visual cues that are imperative for avoiding
predators (Swanbrow Becker and Gabor, 2012). This has been
tested in freshwater systems, where perception of predation
risk is reduced in turbid waters (Abrahams and Kattenfeld,
1997; Hartman and Abrahams, 2000). Together, these studies
suggest that turbidity can change trophic interactions by
reducing indirect effects of predators (i.e., predation risk
assessment) and shifting top-down control to only direct
(i.e., consumptive) effects as encounters become random
(Van de Meutter et al., 2005).

Elevated CO2 effects on visual detection and processing have
been tested directly in a few cases. Larval temperate gobies
(Gobiusculus flavescens) in elevated CO2 conditions are more
attracted to light (i.e., increased phototaxis), which suggests that
visual hypersensitivity may be costly by attracting to weak or
fluctuating light stimuli (Forsgren et al., 2013); the specific fitness
effects of this behavioral change remain unknown, but may
include attraction to new habitats with higher or lower predation
rates. Retinal responses of a marine tropical damselfish species
(A. polyacanthus) are slowed after exposure to high CO2 waters,
which suggests impaired visual assessment of fast events such
as predator or prey movement via disruption of cue detection
(Chung et al., 2014). Antipredator responses (e.g., reductions
in foraging and activity, bobbing behavior) of another juvenile
tropical damselfish (P. amboinensis) to the sight of a predator
are reduced or lost (i.e., no antipredator response) in high CO2

conditions, suggesting that elevated CO2 can reduce visual risk
assessment and promote bolder prey behavior via disruption of
cue processing (Ferrari et al., 2012). Prey reactivity (i.e., reactive
distance, looming threshold) to visual predation risk also has
been shown to be reduced by warming and elevated CO2, but the
outcome of predation depends on stressor effects on the predator
as well as prey (Allan et al., 2013, 2017).

Mechanosensation
Mechanosensation, such as by lateral lines in fishes and
mechanoreceptors in arthropods, is used to detect changes in
pressure or fluid motion around the organism (Dusenberry,
1992). Detecting nearby (i.e., within 1 m–Weissburg et al., 2014)
disturbances such as movement can be useful in foraging or
avoiding predators and other mortality risks, but there are very
limited studies on effects of climate change on mechanosensory
information transfer (Table 1; Figure 2).

As noted previously, changes in movement via changes in
metabolism from warming may cause mechanosensory cues to
be altered in both terrestrial and aquatic systems. Specifically,
increased movement or activity would increase mechanosensory
cue production, strengthening the specific location of predator
or prey. Directionality and escape responses of damselfish
to a startle stimulus increase after short-term exposure to
elevated temperatures (Warren et al., 2017). However, longer-
term exposure to warming allows escape responses to return
to control levels, demonstrating that physiological plasticity is
dependent on length of exposure. Damselfish acclimated to
elevated CO2 conditions are less responsive and they take longer
to respond to a stimulus (i.e., a weight dropped on the surface of
the water) while locomotor activities are maintained, suggesting
a deficit in processing these mechanosensory cues (Munday et al.,
2016). Likewise, the probability of a startle response frommarine
medaka to a mechanosensory stimulus is decreased in elevated
CO2 conditions due a deficit in processing (Wang et al., 2017).

Multimodal Cues
Although studying responses to individual cues can help
explain mechanisms or drivers of behavior, it is important to
note that multiple senses often are utilized by organisms in
natural ecosystems, especially when one sensory modality is
compromised by an environmental stressor. Therefore, studies
incorporating multisensory responses to warming and elevated
CO2 provide a more realistic prediction of changes in overall
behavior. These studies are limited, however, and mostly explore
the interaction and possible “sensory redundancy” (Lönnstedt
et al., 2013b) between chemical and visual cues (Table 1).
Manciocco et al. (2015) studied sea bass from temperate estuaries
in warmed conditions and found that attraction to food chemical
cues and avoidance of visual aversive cue (i.e., mirror test) both
increased in intensity and occurred at faster rates (i.e., shorter
behavioral response time to cues). This emphasizes how warming
changes the speed of sensory information transfer in multiple
modalities and consequent behavioral responses. Elevated CO2

