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Anthropogenic sensory pollution is affecting ecosystems worldwide. Human
actions generate acoustic noise, emanate artificial light and emit chemical sub-
stances. All of these pollutants are known to affect animals. Most studies on
anthropogenic pollution address the impact of pollutants in unimodal sensory
domains. High levels of anthropogenic noise, for example, have been shown to
interfere with acoustic signals and cues. However, animals rely on multiple
senses, and pollutants often co-occur. Thus, a full ecological assessment of
the impact of anthropogenic activities requires a multimodal approach. We
describe how sensory pollutants can co-occur and how covariance among
pollutants may differ from natural situations. We review how animals combine
information that arrives at their sensory systems through different modalities
and outline how sensory conditions can interfere with multimodal perception.
Finally, we describe how sensory pollutants can affect the perception, behav-
iour and endocrinology of animals within and across sensory modalities.
We conclude that sensory pollution can affect animals in complex ways due
to interactions among sensory stimuli, neural processing and behavioural
and endocrinal feedback. We call for more empirical data on covariance
among sensory conditions, for instance, data on correlated levels in noise
and light pollution. Furthermore, we encourage researchers to test animal
responses to a full-factorial set of sensory pollutants in the presence or the
absence of ecologically important signals and cues. We realize that such
approach is often time and energy consuming, but we think this is the only
way to fully understand the multimodal impact of sensory pollution on
animal performance and perception.

1. A multimodal view of sensory pollution

Anthropogenic activities are increasingly affecting the welfare and reproductive
success of free-ranging animals [1-3]. Humans emit chemical and physical stimuli
into the environment that are received through a range of sensory modalities.
These anthropogenic stimuli can decrease animal survival and reproductive
success and may ultimately alter populations and ecological communities. To
understand and mitigate the effect of these stimuli, it is crucial to study the mech-
anisms underlying the sensory reception of these pollutants, termed sensory
pollution [3-6]. High levels of anthropogenic acoustic noise, for instance, can
mask acoustic communication. Chemical emission on the other hand can impair
olfactory orientation [5-7]. However, anthropogenic activities often produce
stimuli in multiple modalities simultaneously, like the joint emission of acoustic
and chemical pollutants by automobile traffic. Furthermore, perception itself is
multimodal, and animals sometimes respond in a complex way to the
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Figure 1. Multimodal approach to understand the environmental impact on animal perception and performance. (a) Animals can receive all sorts of environmental
stimuli, such as light, sounds or chemicals, with a variety of sensors found in the peripheral part of their nervous system. These sensors pass on the received information
to the central nervous system for higher level processing in different perceptual and cognitive areas. Environmental stimuli can contain relevant information for an animal,
e.g. acoustic signals, or irrelevant information, e.g. acoustic noise (arrow widths do not correspond to amount of processed information). When central processing reaches
a dedision, a behavioural and/or endocrinal response will follow. Complex interactions between and within reception, processing and response determine the impact of
the multimodal environment on animals. (b) Example of how environmental conditions can interfere with the perception of multimodal signals and cues. Two stimuli
differing in physical form (e.g. a sound or light) that are simultaneously produced by a source travel with different speeds to a receiver who has to extract the relevant
information from the two perceptual streams against a background of environmental noise. For example, a male frog produces an acoustic signal, but at the same time
generates cues in other sensory modalities, such as vibrations on the water surface. These multimodal components arrive at the receiver at different times (AAT).
Perceptual processing involves comparing information across modalities. Receivers must bind different sensory components to the same source across time and
space. Unimodal noise, e.g. sounds of other calling males, can interfere with multimodal perceptual binding. Sensory interference can also be multimodal, e.g.
wind-induced leaf movements, which simultaneously result in acoustic noise and substrate-horne vibrations.

