-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Explore Bristol Research

University of

BRISTOL

OPEN ACCESS

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Richens, Emily P L

Title:
The effects of variation in anthropogenic noise on anti-predator behaviours in dwarf
mongooses (Helogale parvula)

General rights

Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License. A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy

Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

* Your contact details
« Bibliographic details for the item, including a URL
* An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.


https://core.ac.uk/display/376905659?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

The effects of variation in anthropogenic noise
on anti-predator behaviours in dwarf mongooses
(Helogale parvula)

Emily Richens

A dissertation submitted to the University of Bristol in accordance with the requirements for
award of the degree of Master of Science in the Faculty of Science.

July 2019

Biological Sciences Word count: 18,052



Summary

Anthropogenic noise is an evolutionarily novel but now ubiquitous source of pollution and a
growing environmental and health concern. Road networks are a major feature of our
increasingly urbanised world and detrimental effects are commonly linked to collisions and
habitat fragmentation. However, in the last decade it has become increasingly clear that
traffic noise alone can have a negative impact on animals, although little is known about
whether variation in noise characteristics affects behavioural responses. In this study, | use
field-based playback experiments to investigate whether traffic noise affects anti-predator
behaviours, specifically vigilance, in foraging dwarf mongooses (Helogale parvula). |
consider whether variation in a temporal aspect (continuous vs intermittent) of noise results
in different responses and, in a second experiment, | explore the group-level impacts when
continuous traffic playback is conducted at sleeping burrows. First, I demonstrate that both
variants of traffic noise result in significantly greater vigilance during playback than an
ambient control, as measured by the frequency and duration of headscans and sentinel bouts
(where individuals adopt a raised position to scan for danger). Individuals were also displaced
more often from foraging patches in traffic noise compared to the ambient control, suggestive
of a disturbance effect. No significant difference in vigilance measures was observed between
intermittent and continuous traffic noise over the course of playback. However, sentinel bout
frequency increased following continuous traffic noise, but a decrease was observed
following intermittent traffic. This could be due to a greater cumulative noise exposure in the
continuous treatment, resulting in longer-lasting effects. If noise poses a ‘threat’, then longer
periods of noise may equate to a higher threat level and therefore an increase in sentinel
activity after the ‘threat’ has passed could be an adaptive response to assess the surroundings
for lingering danger. In my second experiment, | found that continuous traffic-noise playback
resulted in a significant delay in group emergence and departure from burrows to forage, as
well as an increase in grooming rates among groupmates. If such noise effects persisted, there
could be detrimental consequences to condition and survival. Altogether, these findings show
that even small differences in noise characteristics can have differing effects on behaviour,
even after noise exposure ceases. Furthermore, they highlight the importance of considering
different contexts when investigating the impacts of anthropogenic noise. Future work should
incorporate multiple measures and conduct trials over longer periods in order to assess
whether individuals are able to compensate for costs incurred by noise and to explore
potential changes in tolerance.
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Chapter 1: General Introduction




1.1 Human population growth and pollution

Our planet is becoming increasingly urbanised, globalised and polluted by humans. The
global population is projected to increase from the current 7.5 billion people
(https://www.census.gov/popclock/) to 9.8 billion by 2050 (United Nations, 2017). Coupled
with this unprecedented growth rate is an inevitable increase in exploitation of natural
resources; one-third to one-half of the global land surface area is already exploited by humans
and we consume over half of all available freshwater (Crutzen, 2002). Modern industrial
societies also use far more energy than earlier societies; a combination of greater demand and
available knowledge and technologies (Steffen, Crutzen and Mcneill, 2007). The current
geological epoch has thus been dubbed the “Anthropocene”; a term that acknowledges the
scale and degree of impact our activities have had, and will continue to have, on our planet
(Crutzen, 2002; Steffen, Crutzen and Mcneill, 2007, but see Zalasiewicz et al., 2011; Lewis

and Maslin, 2015 for discussion on defining this geological term).

Our widespread activities place increasing pressure on the natural balance of ecosystems
(Lewis and Maslin, 2015). Tropical deforestation and urbanisation are two main drivers of
habitat fragmentation and biodiversity loss (Pimm et al., 1995; Steffen, Crutzen and Mcneill,
2007; Guneralp and Seto, 2013; Hughes, 2017). Our impacts extend to major changes to
climatic composition and ocean chemistry as a consequence of pollutants generated by our
activities. Nearly half of the human-induced rise in atmospheric CO2 has occurred in the last
30 years (Steffen, Crutzen and Mcneill, 2007) and Earth’s oceans are suffering from
acidification and rising temperatures as a result, causing imbalances to chemical processes,
water currents and ecological communities (Doney et al., 2009; Zalasiewicz et al., 2011). Our

activities also give rise to a variety of other pollutants which threaten wildlife.

The abundance and longevity of plastics pose a major threat to ecosystem health and this
pollutant is of international concern (see UNEP, 2018). Plastics can contribute up to 95% of
marine debris in some areas (Moore, 2008) and have even been found in remote regions
including Easter Island (Thiel et al., 2018), the Artic and in deep-sea sediments (Thompson et
al., 2009; Van Cauwenberghe et al., 2013; Woodall et al., 2014). Across taxa, direct impacts
of plastic include entanglement and ingestion, both of which can cause fatalities from

albatrosses to sea turtles and cetaceans (Moore, 2008; Wright, Thompson and Galloway,


https://www.census.gov/popclock/

2013; Vegter et al., 2014; Thiel et al., 2018). Additionally, the adsorption of metals to plastic
litter (Holmes, Turner and Thompson, 2012; Brennecke et al., 2016) and leaching of toxic
contaminants (e.g. bisphenol A) can disrupt endocrine pathways (Cole et al., 2011; Wright,
Thompson and Galloway, 2013; Wang et al., 2016).

Strongly associated with man-made landscapes, artificial light is a widespread pollutant
(Davies et al., 2014; also see www.lightpollutionmap.info). Many species have evolved
circadian rhythms whereby behavioural and physiological processes may be synchronised
with cyclic patterns of natural light (Davies et al., 2014). Over 60% of all invertebrates and
30% of vertebrates are nocturnal (Holker et al., 2010) and may have specialised senses for
foraging under low-light conditions; exposure to artificial light could impact biological
processes. Artificial light at night (ALAN) can reduce sex pheromone production in nocturnal
moths (Van Geffen et al., 2015), disorientate sea turtle hatchlings (Tuxbury and Salmon,
2005; Dimitriadis et al., 2018) and migrating birds (Poot et al., 2008), and disrupt ecological
services such as pollination (Knop et al., 2017; Macgregor et al., 2019). As light can vary in
spectral composition, temporal pattern and intensity (by reflection or scattering), the effects

of light pollution on wildlife can be complex.

Anthropogenic noise, although often underestimated, is now recognised as a global pollutant.
Anthropogenic noise pervades almost all environments, yet this ‘unwanted sound’ has only
received substantial research attention in recent decades (Radford, Morley and Jones, 2012;
Broucek, 2014). Noise pollution is now incorporated in international reports and legislation,
such as the European Environmental Agency’s Environmental indicator report 2018*, the
World Health Organisation’s Environmental Noise Guidelines?, Convention on Migratory
Species’ Marine Noise Assessment Guidelines and the International Maritime Organisation’s
Marine Environmental Protection Committee (MEPC). The importance of understanding and
mitigating the effects of anthropogenic noise — for the benefit of human health and wildlife —
is increasingly recognised, and the complexity of noise and its impacts make research in this

field even more critical.

1 See Mourelatou, 2018
2 See Eriksson, Pershagen and Nilsson, 2018
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1.2 Anthropogenic noise

1.2.1 Sources of anthropogenic noise

Noise is a natural feature in nature, be it from biotic (e.g. animal vocalisations) or abiotic
(e.g. waves breaking on a reef or beach) sources (Radle, 2007; Peng, Zhao and Liu, 2015;
Dunlop, 2016). However, anthropogenic noise refers to sound originating from man-made
sources, representing an evolutionarily novel noise source (Radford, Morley and Jones, 2012;
Dooling and Popper, 2016a). On land, these sources include transportation networks,
construction, military activities, resource extraction (e.g. quarrying and pile-driving) and
wind turbines (Radford, Morley and Jones, 2012). Anthropogenic noise in the marine
environment comes from shipping, recreational boating, ice-breaking, pile-driving (e.g. for
construction of oil platforms, wind turbines), seismic exploration surveys (often using air
guns) and military sonar (Nowacek et al., 2007; Slabbekoorn et al., 2010). Noise may be
intentional (e.g. military sonar, seismic surveys, acoustic deterrents) or a by-product of

activities (e.g. vehicle engines or vessel propulsion) (Shannon, McKenna, et al., 2016).