also has been shown to affect visual and chemical cues in
damselfish found in tropical reefs (Lönnstedt et al., 2013b): while
elevated CO2 caused fish to fail to identify (i.e., no response)
chemical alarm cues completely, antipredator responses to
visual predator cues were reduced but not completely lost.
When visual and chemical cues were combined, responses to
visual cues were able to partially (but not fully) compensate
for lack of responses to chemical cues. Goldenberg et al.
(2018) used mesocosm experiments with multiple species of
fish and crustacean consumers found in temperate marine
systems, testing effects of warming and elevated CO2 on the
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efficacy of visual and chemical cues in isolation and together.
Elevated CO2 but not warming reduced attraction to food
chemical and visual cues, but the consumers restored their
attraction to food when chemical and visual cues were combined
regardless of temperature or CO2 level. These studies suggest
that sensory redundancy can mitigate the effects of climate
change on individual sensory modalities, and some ecological
interactions and processes may remain relatively resilient to these
stressors. Consequently, certain community dynamics may be
relatively robust to climate change when multiple sensory cues
are employed.

However, multimodal cues may not be as reliable in degraded
habitats as in normal conditions because degraded habitats
may create environments where one cue is strongly favored or
disfavored. As previously mentioned, McCormick et al. explored
the effects of habitat degradation on predation risk assessment by
marine damselfish P. amboinensis using visual and chemical cues.
Visual predation risk cues become more important in degraded
habitats with less structure as prey are more easily able to detect
predators (Lönnstedt et al., 2013a); chemical predation risk cues
becomemore important in topographically complex (i.e., healthy
reef) habitats when visual risk cues are restricted, and prey are
more vigilant (i.e., reduced feeding and activity, increased shelter
use) (McCormick and Lönnstedt, 2013). Habitat degradation
may increase the availability of visual cues, but this may come
at a cost of degraded chemical cues (Lönnstedt et al., 2013a).
Damselfish are less likely to use degraded coral (i.e., loss of live
coral tissue) as shelter in response to predation risk, potentially
due to altered visual or chemical cues (Boström-Einarsson et al.,
2018). Together, these findings suggest that fishes in degraded
habitats may experience higher mortality rates from predators if
habitat changes alter the availability of one type of cue relative to
one another, especially when chemical cues are important sources
of information regarding predation risk.

Sensory behaviors stemming from different modalities may
share universal disruptions in central nervous system processing,
exemplified in changes to behavioral lateralization of marine
fish challenged with high CO2 conditions (Domenici et al.,
2012; Jutfelt et al., 2013; Welch et al., 2014; Näslund et al.,
2015). These studies have attempted to show how elevated CO2

disrupts neural processing by assuming lateralization requires
minimal visual input from the environment and is driven by
brain functional asymmetries that create a right- or left-side
preference. In these studies using T-mazes to measure turning
preference in damselfish, elevated CO2 has been shown to reduce
lateralization (i.e., no turning preference). Nilsson et al. (2012)
further demonstrated that the addition of an antagonist of the
GABA-A receptor (i.e., gabazine) reversed elevated CO2 effects
in both lateralization and chemical cue preference, suggesting
high CO2 affects neural processing of multiple sensory systems
by interfering with neurotransmitter function. This is supported
by Heuer et al. (2016), which demonstrates that elevated CO2

causes altered ion gradients in the GABA-A receptor of fish
as a means of CO2 compensation. Impaired neurotransmitter
function from elevated CO2 also has been demonstrated to
decrease learning of predator identity in juvenile damselfish
prey, consequently reducing survivorship in the field after being

treated in the laboratory (Chivers et al., 2014). The availability of
multiple sensory cues may be insufficient to allow predators or
prey to regain normal sensory function in the presence of such
fundamental disruptions of neural processing.

CONCLUSION AND PROSPECTUS

Global warming and elevated CO2 will have extensive impacts
on sensory behavior in predator-prey interactions. However,
lack of a framework for identifying the underlying mechanisms
makes it difficult to establish the generality of effects or their
magnitude. Using a behavioral endpoint to examine stressor
effects on predation (e.g., Li et al., 2015; Sui et al., 2015)
often fails to identify whether effects stem from cue production,
transmission, or reception (Figure 1) unless the study is properly
constructed. Studies should examine stressor effects on predator
and prey separately as well as together, as well as isolating the
effect of differential transmission from changes to sender and
receiver properties.