combination of cues from different modalities [8—11]. Finally, 2 EnVironmental Sensory Conditions and

sensory pollutants can affect an animal’s behaviour as well as

its endocrinology. These responses are known to feed back covariance among mOdalltles

into perceptual and cognitive processes, which further compli- Animal sensory systems often operate under challenging con-
cate predictions of the potential impact of anthropogenic ditions and are under strong selection from the environment
activities on animal behaviour and reproductive success. We [12]. How does the sensory environment change across time
therefore propose an integrated approach to fully understand and space for different modalities? How have animals
the multimodal nature of sensory pollution (figure 1). This adapted to these changes? And how do human activities
approach allows us to address how pollutants can disturb ani- affect the sensory environment? Conditions can often corre-
mals and interfere with the processing of important signals and late across sensory modalities, but we have little data on
cues, how pollutants can affect processes across different actual covariance levels in time and space for natural as
modalities, and how the combination of pollutants from well as human-impacted environments.

different modalities may affect animal performances.
Whether and how animals are affected by sensory pollution
depends on overlap in time and space between stimuli

(a) Temporal and spatial variation in natural sensory

exposure and behavioural activity [2—4]. We will first address conditions

how anthropogenic pollutants covary in time and space and Environmental conditions can show large temporal and spatial
how this compares to natural variation in environmental fluctuations and often covary across modalities (table 1).
sensory conditions. Next, we will discuss how multimodal sig- Ambient light levels, for example, quickly rise with dawn,
nals and cues are produced, what sort of information they rapidly drop at dusk and typically correlate with fluctuations
contain and how animals perceptually process relevant and in acoustic background levels caused by biotic activity
irrelevant environmental information. Finally, we will describe [13,14,16]. Daily and seasonal changes in climate conditions,
the ways in which covariance in anthropogenic sensory con- such as temperature and wind, can also result in concordant
ditions can interfere with the processing of signals and cues, patterns across modalities [17,27]. Wind, for instance, can
how pollutants disturb animals by affecting endocrinology result in higher noise levels, more substrate vibrations and
and how animals respond by adjusting their behaviour. We increased visual motion, thus simultaneously affecting mul-
will end our review by outlining how we think multimodal tiple senses [28-30]. Multimodal covariance may also occur
sensory pollution should be addressed and list some of the across space. A fast-flowing stream will be much noisier as

most important outstanding issues. well as turbid compared to a slow-flowing river, resulting
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Table 1. Examples of covariance in light, sound and chemical levels from natural and anthropogenic impacted environments.

correlated

examples from natural
environments

examples from anthropogenic

combination of

sensory conditions levels

sound versus light +

sound versus +
chemicals

light versus chemicals +

pheromone release in relation to

daylight and birdsong in temperate
regions

moonlight and insect sounds of
tropical regions

sound and chemical transmission

in air/water currents
?

lunar phase

reduced visibility and increased (0,
levels due to aquatic vegetation

in covariance of sound and light levels between these two
habitat types.

(b) Covariance in anthropogenic sensory pollutants
High levels of chemical and acoustic emission as well as light pol-
lution typically characterize industrial areas, urban city centres
and multi-lane highways. Humans can also alter multiple sen-
sory conditions more indirectly. For example, high phosphate
levels in the aquatic environment can increase algae growth,
and thus affects both the chemical, as well as the visual environ-
ment (table 1, [24]). Sensory pollution can occasionally be biased
to particular modalities. Remote terrestrial drilling stations for
the gas industry, for example, generate high levels of acoustic
noise, but relatively low levels of light pollution [31,32]. Bicycle
paths, pedestrian areas or long-term parking lots on the other
hand are sometimes associated with high levels of light
pollution, but low levels of other pollutants [33,34]. Cases in
which types of sensory pollution occur independently provide
the opportunity to obtain independent correlational data
between pollutant and animal performance [31,34].

Sensory pollution also shows temporal fluctuations.
Highway noise levels can be higher during the day than at
the night and traffic sounds transmit further on cold spring
days compared to warm days later on [14]. Artificial light
pollution on the other hand is mainly a nocturnal problem
[15,34]. Peak levels in noise and light pollution may therefore
not overlap in time, but we should keep in mind that noctur-
nal urban noise and light levels are still substantially higher
when compared with natural conditions, in particular in
temperate habitats (table 1, [14,33]).

3. Production and perception of multimodal
signals and cues under natural conditions

Animals rely on multiple senses to orient and to communicate.
These senses can pick up stimuli emitted intentionally (signals)
or unintentionally (cues). How signals and cues of different
modalities are produced, transmitted and received has impor-
tant consequences for environmental selection pressures,
such as sensory conditions, that act on the behaviour and
physiology of animals [8,35,36].

impacted environments references

traffic sounds and streetlights [13-15]

reduced visibility and increased [16—18]
noise at water locks

emission of sounds and chemicals [19-22]
by traffic

!