Recreational activities are particularly concentrated around coastal and in-shore areas
(Slabbekoorn et al., 2010), whilst shipping and road networks are more ubiquitous sources in
marine and terrestrial environments respectively (Forman and Alexander, 2002; Nowacek et
al., 2007; Barber, Crooks and Fristrup, 2010). Shipping alone has caused a noise increase of
12 dB in our oceans (Hildebrand, 2009), a 10-100 fold increase in ambient sound levels in
many places (Tyack, 2008). Transportation networks are one of the most widespread
terrestrial sources of anthropogenic noise and continue to grow; for instance, over 80% of
land in the US is within 10.6 km of a road (Barber, Crooks and Fristrup, 2010). By its nature,
noise extends far beyond its source and pervades even in our most ‘wild’ areas (Barber,

Crooks and Fristrup, 2010; Buxton et al., 2017).

1.2.2 Acoustic variation

The medium in which sound is transmitted will influence aspects of the acoustic signal
between source and receiver (Shannon, McKenna, et al., 2016). Sound travels up to five
times faster and over greater distances in water than in air, due to lower attenuation
(Nowacek et al., 2007; Kight and Swaddle, 2011). Sound energy weakens (attenuates) by

spherical spreading losses as waves travel away from the source. Additional attenuation may
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occur due to scattering and absorption, both of which are affected by the environment in
which the sound-waves propagate (Marten and Marler, 1977; Radle, 2007). Shielding by
objects with absorption properties, such as vegetation, can significantly reduce transmission
(Warren et al., 2006; Dooling and Popper, 2016a). The density of surrounding habitat affects
attenuation of sound waves; Marten and Marler (1977) found that attenuation of acoustic
energy was greatest in open habitats at ground-level, suggesting a possible effect of
temperature-mediated air currents and turbulence. Above ground-level, attenuation generally
increases with frequency and decreases with source height (Marten and Marler, 1977).
Human-altered habitats such as cities affect transmission and propagation of sound waves;
flat surfaces such as buildings can reflect acoustic energy. Reflection, or ricocheting, can
cause sound to be scattered in multiple directions (other than that in which it was
propagated), reduce attenuation and increase the likelihood or degree of interference (Warren
et al., 2006).

Sound can vary along spatial gradients. In general, low-frequency sounds will transmit
greater distances (Marten and Marler, 1977) and attenuate less than higher frequencies
(Hildebrand, 2009). Sound intensity also decreases by around 6 dB with a doubling of
distance from point sources, but only 3 dB from line sources due to cylindrical rather than
spherical spreading (Dooling and Popper, 2007, 2016a; Radle, 2007; Francis and Barber,
2013). Although, as mentioned above, a mix of factors will influence the quality and
transmission of sound waves. Many transportation networks, such as roads or marine
shipping routes, act as line sources due to the movement of numerous vehicles or vessels
(Dooling and Popper, 2016a). Together with the fact that low frequencies tend to dominate
sound profiles from road and marine traffic (Nemeth and Brumm, 2009; Radford, Morley and
Jones, 2012), the radius of sound perception can be much greater compared to stationary
point sources. By comparison, high-intensity military blasts or mining explosions are more

localised.

Noise from human activities is evolutionarily novel and inherently highly variable.
Importantly, noises from identical sources can vary in spectral, spatial and temporal
characteristics (Clark et al., 2009). Naturally produced noise from wind on water can share a
broadband frequency range with vessel noise (around 500 Hz) but wind speed can alter the

intensity by a range as much as 30 dB (Tyack, 2008; Dunlop, 2016). The type of source has
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an effect on the noise properties. For instance, pile-driving produces one of the highest noise
levels, with intensities around 95 dB from a distance of 15 m (Dooling and Popper, 2016b),
whilst noise from roads is typically around 65 dB at 10 m (Kern and Radford, 2016).
However, traffic noise comes from a combination of motor engines and interactions of tyres
with the road surface, both of which will vary with vehicle type and road conditions (Dooling
and Popper, 2016a).

The timing and duration of sound is not always predictable or consistent. Noise from high-
impact sources (such as pile-driving or airgun-arrays at sea) has a rapid onset and is often not
sustained (Dooling and Popper, 2007). By contrast, noise from motorised or mechanical
sources such as wind turbines can be near-continuous. On a broad scale, areas with a high
density of human activities — such as cities — are hardly ever quiet due to numerous, complex
noise sources (Gill et al., 2015). Even places with lower human population density, such as
global Protected Areas (PAs), do not escape noise altogether as roads border or bisect
reserves and possible occurrence of illegal activities (Mcdonald et al., 2009; Buxton et al.,
2017). Temporally unpredictable noise is likely to cause different effects or different levels of
effects than exposure to consistent noise. Anthropogenic noise may overlap in time with
biologically relevant sounds or key behaviours such as intraspecific communication during
breeding, foraging or navigation. If noise of a given type has an effect on a species, the
temporal ‘window’ between periods of noise exposure may be an important factor to consider
(Francis, 2015). Considering the temporal aspects of sound occurrence and transmission is

therefore important if we are to understand the implications (Halfwerk et al., 2011).

1.3 Impacts of anthropogenic noise

Anthropogenic-noise sources worldwide have been expanding and diversifying since the
Industrial Revolution, but it is only in recent years that there has been substantial research in
this field (for reviews, see Williams et al., 2015; Shannon, McKenna, et al., 2016; Dutilleux,
2017). With continued human population growth and inevitable expansion of human-
dominated environments, exposure to anthropogenic noise pollution is likely to increase, as
noise-free habitats become scarcer. Therefore, a thorough understanding of both the

consequences and mechanisms by which noise affects humans and animals alike is vital to
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ensure appropriate protection of vulnerable populations and maintain healthy, functional
ecosystems.

Additional noise has substantial effects on human health, ranging from sleep disturbance (one
in five people) to mental health disorders (WHO Regional Office for Europe, 2011). Around
100 million people in the EU are estimated to be exposed to levels of road noise above 55 dB,
which is the indicator threshold for day, evening and night-time (Lgen) at and above which
these health consequences are reported (Mourelatou, 2018). According to a WHO report, an
estimated one million healthy life years are lost in western Europe due to traffic noise alone
(WHO Regional Office for Europe, 2011).

Due to the inherent variability in noise, the impacts can be equally as varied. These range
from short-term, minor behavioural disturbances to permanent physiological changes
(Blickley and Patricelli, 2010; Dooling and Popper, 2016b). Research in recent decades,
considering exposure to noise both experimentally and in situ, has documented effects from
an individual to population and community level across a range of non-human taxa. In some
cases, positive changes have been observed, and we should acknowledge the often highly

specific nature of exposure to noise and the potential consequences.

1.3.1 Community-level impacts

It can be challenging to isolate noise from other disturbances associated with a noise source,
such as chemical pollution or habitat fragmentation (Barber, Crooks and Fristrup, 2010;
Blickley and Patricelli, 2010; Morley, Jones and Radford, 2014). Additional complications
arise when monitoring ecosystem-wide responses due to numerous confounding factors such
as variation in habitat structure, community composition and behavioural patterns (e.g.
migration and breeding seasons). Despite this, several studies have attempted to investigate

how noise impacts ecological communities.

Anthropogenic noise alone has been linked to changes in community composition. An
influential field experiment, taking advantage of noisy operating gas compressors and quiet
inactive gas wells (which controlled for potential confounding factors such as physical

infrastructure and associated disturbances), documented changes in the local avian
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community; species richness was over one-third lower at noisy sites (Francis, Ortega and
Cruz, 2009). However, the responses observed were species-specific. Three species were
found only at noisy sites and two indicator species — black-chinned hummingbirds
(Archilochus alexandri) and house finches (Carpodacus mexicanus) — accounted for over
30% of all nests, compared to only 3% at control sites. These species may have benefited
from a decline in their primary nest predator, the western scrub-jay (Aphelocoma californica).
By contrast, mourning doves (Zenaida macroura) and black-headed grosbeaks (Pheucticus
melanocephalus) showed a stronger association with control sites (Francis, Ortega and Cruz,
2009). Bayne, Habib and Boutin (2008) provide similar evidence for reduced bird abundance

in habitat surrounding noisy gas well compressors.

Similarly, a phantom road created by McClure et al. (2013, 2016) experimentally
demonstrated that abundance of songbirds was reduced by a quarter in habitats differing only
in the addition of road noise (via a linear arrangement of loudspeakers in an otherwise road-
free area). Again, the effects were species-specific, with two species (cedar waxwings,
Bombycilla cedrorum and yellow warblers, Setophaga petechia) showing complete avoidance
of the noise, whilst Cassin’s finches (Haemorhous cassinii) showed a greater tolerance for
noise (McClure et al., 2013). Furthermore, effects on abundance and body condition were
more pronounced in younger individuals (Ware et al., 2015; McClure et al., 2016). Such
changes could not only reduce the fitness (ability to survive and reproduce) of individuals

present but potentially shift the age-structure of a population.