Understanding which process is affected is essential to fully
understand subsequent effects as changes to particular processes
have different consequences. For instance, transmission may
alter the effective distance of predator-prey signaling, whereas
deficits in reception by predators or prey have global effects. Since
warming and elevated CO2 seem to affect different steps in the
transduction cascade (Figure 1), clearly identifying the nature
of the disruption also can predict synergistic or antagonistic
responses. In particular, warming seems to affect metabolism
and activity (in addition to transmission in some cases), whereas
elevated CO2 often impacts the ability to receive or process
cues. The effects of warming on metabolism, and in turn, the
impacts on foraging ability, suggests warmingmay primarily alter
consumptive effects of predators despite some changes to the
signaling process. Elevated CO2 clearly affects all different steps
in the predator-prey signaling cascade, and may therefore change
both consumptive and non-consumptive effects depending on
which organism is most compromised in a given interaction.
If sensing by predators is more affected then non-consumptive
effects may increase, whereas consumptive effects will increase
when sensing by prey is strongly affected.

Future studies should address both behavioral endpoints and
identify in so far as possible the step (production, transmission,
or reception) that is affected. Although this can be cumbersome,
a substitutive design where acclimated animals are placed in
normal environments and vice versa, can at least identify
environmental effects on transmission. Independent measures of
cue strength also can be helpful, particularly when movement
related cues are responsible for predator-prey information
transfer and stressors are shown to affect activity. Chemical cues
that are metabolic by-products may be difficult to quantify, but
metabolomics approaches offer promise (e.g., Poulin et al., 2018)
and can at least establish quantitative differences in production
even when the cue remains unidentified. Deficits in neural
processing can be difficult to document without examining
physiology of sensory receptor cells or central nervous system
properties, which has been done only in some cases (e.g., Munday
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et al., 2009; Boullis et al., 2017; Porteus et al., 2018). Careful
consideration is also needed when determining measurements of
sensory responses that distinguish these from changes in general
motility or activity (e.g., lacking in Kidawa et al., 2010). General
observations on movement in response to a stimulus can be
confounded by changes in metabolism and/or motor function,
potentially misidentifying sensory effects (e.g., de la Haye et al.,
2012). Possible sensory tests should include at least a choice
between stimulus and blank control (e.g., Dixson et al., 2010).

A second major challenge going forward is to integrate both
predator and prey responses into studies examining the effect of
climate change stressors. Predators and prey participate in a duet
where both parties can gather information about the presence
of the other, and the effects of climate change on predator-prey
dynamics will depend strongly on which participant is more
compromised. For example, ocean acidification has a greater
negative effect onmud crab foraging behaviors (i.e., consumption
rate, handling time, duration of unsuccessful predation attempts)
than calcification rates of oyster prey, resulting in overall reduced
prey consumption (Dodd et al., 2015). Moreover, the extent to
which predators vs. prey are affected may change the nature of
predator control as well as its magnitude (e.g., Goldenberg et al.,
2018). We predict a shift to consumptive effects if climate change
stressors more strongly influence prey, whereas the importance
of NCEs will increase if predator abilities are more impacted.

Knowledge gaps remain due to biases in the literature.
Approximately 56% of climate change studies focused on sensory
cues governing predator-prey interactions use marine reef fish as
model organisms, especially for elevated CO2 effects (Figure 2).
Invertebrate predators have also been shown to be important
community regulators such as blue crabs in estuarine habitats
(Silliman and Bertness, 2002; O’Connor et al., 2008; Hill and
Weissburg, 2013), which often rely on chemical cues to locate
prey. Invertebrates as model organisms should be tested more
frequently in future studies given their ecological importance.

Studies of sensory modalities affected by climate change have
emphasized chemosensation over others (e.g., vision, audition,
mechanosensation), with ∼61% of climate change sensory
studies using chemosensation as the primary modality (Figure 2;
Table 3). Cue detection/processing deficits have been shown in
chemosensory, visual, and possiblymechanosensory interactions,
but few studies to date have tested auditory processing. Some
animals utilize specialized senses, such as electrosensation in
sharks and other elasmobranchs. Currently, there are no known
studies that examine how responses to these cues might change in
the face of climate change. Changes in neurotransmitter function
induced by climate change (Nilsson et al., 2012) suggest that
processing deficits may be occurring in multiple sensory systems.