...... e anbdblight .p(.)".u o [23] B

industrial areas

reduced V|S|b|I|ty and increaséd hit‘rdgéri » [24—26] -

(a) Multimodal signals produced by animal displays
Animals have evolved elaborate displays to attract mates, fend
off rivals or deter predators. Most of these displays generate
stimuli that can be perceived with a wide variety of sensory
modalities [8,35,36]. Sound production often involves inflation
and deflation of morphological structures, like the vocal pouch
of grouse or vocal sac of frogs, and as a consequence provides
a synchronized multimodal display consisting of visual and
acoustic components [37-39]. Sexual displays can also com-
bine components that are independently produced, such as
fish using body coloration together with pheromones, or
spiders drumming vibrations with one leg and waving colourful
tufts with another [24,40].

(b) Multimodal cues produced by predators and prey
Animals also emit stimuli detectable through multiple senses
that do not serve themselves, but their predators or prey.
A mouse rustling among leaves produces acoustic and visual
cues that can aid predatory owls [41]. Vibrations combined
with the flow of warm air produced by foraging cattle provide
aphids a multimodal cue to flee from plants [42]. Signal pro-
duction can also generate unintended cues in a different
modality. Frogs that call from water bodies to attract mates
induce water surface waves, or ripples, that can be detec-
ted by eavesdropping bats that benefit from these relatively
slow-travelling prey cues [43].

(c) Multimodal perception and nonlinear effects

Incorporating information from multiple sensory systems can
increase perceptual processing and the resulting responses in
a linear way [44]. However, multimodal perception often
involves more complex processes that may not add-up linearly
[44,45]. Many perceptual tasks rely on comparisons of infor-
mation across sensory systems, for instance, to assess timing
between components of multimodal signals and cues
[44-47]. Such comparisons rely on the brain to accurately
assign different components to the same source, which can be
challenging under fluctuating sensory conditions (figure 1b,
[46]). Animals tested in psychophysical experiments have
been shown to respond in linear as well as nonlinear ways
when presented with stimuli from different modalities
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(see [8,9] for a detailed classification of behavioural responses to
multimodal signals and cues). Presenting a stimulus in isolation
(e.g. a visual signal) can have no effect on an animal’s behav-
iour, but that same stimulus can modify the response to
another stimulus (e.g. an acoustic signal) in a complex way
[47]. Multimodal signals and cues can even elicit emergent
responses [37,46]. Chickens have been found to ignore chemical
and visual warning signals of unpalatable caterpillars when
presented in isolation, but were shown to avoid food items
when both signals were presented in combination [48].

(d) When do animals rely on multimodal perception?
In general, animals rely on multimodal signals and cues
when it increases their chances of detecting important
environmental events, when it enhances processing of
environmental cues or when it provides them with unique
sources of environmental information [9,3546]. Simul-
taneously produced components from different modalities
arrive with varied time delays at a receiver and can thereby
provide unique information on distance to the source
(figure 1b, [46]). When multimodal signals or cues provide
ambiguous information, animals can ignore information
from one modality, or arrive at an intermediate solution
[45,49]. For example, when nectar-feeding moths are pre-
sented with spatially separated chemical and visual cues
they approach the visual ones [49].

(e) Multimodal communication and perceptual
interference

Multimodal communication can be affected by environ-
mental sensory conditions [7,12]. Animals relying on
multimodal signals may benefit from having a signal com-
ponent that serves a back-up function when interference
levels impair processing in one sensory modality [7]. Torrent
frogs living next to noisy streams in the rainforest make
sounds and wave their legs at the same time [50]. Perceptual
information from the two sensory components can be redun-
dant, for instance, both the acoustic and the visual display
allowing the detection or recognition of the signaller. Such
signals robust to
fluctuations in sensory conditions [50]. On the other hand, mul-

redundancy can make multimodal

timodal signals will be more susceptible to environmental
interference when animals rely on the comparison between
sensory components for unique information, such as for
estimating the distance from a signaller (figure 1b). Finally,
multimodal signals may suffer from multimodal interference
when sensory conditions covary across modalities (figure 1b),
for example, when wind generates visual and seismic noise
and thereby hampers multimodal perception of a spiders’
drumming display [40,51].