Critical ecological services can be altered as a consequence of anthropogenic noise affecting
community composition. In the gas-well study, a greater abundance of black-chinned
hummingbirds at noisy sites resulted in a five-fold increase in pollination rate of scarlet gilia
(Ipomopsis aggregata) flowers (Francis et al., 2012). Additionally, Pinus edulis seed
predation and dispersal were differentially affected by the higher levels of predation by
Peromyscus (deer) mice at noisy sites, whilst the western scrub jay, a key seed disperser,
completely avoided noisy areas (Francis et al., 2012). These studies serve to highlight the
complexity of species interactions and how noise alone can initiate ecosystem-wide changes

which may, ultimately, begin at an individual level.
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1.3.2 Individual-level impacts: non-behavioural

Though the responses may be more cryptic than observable behaviours, noise is considered a
stressor and has been shown to impact on auditory and neuroendocrine systems, with growing
evidence for effects on fitness (Kight and Swaddle, 2011; Broucek, 2014). Exposure to loud
noise can cause temporary or permanent hearing damage. Hearing in vertebrates (and some
invertebrates) relies on detection of pressure waves via specialised structures in tympanal ears
(e.g. sensory hair cells) (Dooling and Popper, 2007; Morley, Jones and Radford, 2014).
Direct damage to these hearing organs can result in a temporary threshold shift (TTS) or
permanent threshold shift (PTS) (Clark, 1991; Nowacek et al., 2007). PTS is mostly likely to
occur in close proximity to high-intensity noise, above the hearing threshold of a given
individual. TTS and noise intensity show a linear relationship in fish and terrestrial
vertebrates (Smith, 2004a, 2004b) but the onset of TTS may occur at lower amplitudes when
animals are exposed to frequencies to which they are most sensitive (Nowacek et al., 2007).

Frequency of noise is important; generally, higher frequencies will induce higher TTS than
low frequencies of the same level and duration (Smith, 2004b; Finneran, 2015). However,
hearing abilities differ substantially between species; for instance, European eels (Anguilla
anguilla) can detect infrasound and bottlenose dolphins (Tursiops truncates) have highly
evolved ultrasonic vocalisations far outside our own hearing range (Slabbekoorn et al., 2010).
Fin whales (Balaenoptera physalus) can hear across a wide frequency range, from 0.01 kHz
to 10 kHz, whilst fathead minnows (Pimephales promelas) a hearing specialist, are most
sensitive to frequencies between 0.8 kHz and 2 kHz (Peng, Zhao and Liu, 2015). Goldfish
(Carassius auratus), another hearing specialist, showed a significant threshold shift when
exposed to white noise, whilst tilapia (Oreochromis niloticus), a cichlid fish with poorer
hearing, showed little change in auditory threshold (Smith, 2004a, 2004b). Toadfish
(Halobatrachus didactylus) have a low-frequency hearing range; ship-noise playback caused
a drop in auditory sensitivity which was more marked at the lowest frequencies (Vasconcelos,
Amorim and Ladich, 2007). Over time, an asymptotic threshold shift may be reached (Smith,
2004b), but high noise levels or prolonged periods of exposure may also affect recovery
(Dooling and Popper, 2016a). Hearing impairment can have fitness consequences for a range
of species that use sound; for example, where sound is used as a detection cue to locate
predators or prey, or as a primary mode of communication about potential threats
(Slabbekoorn et al., 2010).
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Anthropogenic noise is also regarded as a stressor; an often unpredictable, harmful stimulus
that elicits a stress response (Wright et al., 2007). This refers to the release of glucocorticoid
(GC) hormones (e.g. cortisol, corticosterone; CORT) which can trigger an adaptive
behavioural response — a re-distribution of metabolic resources to optimise energy
availability for flight in relation to an immediate threat, such as predation (Sapolsky, Romero
and Munck, 2000). Extraneous noise presents an additional source of stress in increasingly
anthropogenic landscapes and has been found to increase GC levels in a number of taxa
including birds (Blickley et al., 2012; Davies, Haddad and Ouyang, 2017), fish (Anderson et
al., 2011) and whales (Rolland et al., 2012). However, contradictory evidence has also been
demonstrated (e.g. Crino et al., 2013; Potvin and MacDougall-Shackleton, 2015; Nedelec et
al., 2016; Guralnick et al., 2018).

Importantly, the duration of and previous exposure to noise (especially at critical stages of
development) may be associated with adaptation or changes in response over time (Nedelec
et al., 2016; Parks et al., 2018). For example, frogs that hatched from eggs originating from
noisy ponds showed no difference in CORT levels in traffic-noise or control treatments,
contrary to conspecifics from quiet sites (Parks et al., 2018). If individuals experience noise
during plastic stages of development, they may be better equipped — physiologically — to
tolerate noise later in life (Kight and Swaddle, 2011). Additionally, responses may be
condition-dependent, with individuals in poorer condition more susceptible to noise than
members of the population in better condition (Purser et al., 2016). Sustained elevation of
baseline GC levels may be detrimental to fitness (Kight and Swaddle, 2011; Creel et al.,
2013). For instance, frogs had a lower likelihood of expressing antimicrobial peptides
following traffic-noise playback compared to a quiet control, potentially increasing their risk
of disease (Parks et al., 2018). Adverse effects on the immune response have also been shown

experimentally in chickens (Jankowski et al., 2010).

Geographical and individual differences in responses to noise could ultimately have
downstream effects on a population. ‘Noise tolerant” western bluebirds (Sialia mexicana)
experienced lower hatching success at nestboxes near noisy gas wells compared to control
sites, yet other species studied did not appear to be affected in this way (Guralnick et al.,
2018). Similarly, Halfwerk et al. (2011) reported smaller clutches in great tits (Parus major)

closer to roads. This highlights a common misunderstanding that the presence of a species in
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noisy habitats suggests it is unaffected by noise. Although noise may not have been the sole
contributing factor in Halfwerk et al.’s study, it provides reasonable evidence that noise can
have cryptic effects. A traffic-noise playback experiment reported a reduction in telomere
length in house sparrows (Passer domesticus) despite corticosterone levels, growth and
fledging success remaining unaffected (Meillére et al., 2015).

1.3.3 Individual-level impacts: behavioural

Behavioural responses to anthropogenic noise have been widely studied, with efforts to
quantify changes in acoustic communication, foraging and anti-predator behaviours most

prevalent in the literature.

1.3.3.1 Acoustic communication

A large proportion of literature (over one-fifth) investigating anthropogenic noise impacts on
animal behaviour has focused on acoustic communication (Shannon, McKenna, et al., 2016).
For many animals, vocalisations play a vital role in daily activities including foraging (Luo,
Siemers and Koselj, 2015), detection of prey/predators (Clark et al., 2009), territory defence
(McMullen, Schmidt and Kunc, 2014), mate choice (Swaddle and Page, 2007; Schmidt,
Morrison and Kunc, 2014; de Jong et al., 2018) and parental care (Schroeder et al., 2012;
Lucass, Eens and Miiller, 2016). Anthropogenic noise presents an evolutionarily novel
challenge and animals are required to adapt or compensate, otherwise they may suffer the

costs of degraded information networks (Barber, Crooks and Fristrup, 2010).

Urban areas can be around 9 dB louder than rural locations (Hu and Cardoso, 2010; Potvin,
Parris and Mulder, 2011) reducing the active space (the maximum distance over which a
conspecific can detect an acoustic signal; Slabbekoorn et al., 2010) over which animals can
communicate (Potvin, Mulder and Parris, 2014). Birds have been extensively studied in the
context of noise impacts on song (Slabbekoorn and den Boer-Visser, 2006; Pohl et al., 2012)
with increases in amplitude (the “Lombard effect”) widely reported. For example, Brumm
and Todt (2002) exposed male nightingales (Luscinia megarhynchos) to experimental white
(broadband) noise at 55-75 dB (in 5 dB intervals). Birds increased song amplitude in all
noise treatments compared to an ambient control. Although only four birds were analysed in

this experiment, a subsequent study on wild nightingales corroborated the results; Brumm
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(2004) reported that male nightingales sang at average levels of 77 and 91 dB (A) on the
quietest and noisiest territories (40 and 64 dB) respectively. Eastern bluebirds (Sialia sialis)
also increased the amplitude of their songs in high levels of ambient noise (Kight and
Swaddle, 2015) and great tits increased alarm-call amplitude in traffic-noise playback
(Templeton, Zollinger and Brumm, 2016). Although these changes appear to be simple
adaptations to counteract a reduction in active space, less visible impacts such as
chromosomal changes (Meillére et al., 2015) and associated energy costs of altering vocal

communication may reduce fitness (Read, Jones and Radford, 2014)