Environmental effects are important in changing sound
propagation and altering the visual and chemical environment
so as to mask incoming cues from predators and prey, or
enhance the utility of one modality vs. another. These effects
also might be important in terrestrial systems despite the lack
of studies (Figure 2; Table 3). Vegetation affects both spectral
and acoustic properties and can alter both cue transmission and
ambient sound and light levels, and change airflow patterns
affecting mechanosensory signaling (Dusenberry, 1992; Endler,

1993; Ladich, 2000; Slabbekoorn and Smith, 2002; Brumm
and Slabbekoorn, 2005; Casas and Dangles, 2010). Changes to
vegetative structure produced by changing climate (e.g. Cramer
et al., 2001) therefore may alter predator-prey information
exchange in terrestrial habitats. The environment may also
modify cues directly as occurs with waterborne or airborne
chemicals. Most studies to date that manipulate only the predator
or prey do not capture these effects, and so further studies should
attempt to incorporate the sensory environment (Figure 1) to
correctly capture future interactions. It also is critical to keep
in mind that these potential changes in the environment are
independent of changes to the receiver or sender, butmay interact
with these changes in both opposing or complementary fashion.

This field has been disproportionally represented by elevated
CO2 studies rather than warming, promoting a consequent bias
in marine systems and very few terrestrial examples (Figure 2;
Table 3). Temperature is the primary global stressor affecting
sensory-mediated interactions in terrestrial systems, and so
the current state of knowledge implies that these interactions
may be less severely affected. However, warming needs to be
studied in animals whose metabolic processes and consequent
behavior is dependent on temperature, such as invertebrates.
Metabolic changes from temperature can also change cue
production and processing speed, and these effects should be
more explicitly tested.

It is important to note that while warming and elevated
CO2 can have independent effects on sensory systems, there
is potential for these global stressors to interact as both
are predicted to occur in the future (IPCC, 2014). There
are several studies examining multiple stressors on behavioral
interactions that have potential sensory mechanisms, which were
not explicitly tested. For example, warming and elevated CO2

act synergistically to increase overall predation rate of dottyback
predators (P. fuscus) on multiple species of damselfish prey
(P. amboinensis and P. nagasakiensis), whereas each of these
stressors independently have no effect on predation rate (Ferrari
et al., 2015). This effect could not be predicted from general
changes in metabolism alone, which is argued to demonstrate
that trophic outcomes are not driven solely by physiological
tolerances to these climate change stressors. Also shown in
this study were antagonistic interactions between warming and
elevated CO2; each climate stressor independently reversed prey
selectivity between the two damselfish prey species, but the
combined stressors override prey selectivity so that prey are
consumed in equal proportions. In this case, specific sensory
cues used by predator and prey were not tested, but further
research may provide insight on which sensory modalities are
driving these interactive effects. It is possible that warming can
interact with elevated CO2 by changingmetabolic rates that affect
cue production and reception, potentially amplifying any direct
effects on the sensory transduction pathway (Figure 1).

There are very limited studies that examine how multiple
stressors affect the same transduction pathway, and the
underlying mechanisms. As previously mentioned, warming and
elevated CO2 effects have been tested in fish and crustaceans
responding to visual and chemical cues (Goldenberg et al., 2018).
Testing these stressors in isolation and together revealed that
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only elevated CO2 was driving behavioral responses when both
stressors were present. A similar pattern was found in dogwhelks
(Queirós et al., 2015) and sharks (Pistevos et al., 2015), where only
elevated CO2 disrupted chemosensory perception of prey while
warming had no effect on these behaviors. Identifying multiple
stressor effects on a single sensory modality can allow the correct
identification of specific stressor effects on different senses [e.g.,
chemosensation (Dixson et al., 2010), vision (Ferrari et al., 2012),
and audition (Simpson et al., 2011) in coral reef fish]. Again, we
suggest that warming and elevated CO2 may target different parts
of the transduction cascade and may interact strongly in systems
where cue production depends on activity.

Interaction of global stressors (i.e., warming and elevated
CO2) with local stressors also needs to be studied, as local
stressors (e.g., sediment pollution: O’Connor et al., 2016) have
been found to disrupt sensory cues and change behavioral
responses. One study tested the global stressor of elevated CO2

and local stressors of sediment runoff and pesticides separately,
but did not cross the stressors (Lecchini et al., 2017); each
stressor had negative effects on attraction to conspecific chemical
cues for both fish and crustacean species, but the possibility
of interactive effects (synergism or antagonism) between these
stressors remains unexplored.

The continuation of these efforts, especially more realistic
laboratory experiments and field experiments when possible,
has the potential to identify and address the complex changes

in future predator-prey interactions. This expansion will
yield a better understanding of climate change impacts
on sensory ecology, which can be applied to the success
of conservation and restoration efforts for protecting and
maintaining ecosystems.
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