4. Multimodal impact of anthropogenic pollution
on behaviour and physiology

Anthropogenic pollutants are known to disturb animals
and to interfere with perceptual processing of important
signals and cues. How sensory pollution affects individuals
and how their behaviour changes in response depend on
the modalities involved, covariance in sensory pollutants,
perceptual mechanisms and response plasticity.

disturbance interference

——

unimodal

cross-modal

multimodal

Figure 2. Impact of sensory pollution on animal responses across taxa. Sensory
pollution can cause general disturbance of behaviour and endocrinology, or
interfere with detection and processing of signals and cues. Sensory pollution
@n be restricted to a single sensory domain (unimodal), affect processes and
responses in a different domain (cross-modal), or arrive at the brain through
multiple sensory systems (multimodal). Exposure to anthropogenic noise disturbs
blue whales and masks acoustic prey cues used by bats [53,54]. Acoustic noise
also disturbs visual signalling in squids and may interfere with visual processing
in hermit crabs [55,56]. Combined light and noise pollution may increasingly
disturb a robin’s song behaviour and anthropogenic noise travelling through
air and along the water surface may interfere with multimodal communication
in frogs (see also figure 1b). (Online version in colour.)

(a) Multimodal disturbance by anthropogenic sensory
pollution

Anthropogenic noise and artificial lights are well known to dis-
turb animals and often co-occur. However, most studies to date
have focused on the impact of one pollutant, or assessed which
pollutant was most predictive of a behavioural or endocrinal
response and ignored potential additive effects [15,33]. Traffic
noise has been associated with increased stress levels and
light pollution has been linked to shifts in circadian rhythms
[34,52]. So, both pollutants apparently can thus affect endocrine
processes and it would be interesting to assess in more detail
how noise and light pollution covary and whether their com-
bined impact is similar, increased, or decreased compared to
the impact of each pollutant in isolation (figure 2).

(b) Multimodal interference by anthropogenic sensory
pollution

Anthropogenic pollutants can directly interfere with the detec-
tion of signals and cues. Traffic noise is known to mask acoustic
signals as well as cues used by a wide range of taxa, including
birds, mammals, insects and fish [53,57-59], a process we refer
to as unimodal interference (figure 2). Anthropogenic noise can
also result in multimodal interference, for example, when
sounds induce surface vibrations on a leaf or a water surface,
resulting in covarying noise levels that may hamper the use
of signals and cues in the acoustic and seismic domain at the
same time (figure 2, [51]). Pollution with artificial lights has
not been linked to impaired detection of visual signals, but
may interfere with the use of spatial cues during navigation
[60,61]. Animals also rely on acoustic and olfactory cues for
orientation, and covariance levels between sound, light and
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chemicals may consequently result in multimodal interference
with spatial navigation cues [6,19]. Indirect anthropogenic
effects on aquatic environments may also provide interesting
cases for multimodal interference of visual and chemical
signals and cues [36].

(¢) Cross-modal interference of anthropogenic
pollutants

The processing of irrelevant environmental information in
one sensory modality may hinder the processing of infor-
mation in another modality (figure 2, [11]). Such so-called
cross-modal interference has been assumed to be responsible
for an impact of anthropogenic acoustic noise on the proces-
sing speed by hermit crabs that rely on visual cues to detect a
predatory threat [56]. Anthropogenic noise has also been
linked to an impact on higher level processing of visual infor-
mation, such as spatial visual orientation [62]. The effect of
anthropogenic noise on processing of information in other
modalities or cognitive domains can operate via different
routes. Noise may induce increased vigilance as a response
to a decreased ability to detect acoustic predatory cues and
thereby affect the amount of time spent on a visual task
[62,63]. Noise may also limit cognitive attention or reduce per-
ceptual processing capacity [56,64]. Finally, noise may induce
endocrinal changes, such as increased stress hormone levels,
that can cause an indirect effect of the noise on behaviour or
feedback to perceptual and cognitive processes (figure 1).
Examples of cross-modal interference of other modalities are
lacking as far as we know, but a recent study on moths sug-
gests that light pollution may reduce responses to ultrasonic
bat calls [65].