Spectral characteristics of noise, such as frequency, can also impact significantly on the
ability to communicate. Masking is one such mechanism by which noise can affect acoustic
communication in animals (Barber, Crooks and Fristrup, 2010; Rosa and Koper, 2018)
increasing the threshold for signal detection or discrimination (Clark et al., 2009). In some
instances, individuals may be able to compensate by altering the frequency of their
vocalisations (Francis, Ortega and Cruz, 2011b). Typically, an upward shift is observed as
urban noise overlaps most with lower frequencies (Hu and Cardoso, 2010; Francis and
Barber, 2013); traffic noise, for instance, is usually around 3 kHz (Radford, Morley and
Jones, 2012). Such frequency shifts have been reported in silvereyes (Zosterops lateralis)
(Potvin, Mulder and Parris, 2014), great tits (Slabbekoorn and den Boer-Visser, 2006) and
white-crowned sparrows (Zonotrichia leucophrys nuttalli) (Luther and Derryberry, 2012). By
recording vocalisations of 12 different bird species at urban and non-urban sites, Hu and
Cardoso (2010) found that the average minimum frequency was higher for all species in the
urban populations. Similarly, eight of nine tropical passerines studied by Tolentino, Baesse
and Melo (2018) showed an increase in dominant frequency of vocalisations in forest
fragments closer to urban sites. Although this fits with other studies, it also highlights the fact
that not all species respond in the same way. A Principal Component Analysis revealed that
male eastern bluebirds increased song frequency in high ambient noise levels. Since low-
pitched calls may be an indicator of larger body size (or maturity; Nemeth et al., 2012) and
thus an attractive signal for females (Laiolo, 2010), considering morphological measures in
such studies is important. Alteration of call characteristics could directly impact reproductive
success (Read, Jones and Radford, 2014; Dutilleux, 2017). At the community level, acoustic
masking may in turn affect diversity and abundance of species in noisy areas (Katti and
Warren, 2004).
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Alteration of vocalisations in response to noise in the marine environment has largely focused
on cetaceans, since long-distance communication is both possible (due to lower attenuation)
and important for many species (Slabbekoorn et al., 2010). Shipping alone has caused a 10—
100 fold increase in ambient noise levels within the 20—200 Hz frequency band, overlapping
with the frequencies used by many baleen whales for communication (Tyack, 2008). North
Atlantic right whales (Eubalaena glacialis) showed a short-term response to increased
background noise (overlapping with their call frequency) by raising their call amplitude
(Parks et al., 2011). Similarly, killer whales (Orcinus orca) increased the amplitude of their
calls by 1 dB for every 1 dB rise in background noise due to shipping (Holt et al., 2009). An
observational study on 37 humpback whales (Megaptera novaeanglia) found that groups
responded to increased wind noise by using more non-vocal behaviours (e.g. ‘surface-
generated’ sounds from breeching and pectoral slaps) and increasing vocal amplitude by 1.5
dB for every 1 dB increase in wind-generated noise. Contrary to predictions, the whales did
not further increase their vocal or non-vocal behaviours in response to passing vessels. The
authors highlight that detection thresholds are unknown for humpback whales and that
changes reported here are short-term responses (Dunlop, 2016). Combining empirical data
with modelling approaches (e.g. Clark et al., 2009) may allow more reliable conclusions to be
formed that can be generalised and applied to numerous species. The functional significance
of acoustic signals and hearing thresholds are unknown for many species, so being able to
make accurate assessments and predictions about the long-term consequences of noise

exposure for populations at risk are vital.

1.3.3.2 Foraging

Anthropogenic noise can affect foraging behaviours in multiple ways. Since foraging is an
essential behaviour in most species, impairment to foraging efficiency or success can
ultimately impact fitness (Francis and Barber, 2013; Luo, Siemers and Koselj, 2015). Noise
can incur direct impacts such as reducing food detection or indirectly through re-allocation of
effort (time and energy) for vigilance or other anti-predator behaviours (Francis and Barber,
2013).

In the past decade, several laboratory studies have strived to assess how anthropogenic noise
impacts foraging behaviours. Using a simple choice experiment, Schaub, Ostwald and

Siemers (2008) showed that greater mouse-eared bats (Myotis myotis) reduced their foraging
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effort in noisy areas compared to quieter locations. In a later study, playback of computer-
generated ‘traffic’ noise (corresponding to noise levels 7.5 m from a highway) reduced
successful prey capture by nearly 50% and search time increased fivefold compared to a
silent control (Siemers and Schaub, 2011). Even in a lower level of noise relating to a
distance of 50 m from a highway, search time was significantly greater (150%) than the
control (Siemers and Schaub, 2011). The authors suggested masking as the likely mechanism,
although only seven bats were tested. Daubenton’s bats (Myotis daubentonii) also showed a
decline in foraging success when exposed to traffic-noise playback with overlapping or non-
overlapping spectral elements (Luo, Siemers and Koselj, 2015).

Field studies on various taxa have supported some of these earlier findings, namely that
anthropogenic noise disturbs foraging behaviour. For example, great tits increased vigilance
at the expense of lost foraging time during periods of passing aircraft, almost doubling their
level of vigilance during peak noise levels (Klett-Mingo, Pavon and Gil, 2016). There are
fewer marine studies focused on foraging compared to other behavioural aspects of marine
organisms. However, using acoustic data from remote tags on nine humpback whales, Blair et
al. (2016) investigated the impact of ship noise on sub-surface foraging behaviours. As the
level of ship noise increased, whales showed slower descent rates (by 14.5%) and fewer
bottom-feeding side-roll behaviours, typical of humpbacks in the study area. This suggests a
disturbance effect of noise leading to a possible decrease in foraging efficiency, although
compensatory behaviours were not observable. It does, however, demonstrate that we should
consider temporal variation in animal behaviours and noise exposure as impacts could

substantially differ.

1.3.3.3 Anti-predator behaviours

Predation is a strong evolutionary force and anti-predator behaviours are therefore
commonplace in the natural world. Anti-predator behaviour can be defined as any proactive
or reactive action performed in response to a predation risk (Gaynor et al., 2019). Typical
responses to immediate threats include fleeing to safety and vigilance — appropriate responses
to avoid attack and assess level of risk, respectively (Lima and Dill, 1990). Vigilance may
precede flight behaviour. Anthropogenic noise can elicit responses analogous to the presence

of a predator; for example, Daubenton’s bats will avoid noise (Luo, Siemers and Koselj,
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2015). Despite this, empirical research isolating the effects of anthropogenic noise on anti-
predator behaviours is scarce (Templeton, Zollinger and Brumm, 2016).

Detection of alarm calls, conspecific or heterospecific, plays an important role in initiating
anti-predator behaviours, such as a fleeing or heightened vigilance response (Francis and
Barber, 2013). Alarm calls may encode information relating to the urgency or type of threat
(Ficken, 1990); for instance, predator-specific calls in dwarf mongooses (Helogale parvula)
(Collier et al., 2017) and Mexican chickadees (Parus sclateri) (Ficken, 1990). Therefore,
detection and discrimination of these calls can directly affect likelihood of survival.
Alternatively, information regarding predation risks can be attained from sympatric species
that may share similar predators, by eavesdropping on heterospecific alarm calls (e.g. Sharpe,
Joustra and Cherry, 2010; Huang, Sieving and Mary, 2012). For instance, the bright green
Madagascan giant gecko (Phelsuma kochi) darkens in colour in response to alarm calls of the
sympatric paradise flycatcher (Terpsiphone mutata). The authors suggest this is likely an
adaptive, short-term anti-predator response; darker colouration may reduce conspicuousness,

although this may partially be stress-induced (Ito, Ikeuchi and Mori, 2014).

There are two main ways in which noise can impact on survival via anti-predator behaviour:
by eliciting unnecessary anti-predator behaviours (due to a perceived increased risk), thus
increasing energetic costs; or by reducing responsiveness to real threats. For instance, noise
delays startle responses to predators (e.g. Simpson, Purser and Radford, 2015; Petrelli et al.,
2017). Since alarm calls act as an early warning system, a lack of response may increase the
likelihood of attack by a predator and thus directly impact on survival (Zhou, Radford and
Magrath, 2019). Wild great tits failed to respond to conspecific alarm calls in traffic noise
(Templeton, Zollinger and Brumm, 2016) and wild dwarf mongooses were less likely to flee
in response to tree squirrel alarm calls during traffic-noise playback than a control treatment
(Morris-Drake et al., 2017). A field study demonstrated a lack of response in northern
cardinals (Cardinalis cardinalis) to playback of tufted titmice (Baeolophus bicolor) alarm
calls in noisy areas (Grade and Sieving, 2016). Disruption of these information networks
could therefore potentially impact the wider community, and research should not focus on

one species but interspecific interactions.
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1.3.3.3.1 Risk-perception

Appropriate anti-predator behaviour depends on accurate risk assessment. The ‘risk-
allocation hypothesis’ (Lima and Bednekoff, 1999a) posits that the optimal allocation of
effort in anti-predator behaviours should relate to the perceived level of risk, as well as the
frequency and duration of the threat; individuals should allocate more time to anti-predator
behaviours in frequent and prolonged high-risk situations. However, beyond a threshold,
investment in anti-predator behaviours diminishes to reduce excessive energy loss (Sirot,
2010).