(d) Multimodal and cross-modal behavioural responses
Animals are well known to adjust their behaviour in response
to interference from sensory pollutants. Some birds can almost
instantly change their songs when exposed to noise [66,67].
Whether multimodal signals show similar behavioural flexi-
bility in response to multimodal interference is not known
[68]. However, anthropogenic pollutants have been shown to
have cross-modal impacts on signalling [55,69]. Noise-exposed
squids and chemical-polluted fish change their visual signals,
whereas light-exposed birds adjust their acoustic signals
[34,55]. These signal adjustments probably reflect a disturbing
impact of sensory pollution on endocrinology, e.g. through a
link with stress hormones or an impact on circadian rhythms
(figure 2). Nevertheless, these examples illustrate that anthro-
pogenic pollution can have consequences for selection
pressures acting on signals from different modalities.

5. Anticipating nonlinear impact of multimodal
sensory pollution

There is limited experimental data showing how the combi-
nation of sensory pollutants alters the behaviour and
physiology of animals. Do pollutants enhance or mitigate
each other’s impact? What happens when one sensory pollu-
tant interferes with signal or cue detection, while another
sensory pollutant disturbs an animal, increasing its stress
levels? We realize that such questions require extensive testing
of animals in a series of stimulus combinations. For example,

the full-factorial combination between relevant signals and
cues and irrelevant pollutants arriving through two sensory
systems results in 16 different experimental treatments
(e.g. modality A: signal (yes/no) x pollutant (yes/no) =4
treatments; modality A x B=16 treatments). Nevertheless,
we hope to have provided the conceptual background to
encourage researchers to start addressing some of the most
interesting outstanding issues.

(a) Additive effects of multimodal sensory pollution
To our knowledge, only one study with hermit crabs addressed
multimodal sensory pollution and that study found that anti-
predator response was affected most when crabs were exposed
to boat noise and boat lights simultaneously [56]. Future
studies should aim to address whether the combination of sen-
sory pollutants can have additive, linear or nonlinear, impacts
on animal behaviour and physiology by using a full-factorial
design in which each pollutant is also tested in isolation.

(b) Modulation effects between sensory pollutants
Sensory pollutants may have a modulating effect on each other
via multiple routes (figure 1). A pollutant may not affect behav-
iour when presented in isolation, but can enhance or reduce the
behavioural impact of a pollutant from another modality. These
modulation effects can be mediated via an endocrine route,
where the modulating pollutant increases stress hormone
levels that consequently increase the behavioural impact of
the other pollutant. Disentangling different modulation routes
again requires testing animals on the full-factorial combination
of signals, cues and sensory pollutants.

(<) Emergent multimodal sensory pollution

One of the most interesting outstanding questions in this field
concerns the possible impacts of anthropogenic activities that
emerge only when sensory pollution is multimodal. Evidence
of such hidden impacts would not be found when sensory
pollutants are tested in isolation, but could have a substantial
effect on animal performances and ultimately on populations
or even whole ecosystems considering the potentially high
levels of covariance among sensory pollutants.

7. Conclusion and final remarks

The environment is filled with stimuli differing in physical
forms, and animals have evolved a variety of sensory systems
to make sense of this multimodal world. Likewise, pollution
is not restricted to a particular modality. We argue that we
need an integrated multimodal approach to appreciate the
full ecological impact of human activities on animal perform-
ance and perception. We have outlined how anthropogenic
stimuli from multiple modalities can co-occur in time and
space, and how, across time and space, we need a detailed
assessment of multimodal covariance levels to assess poten-
tial impact. We have described unimodal, cross-modal and
multimodal impacts of sensory pollutants on animal behav-
iour and physiology, and argue that additive effects can
become increasingly complex. We describe sensory disturb-
ance and interference, using examples from a wide range of
taxa and sensory domains and think that these concepts are
widely applicable to other cases. Recent years have seen a
wide body of literature addressing the importance of
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multimodality in understanding the sensory ecology of
animal behaviour. We now add sensory pollution to the con-
cept of multimodality and, in doing so, invoke a number of
interesting, outstanding issues that we think should receive
considerable attention in the years to come.
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