Noise can influence an individual’s ability to assess and respond to risks appropriately. Noise
may affect anti-predator behaviours through being perceived as a direct threat, analogous to a
predator (Shannon, McKenna, et al., 2016). This is explained by the ‘increased threat
hypothesis’ (Owens, Stec and O’Hatnick, 2012) which builds on the ‘risk-disturbance
hypothesis’ (Frid and Dill, 2002); both state that anthropogenic noise can result in increased
reactive anti-predator behaviours. Support for these hypotheses come from field and
laboratory-based studies. For example, black-tailed prairie dogs (Cynomys ludovicianus)
showed heightened vigilance and flee responses at greater distances to human observers
during playback of road noise compared to a no-noise control; this indicates increased
sensitisation rather than habituation (Shannon et al., 2016). However, it would be interesting
to see if varying the frequency with which prairie dogs are exposed to noise or human

observers alters the results.

An alternative theory states that anthropogenic noise can distract individuals, causing
attention shifts away from behaviours such as foraging. The ‘distracted prey hypothesis’
(Chan et al., 2010) suggests that a noise stimulus can prevent or delay appropriate responses
to approaching threats. European eels (Anguilla anguilla) suffered increased risk of predation
as a result of distraction by playback of ship noise (Simpson, Purser and Radford, 2015). A
study by Chan et al. (2010) revealed that hermit crabs (Coenobita clypeatus) delayed their
response to a simulated predator approach (human or ‘looming object’) in boat-motor
playback compared to silent controls. Furthermore, the flight initiation distance (the distance
at which the crab seeks shelter in its shell) significantly decreased and to a greater magnitude
with the addition of flashing lights to the noise stimulus. A set of experiments by Simpson et

al. (2016) provides simultaneous support for this hypothesis as well as evidence that
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responses can affect predator—prey dynamics, by favouring one or the other. Passing
motorboats significantly reduced the likelihood of a startle response in Ambon damselfish
(Pomacentrus amboinensis) to a simulated predator, and the responses were 22% slower,
allowing the ‘predator’ to get much closer. Dusky dottybacks (Pseudochromis fuscus) made
more successful prey captures in boat-noise playback compared to ambient-sound controls.
Complementary laboratory-based and open-water experiments showed that significantly more
damselfish were depredated during playback of boat noise and passing motorboats

respectively, compared to control treatments in each case (Simpson et al., 2016).

Far from just visual assessment of predation risk, cues from other modalities may indicate
presence of predators (Lima and Dill, 1990). Noise has been shown to affect assessment of
olfactory cues too; in wild dwarf mongooses, for instance, detection and interaction with
predator faeces were lessened by playback of traffic noise. Furthermore, vigilance was lower
in noise than expected following detection of a predator cue, potentially increasing likelihood
of a predator attack (Morris-Drake, Kern and Radford, 2016). Shifts to a different sensory

modality may compensate for interference by noise (Partan, 2017).

1.3.3.3.2 Foraging-vigilance trade-offs

Time and energy are finite; individuals must invest in essential behaviours appropriately.
Foraging and vigilance are both time-consuming and are often mutually exclusive, resulting
in a key behavioural trade-off (Lima and Bednekoff, 1999a). For example, wild elk (Cervus
elaphus) significantly increased vigilance when wolves (Canis lupus) were in the vicinity
(Creel et al., 2008). This trade-off applies to the majority of species, including predators (e.g.
Pangle and Holekamp, 2010). As noise can affect risk-perception, either as a threat or by
distracting attention, this puts greater pressure on an individual exposed to noise to allocate
resources optimally. An increased predation risk requires greater effort be put toward anti-
predator behaviours. However, social circumstances such as group size and interspecific
information-gathering also influence investment in vigilance (Lima and Bednekoff, 1999b;
Sharpe, Joustra and Cherry, 2010; Owens, Stec and O’Hatnick, 2012). Additionally, a
common assumption of many studies is that an animal with its head down has near-zero
ability to detect predators (Rasa, 1989; Fortin et al., 2004). However, partial (if obscured)
views or cross-modal cues will likely play a role in an individual’s foraging—vigilance trade-

off, especially in species with laterally placed eyes and thus wide fields of vision (Lima and
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Bednekoff, 1999b). Furthermore, animals often do not receive perfect information, so how an

animal optimises this trade-off will vary between contexts.

Although laboratory studies can be restrictive in the ecological relevance of their conclusions,
they allow isolation of the effects of noise on foraging—vigilance trade-offs. Ship-noise
playback disrupted foraging in shore crabs (Carcinus maenas) and increased time taken for
crabs to reach shelter (Wale, Simpson and Radford, 2013). Using a simple choice experiment
with two noise treatments (at 70 dB and 50 dB SPLA), Evans, Dall and Kight (2018) found
that zebra finches (Taeniopygia guttata) allocated more time to vigilance than foraging when
under the noisier condition. In a subsequent trial vigilance was unchanged, but time spent
foraging was greater. This suggests some compensatory behaviour under repeated exposure

to noise.

A number of studies have employed naturally occurring anthropogenic noise or experimental
noise to investigate effects on this trade-off. At sites with noisy wind turbines, California
ground squirrels (Spermophilus beecheyi) showed increased alertness, despite a lower
predator abundance, compared to control sites (Rabin, Coss and Owings, 2006). Wild-caught
chaffinches (Fringilla coelebs) foraging in white-noise treatments increased their vigilance
by increasing the number (but not the duration) of head-up scans, with a consequential
decrease in food intake (Quinn et al., 2006). If compensation for lost foraging time cannot be
achieved, energy losses may threaten survival. However, further empirical work on wild
populations would help substantiate these findings and investigate whether individuals alter
food choice or handling, as well as noise-induced changes in predator behaviours which may
offset the negative impacts on prey species, via ‘predator-release’ (Rytwinski and Fahrig,
2013). Additionally, there is little work on the long-term impacts of these responses; whether
and how animals compensate is vital to understanding how anthropogenic noise impacts on

populations.

1.4 Variation in noise: Impacts

Anthropogenic noise has high spatial and temporal variation (Dooling and Popper, 2016a).
As discussed above, the impacts of spectral and amplitude differences have been fairly

widely researched in relation to behavioural parameters and several studies looking at
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temporal variation have focused on physiological measures (e.g. Wysocki, Dittami and
Ladich, 2006; Nichols, Anderson and Sirovi¢, 2015) or physical damage (e.g. Kastelein et al.,
2014, 2015). But to my knowledge, few empirical studies have investigated the effects of

temporal characteristics on foraging or vigilance behaviours specifically.

Some studies have used noise from different sources to examine the effects of temporal
variation, despite the inherent variability in numerous aspects and thus not just temporal
structure. Blickley, Blackwood and Patricelli (2012) used playback of recorded road noise
and gas-drilling as exemplars of short-term and chronic noise. Abundance of male greater
sage grouse (Centrocercus urophasianus) at leks was nearly three-quarters lower at road-
noise sites and nearly one-third lower at drilling noise sites compared to paired controls, but
this cannot be wholly attributed to temporal variation. Additionally, female abundance was
reportedly highly variable and is certain to influence male behaviour, yet this was not
implicated in the conclusions. Age and physical condition are likely to impact on such
behaviours (Blickley, Blackwood and Patricelli, 2012; Purser et al., 2016) and must be
considered in studies aiming to investigate impacts of noise variation. The presence of roads
in the study area may have contributed to the observed differences, as birds may associate

these with a direct threat and therefore learnt to avoid road noise.

Neo et al. (2014) exposed European seabass (Dicentrarchus labrax) to artificially generated
intermittent and continuous noise at different amplitudes. Groups became more cohesive and
swimming depth increased during noise exposure, compared to baseline measures. Initial
startle responses (sudden changes in swimming speed and direction) were similar in both
noise types. However, the recovery rate from this change in depth during exposure was
significantly longer following intermittent noise compared to continuous noise. Behavioural
and physiological baseline changes may occur in relation to time of day; diurnal seabass
swim significantly slower and nearer the surface at night (Neo et al., 2018). When exposed to
artificial noise, increases from baseline swimming speed and depth were more significant at
night (Neo et al., 2018). This highlights how understanding the behavioural patterns of a
species, even on a local scale, has an important influence on our assessment of the magnitude

and long-term impacts of noise exposure.
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Beyond the obvious variations in noise itself, differences in the time intervals between
periods of noise exposure can have more lasting effects. Masini, Day and Campeau (2008)
demonstrated how longer or shorter intervals between periods of noise exposure (spaced vs
massed) had differing effects on long-term habituation in laboratory rats. Rats receiving noise
with either massed or spaced intervals showed stress hormone levels comparable to no-noise
controls after six exposure periods. However, on noise re-exposure 48 hours after the six
days, rats in the massed noise treatment had CORT levels comparable to individuals
receiving noise treatment for the first time, whilst rats from the spaced group retained lower
levels suggesting longer-term habituation. This study shows that aside from noise type or
total duration of exposure, the duration of no-noise intervals can have significant impacts on

physiological measures, with potentially negative implications for long-term fitness.

Although laboratory studies allow isolation of noise effects on physiological measures, a
contained environment limits the full range of behavioural responses (Popper and Hastings,
2009). Empirical field studies using consistent methods with wild animals and ecologically
relevant noise sources are needed to investigate key behaviours affected by noise varying in
temporal characteristics. Quiet intervals between periods of noise exposure is also important

to consider in terms of immediate responses and recovery rates (see Finneran, 2015).

1.5 Dwarf mongooses

1.5.1 Study species

The dwarf mongoose is a social carnivore, the smallest species in the family Herpestidae
(250-350 g; Rood, 1986, 1987). Widespread across sub-Saharan Africa, these mammals
inhabit open woodland and savannah habitats from north-east South Africa to Ethiopia
(Sharpe, Kern and Linh San, 2015).

Dwarf mongooses live in stable, mixed-sex groups numbering up to 30 individuals (mean
group size = 9; Rood, 1990; Creel and Waser, 1994) consisting of a dominant breeding pair,
subordinate helpers and pups (Rasa, 1977; Schneider and Kappeler, 2014). Home ranges
incorporate numerous refuges — often termite mounds, which are used as den sites —and
overlap with neighbouring groups, especially where population density may be high

(Hiscocks and Perrin, 1991; Schneider and Kappeler, 2014). Population densities are likely
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influenced by habitat quality, including availability of food and refuges, and predation
pressures; Rood (1987) noted densities of up to 31 individuals/km? at the onset of the
breeding season. Groups show cooperative defence of their territories by regular scent-
marking using cheek and anal glands (Rasa, 1977). Physical intergroup interactions may be
observed at latrine sites (often at territory boundaries) and shared den sites (Rasa, 1987;
Schneider and Kappeler, 2014; Christensen et al., 2016; Richens, pers. obs).

Dwarf mongooses have a linear dominance hierarchy, with dominant individuals generally
being the oldest group members (Creel and Waser, 1994; Creel et al., 1995). Mongooses
reach sexual maturity at a year old, although reproduction is monopolised by the dominant
pair (Rood, 1987; Schneider and Kappeler, 2014). During the more favourable conditions of
the wet season between November and May, dominant females can give birth to up to three
litters of between one and six pups (Rood, 1990; Creel et al., 1995). Aggressive interactions,
normally initiated by dominants and directed at subordinates, determines dominance status
and reinforce reproductive suppression of subordinates (Creel et al., 1992). Although
subordinate males are physiologically capable of reproducing, greater aggression shown by
the dominant male during mating periods restricts mating opportunities for subordinate males
(Creel et al., 1992).

Subordinate adults assist in cooperative care of the young to gain inclusive fitness (Creel and
Waser, 1994; Creel et al., 1995) and due to high costs of dispersing or breeding alone
(Jennions and Macdonald, 1993; Creel and Waser, 1994). ‘Babysitting’ of pups, whereby
adults remain at the den with young pups, is one such helping behaviour to which subordinate
adults contribute the most (Rasa, 1977; Creel and Waser, 1994). Pups will remain in the
safety of den sites for their first weeks, so while the rest of the group are elsewhere foraging,
babysitters of both sexes will stay to protect and provision the pups (Rasa, 1977, 1987; Waser
et al. 1995). In larger groups, subordinate females may allolactate, reducing energetic costs
for the dominant female (Rood, 1990). During this period, the group will more frequently
move den site with the pups being carried in the mouths of the adults (Rasa, 1987; Richens,

pers. 0bs.).

Due to their small size and diurnal behaviour, dwarf mongooses are vulnerable to a range of
terrestrial and aerial predators (Rood, 1987; Waser et al. 1995; Veron et al., 2004). These

28



include: banded mongooses (Mungos mungo), black-backed jackals (Canis mesomelas),
martial eagles (Polemaetus bellicosus), tawny eagles (Aquila rapax), snake eagles (Circaetus
pectoralis,), puff adders (Bitis arietans), Mozambique spitting cobras (Naja mossambic)
(Rood, 1990) and servals (Felis serval) (Richens, pers. obs). Whilst foraging for insects or
small vertebrates, groups can cover over 1 km in a day (Rasa, 1989), though this may be an
underestimate particularly during dry winter months when prey is more scattered. Group
cohesion is maintained with short ‘contact’ calls between neighbouring foragers and longer,
higher-pitched ‘lost’ calls given by individuals that have become separated from the group
(Rasa, 1986, 1989; Sharpe, Hill and Cherry, 2013).

Since foraging and vigilance are mutually exclusive activities, sentinel duty is an important
anti-predator measure for dwarf mongooses (Rasa, 1986). A sentinel is defined as an
individual who adopts a vigilant attitude on a raised post; termite mounds and trees make
useful lookout posts (Rasa, 1989; Hoffmann, Roberts and Kern, 2014; Richens, pers. obs.).
Subordinate males tend to perform the majority of sentinel behaviour (Rasa, 1977, 1987,
1989). Whilst on duty, the sentinel often gives a ‘Watchman’s song’, which informs other
group members of their position, dominance status and imminent dangers (Kern and Radford,
2013). On detection of a threat, sentinels emit specific alarm calls alerting foragers to
terrestrial or aerial predators (Collier et al., 2017; Kern, Laker and Radford, 2017). As group
size increases, the likelihood of there being a sentinel present also increases, and typical bout
duration decreases, optimising foraging—vigilance trade-offs (Rasa, 1986, 1987). However,
the dominance status of the sentinel also affects this trade-off, with foragers showing lower
levels of vigilance in the presence of dominant sentinels compared to subordinates or
juveniles (Kern, Sumner and Radford, 2016). Additionally, vegetation density, risk-
perception and group activity influence the likelihood and duration of sentinel bouts, as well
as individual satiation level and presence of existing sentinels (Rasa, 1983; Kern and
Radford, 2014).

1.5.2 Study site

This study was conducted on Sorabi Rock Lodge reserve, a 4 km? private game reserve in
South Africa’s Limpopo Province (24° 11°S, 30° 46°E), 388-514 m above sea level. The
climate is characterised by two distinct seasons: cool, dry winters (May—August) and hot, wet

summers (September—April). The majority of annual rainfall (mean 467 mm; Sept 1998 —
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May 2012) typically falls within the summer months. Average daily temperatures can reach a
maximum of 34.6°C in the hottest month (Feb) and 25.7°C in the coolest month (July) (Kern,
2012; Kern and Radford, 2013).

As part of the Savannah biome, the land is predominantly lowveld and grassland, although
Sorabi’s history of cattle grazing is evident from the current floral community, consisting of
rapid colonisers. The most common tree species on the reserve include marula (Sclerocarya
birrea), red bush willow (Combretum apiculatum), velvet corkwood (Commiphora mollis)
and several acacias: blue thorn (Acacia erubescens), knob thorn (Acacia nigrescens) and
flaky thorn (Acacia exuvialis). Several large specimens of rock fig (Ficus abutilifolia) and
fever tree (Vachellia xanthophloea) are also present. True grassland is scarce on the reserve
but Aristida and Eragrostis species are common. Shrub species include Abutilon angulatum,

Heliotropium steudner and Ocimum canum.

The reserve is home to a range of fauna, largely dominated by grazers. Ungulates included
impala (Aepyceros melampus), giraffe (Giraffa camelopardalis), blue wildebeest
(Connochaetes taurinus), waterbuck (Kobus ellipsiprymnus), bushbuck (Tragelaphus
scriptus), zebra (Equus burchellii), greater kudu (Tragelaphus strepsiceros), common duiker
(Sylvicapra grimmia), klipspringer (Oreotragus oreotragus) and warthog (Phacochoerus
africanus). Chacma baboons (Papio ursinus), vervet monkeys (Chlorocebus pygerythrus),
cape porcupines (Hystrix africaeaustralis) and banded mongooses are also present.
Numerous species represent potential predators to dwarf mongooses, including black-backed
jackals, African civets (Civettictis civetta), honey badgers (Mellivora capensis), servals,
caracals (Caracal caracal) and slender mongooses (Galerella sanguinea). Reptilians
encountered were rock monitors (Varanus exanthematicus), Mozambique spitting cobras,
puff adders and black mambas (Dendroaspis polylepis). Raptors common to the area include
African fish-eagles (Haliaeetus vocifer), brown snake-eagles (Circaetus cinereus), African
hawk-eagles (Hieraaetus spilogaster), tawny eagles and dark-chanting goshawks (Melierax

metabates).
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1.5.3 Study population

Since the Dwarf Mongoose Research Project was founded in 2011, this study population has
been under near-continual observation, and as such the age, sex and life-history of most of
the mongooses is known. During this study period from January to July 2018, the population
consisted of 96 individuals across seven groups, ranging from 8 to 21 per group (mean + SE:
13.7 £ 1.6). The number of adults in each group ranged from 5 to 13; the proportion of pups
within each group ranged from 0.25 to 0.54. Each group had two litters born in November
and January. Pups were classified as individuals less than 6 months old and adults were at
least one year. One group was only recently habituated (October 2017) so individuals were
not used for the focal-forager experiment; the group as a whole was included in the burrow

experiment.

All groups were habituated to human presence and followed on foot for at least two full
consecutive days (dawn to dusk) with a maximum of 12 days without human presence. It was
possible to observe individuals in close proximity (<5 m) without disturbance. Individuals
were identifiable by natural distinguishable features (e.g. stumpy tails, facial scars) or by
blonde hair-dye (Wella UK Ltd, Weybridge, Surrey, U.K) marks applied to their pelt. This
study was conducted under permission from the Department of Environmental Affairs and
Tourism, Limpopo Province (permit number: 001-CPM403-00013) and the Ethical Review
Group, University of Bristol (University Investigator Number: UB11/038).

1.6 Thesis aims

Our current knowledge of how anthropogenic noise affects vigilance behaviours, particularly
in terrestrial mammals, is relatively poor. Field-based playback experiments investigating
anthropogenic noise only accounted for 15% of over two decades of literature reviewed by
Shannon et al. (2016). This study therefore aims to contribute toward this paucity of research
and provide a replicable methodology for further studies. Dwarf mongooses, as small-bodied
carnivores, have numerous direct and indirect interactions with a range of other species;
understanding how noise effects this species provides a small step towards broadening our

knowledge of the anthropogenic impacts on wildlife and ecosystems.
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This study is an attempt to explore the effects of temporal variation in noise from the same
source, specifically continuous and intermittent traffic noise. The wild, habituated study
population provides a fantastic opportunity to study behavioural responses in detail within a
natural setting. | first use a playback experiment to investigate whether continuous and
intermittent traffic noise affect the foraging and vigilance behaviour of wild dwarf
mongooses differently and in comparison to ambient-sound controls. | then use a second
experiment to determine if traffic-noise playback had further effects on the group at the
sleeping burrow, normally a place of safety. If responses to intermittent and continuous
traffic noise differ substantially, this could alter our understanding of the ultimate effects of

anthropogenic noise on non-human species.
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Chapter 2: Effects of experimental traffic noise on

individual and group behaviours of wild dwarf mongooses

(Helogale parvula)
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2.1 Abstract

Escalating urbanisation and globalisation of our planet is placing increasing pressure on
nature. Anthropogenic noise, an increasingly widespread pollutant, is becoming a key
concern. Extraneous noise is known to have detrimental effects on human health and
although there is growing recognition of the impacts of noise on wildlife, research has largely
focused on acoustic communication with field-based studies comprising only a minor
proportion. Here, | address some shortfalls in the current literature by way of field-based
experimental playbacks to investigate whether variation in temporal characteristics of noise
differentially affects foraging—vigilance trade-offs in wild dwarf mongooses (Helogale
parvula). | show that during playback of either intermittent or continuous traffic-noise,
foragers show increased vigilance (headscans and sentinel behaviour) compared to an
ambient-sound control. There was no difference in vigilance levels between intermittent or
continuous traffic-noise. However, sentinel bout frequency increased following playback of
continuous traffic noise but decreased after playback of intermittent noise. These responses
could be due to differences in overall noise exposure, with continuous noise presenting a
greater stimulus or ‘threat.” If noise is analogous to a predation threat, greater investment in
vigilance may be adaptive as individuals assess their surroundings for danger. However, if
noise persists, or if noise distracts individuals from real threats, survival could be
compromised. Additionally, playback of traffic noise at sleeping burrows significantly
delayed group emergence and departure. In this context, entire groups may suffer lost
foraging time with associated declines in individual fitness. Grooming rates were also
influenced by noise, with greater frequency but not duration observed in traffic noise. Further
research would benefit from using several behavioural measures and conducting longer-term
studies to investigate changes in responses over time and to assess where individuals may be

able to compensate for costs incurred by noise exposure.
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2.2 Introduction

Unprecedented growth in the human population has led to increased pressure on the natural
world. The direct consequences of some of our activities, such as deforestation and the spread
of transportation networks, may be readily evident, but associated pollutants are also a
growing concern. Anthropogenic noise is an evolutionarily novel and widespread pollutant
(WHO Regional Office for Europe, 2011) originating from various sources including
industrial energy extraction, military and recreational activities (Shannon, McKenna, et al.,
2016). Global transportation networks are the most common source of anthropogenic noise,
with traffic and shipping contributing to a substantial increase in ambient noise levels (Tyack,
2008; Barber, Crooks and Fristrup, 2010). Anthropogenic noise is known to affect human
health adversely (Passchier-Vermeer and Passchier, 2000; Hammer, Swinburn. and Neitzel.,
2014; Eriksson, Pershagen and Nilsson, 2018), but the impacts on non-human species have
only recently received detailed study (for reviews, see Williams et al., 2015; Shannon,
McKenna, et al., 2016; Dutilleux, 2017).

The impacts of anthropogenic noise on wildlife can be complex and long-lasting. At a
community-level, changes to species diversity and abundance have been documented in field
studies using either naturally occurring (Francis, Ortega and Cruz, 2009, 2011a) or
broadcasted (McClure et al., 2013; Ware et al., 2015) noise. More broadly, urban
homogenisation of avian communities has been reported in urban areas (Clergeau et al.,
2006), although noise pervades even our most ‘wild” areas (Buxton et al., 2017). Absence of
evidence is not evidence of absence; although some organisms may not overtly avoid noisy
areas (in some instances even show a positive response; Francis et al., 2012), this may be due
to limitations on movement (e.g. due to discrete territories or food resources) (Wright et al.,
2007). Individuals that remain may suffer physical damage or shifts in hearing thresholds,
masking of acoustic cues and signals, and/or changes in physiology or behaviour (Barber,
Crooks and Fristrup, 2010; Shannon, McKenna, et al., 2016). Physical damage may be most
likely to occur in close proximity to high-intensity noises, whilst communication and
behaviour can be affected at far greater distances from the noise source (see Fig. 4 in Dooling
and Popper, 2016a), although these effects are not mutually exclusive. Ultimately, there can

be consequences for fitness (Read, Jones and Radford, 2014; Simpson et al., 2016).
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Anti-predator behaviours play a vital role in survival for a variety of species (Blumstein,
2006; Caro, 2005) and anthropogenic noise has been shown to have a negative impact on
these behaviours in several ways. Individuals may respond to immediate threats by increasing
their vigilance (and thus improving their ability to assess risk) or fleeing (Shannon, Crooks, et
al., 2016). Such behaviours are adaptive and are often provoked by alarm calls from
conspecifics or heterospecifics (Hollén and Radford, 2009; Magrath et al., 2015), which can
be masked by extraneous noise resulting in a deterioration in detection and discrimination
(Zhou, Radford and Magrath, 2019). For example, wild great tits (Parus major) failed to
respond to conspecific alarm calls in traffic-noise playback (Templeton, Zollinger and
Brumm, 2016), and dwarf mongooses (Helogale parvula) were less likely to flee in response
to tree squirrel (Paraxerus cepapi) alarm calls during traffic-noise playback (Morris-Drake et
al., 2017). Additionally, vigilance and flee responses can be directly affected by
anthropogenic noise, which may be perceived as a threat in itself (‘increased threat
hypothesis’; Owens, Stec and O’Hatnick, 2012) and result in responses analogous to a
predation threat (Shannon, Crooks, et al., 2016). Exhibiting costly behaviours when no real
threat is present could have negative impacts on individual fitness if foraging opportunities
are lost and compensatory behaviour is not possible. Alternatively, some studies support the
‘distracted prey hypothesis’ (Chan et al., 2010), which suggests that acoustic stimuli may act
as a distractor causing a lack of or delayed response as individuals may be unable to detect a
threat. For example, in open-water experiments, Ambon damselfish (Pomacentrus
amboinensis) showed a delayed response toward both simulated and real predators when
exposed to boat noise, resulting ultimately in increased mortality by predation (Simpson et
al., 2016).

Although noise is often highly variable, particularly in spatial and temporal aspects (Dooling
and Popper, 2016a), there is a relative paucity of empirical research which considers this
when assessing the impacts on animal behaviour. Several studies, focusing on physiological
changes, have utilised the inherent temporal variation in different noise sources (e.g.
Wysocki, Dittami and Ladich, 2006; Radford et al., 2016) although these will also vary in
other characteristics (Clark et al., 2009) such as rise time (Dooling and Popper, 2016a). Non-
continuous noises had greater negative effects than continuous noise sources on the
abundance of greater sage grouse (Centrocercus urophasianus) at leks (Blickley, Blackwood

and Patricelli, 2012) and on stress (Radford et al., 2016) and anti-predator behaviours (Spiga,
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Aldred and Caldwell, 2017) in European seabass (Dicentrarchus labrax). A study on wild
house wrens (Troglodytes aedon) found that traffic noise caused heightened levels of
corticosterone in both rural and urban birds, whilst a ‘pink’ noise control did not; the authors
suggested that the variability of traffic noise may have contributed to these findings (Davies,
Haddad and Ouyang, 2017). It can be inferred from these studies that variation in the
characteristics of noise can result in substantial variation in responses. However, responses
may also differ in relation to natural patterns of behaviour over time in some species; through
experiments with seabass, Neo et al. (2014, 2018) found that swimming behaviour during
noise exposure was more pronounced at night. Additionally, investigating possible recovery
in quiet intervals between periods of noise exposure (e.g. Masini, Day and Campeau, 2008)
could prove important with regard to improving our understanding of the long-term effects on

behaviour.

Here, we used experimental playbacks to investigate the effect of temporal variants of traffic
noise on vigilance behaviours in dwarf mongooses, and also to consider how traffic noise
affects group behaviours. Dwarf mongooses are small, diurnally active carnivores and live in
groups ranging from 5 to 30 individuals (Rasa, 1977; Kern and Radford, 2014). As they are
vulnerable to a range of predators, vigilance — both whilst foraging and as sentinels (raised
guards) — is crucial but must be traded-off against foraging; effort invested in behaviours
which directly impact fitness must be allocated optimally. Anthropogenic noise has been
shown to increase vigilance behaviour in foraging mongooses (Kern and Radford, 2016),
even influence detection of secondary predator cues (Morris-Drake, Kern and Radford,
2016). A habituated wild population was used for this study, allowing experimental
manipulation and close observations (<5 m on foot) of wild individuals without disrupting

natural behaviours.

Specifically, the experiments described here involved playback of traffic noise recorded from
the busy tar road (R530) which borders the reserve inhabited by the study population. Traffic
noise was either intermittent or continuous (corresponding to the frequency of passing
vehicles) and the aim of this study was to examine if this temporal variation results in
different responses. Playback was conducted to focal foragers and a subsequent experiment
carried out at the sleeping burrow aimed to explore if exposure to traffic noise had effects on

group behaviours. It was predicted that foragers would increase their vigilance and sentinel
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activity in traffic noise compared to an ambient control and may show greater vigilance
during intermittent noise compared to continuous noise. This latter prediction is based on the
‘increased threat hypothesis’ (Owens, Stec and O’Hatnick, 2012) and the findings of the few
empirical studies which have explored this type of variation in noise exposure. Regarding
traffic noise at the burrow, it was predicted that this might result in a delayed emergence and
departure time, and/or increased vigilance if additional noise is perceived as a threatening

stimulus.

2.3 Methods
2.3.1 Study site and population

The study was conducted at Sorabi Rock Lodge, a 4 km? private game reserve situated in
Limpopo Province, South Africa (24° 11°S, 30° 46’E). As part of the Savanna biome, this
area is characterised by relatively low annual rainfall (mean 467 mm, Sept 1998 — May
2012), most of which falls in the summer months from October to March (Kern and Radford,
2013), allowing grasses and shrubs to dominate this region. For full details of the study site,
see Kern and Radford (2013).

Since 2011, the Dwarf Mongoose Research Project (DMRP) at Sorabi has collected
behavioural and life-history data on the wild population of dwarf mongooses, which are
habituated to close human presence (<5 m on foot) (Kern and Radford 2003, 2004). All data
for this study were collected between March and July 2018 and included a single pupping
season. As pups are confined to a burrow with ‘babysitters’ while the rest of the group may
be away foraging, experiments were only carried out once the pups were consistently
involved in the group’s daily foraging. Six habituated mongoose groups (mean group size =
13.7; range = 8-21) were used for the focal-forager experiment, and a seventh group was
included for the burrow experiment. Individuals were identifiable by blonde dye markings
applied to their pelt or distinguished by natural features or scars (e.g. a missing ear or
foreleg). Groups had discrete territories which were mapped using handheld GPS devices
(Garmin Etrex H GPS; Garmin Europe Ltd., Southampton, Hampshire, UK) and MapSource
(software version 6.16.3, Garmin Ltd), and their burrows were identifiable by distinct

physical features and GPS waypoints. Adults were classed as individuals older than one year
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of age, and pups were those younger than six months old. Groups contained a ‘dominant’

breeding pair and ‘subordinate’ adult helpers of both sexes.

2.3.2 Acoustic recordings and composition of playback tracks

Ambient sound was recorded from the core of each group’s territory using a Marantz solid-
state recorder (PMD661 MKII, Marantz America, Mahwah, NJ, USA; DC 5V 1.4A) with a
Sennheiser MEG6 shotgun microphone (Sennheiser UK, High Wycombe, Buckinghamshire,
UK). The microphone was directed away from the R530 road and positioned at a height of 10
cm to imitate mongoose head height (as in Morris-Drake et al., 2017). This set-up was then
left to record at least 50 m away from any human or mongoose activity, at a similar time of
day (around noon) for all groups and during calm weather conditions. Peak amplitude of
ambient sound was recorded using a HandyMAN TEK1345 Mini Sound Level Meter (Metrel
UK Ltd., Normanton, West Yorkshire, UK). These ambient-sound recordings were then
edited in Audacity (v 2.2.1, GNU GENERAL PUBLIC LICENSE, Boston, USA, 1991); any
conspecific or heterospecific vocalisations — such as alarm calls — and any human or road-
related noises were cut out. A 6-min ambient-sound track for each group was then created,

with an additional 1 min of silence included at the start to allow for baseline observations.

Traffic-noise tracks used for playback experiments were created using recordings made as
part of the study by Kern and Radford (2016). A Sennheiser ME66 microphone was set up
perpendicular from the R530 road and 10 m from the road edge to record passing traffic; the
peak amplitude (65-75 dB SPLA at 10 m) was measured using a HandyMAN TEK1345 Mini
Sound Level Meter (Metrel UK Ltd., Normanton, West Yorkshire, UK). Recordings were
edited in Audacity to create unique tracks. Due to differing group sizes, the number of
individuals tested within each group ranged from two to eight. For this reason, eight unique
tracks for each traffic-noise playback treatment were produced. Within a given treatment,
each track contained equal numbers of each vehicle type, previously classified in Kern and
Radford (2016). For the intermittent-traffic tracks, gaps of 15 s were inserted using the
“generate silence” command in Audacity. Each traffic track was mixed and rendered with the
appropriate ambient-sound recording for each group and made to be 6 min in duration, again

with 1 min of silence added to the start.
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2.3.3 Data collection

2.3.3.1 Playback to foragers

To investigate the effects of different characteristics of traffic noise on individual forager
vigilance, a playback experiment was carried out between March and July 2018. Six groups
were used as the individuals in the seventh group were not habituated sufficiently for this
experiment. Individuals were chosen for focal-forager trials if they were adult and if they
were suitable to follow on foot within 2-5 m. There were some individuals who demonstrated
lower habituation to observer presence and would therefore not have been suitable to achieve
a 6-min playback with post-playback observations at the stated distance. Both dominant and
subordinate individuals were used, including at least one dominant from each group. Similar

numbers of males (N = 16) and females (N = 12) were used.

Each individual received three trials in total: ambient-sound (as a control), intermittent-traffic
and continuous-traffic playback. Each individual received only one playback trial per day, to
minimise potential carry-over effects. Subsequent trials to the same individual were
conducted 1-7 days later, to reduce the possibility that changes in group dynamics (e.g. group
size or dominant pairing) or individual health might affect responses between trials. Trials to
the same individual were conducted at a similar time of day (within 2 h if possible) and in
similar habitat density. Trials to different individuals within the same group were separated
by at least 30 min and treatment order was counterbalanced (to control for the sequence of
playback trials received) so no two individuals trialled on the same day received the same
playback treatment. Playback trials were started once the group had been foraging for at least
30 min under calm conditions and as long as there had been no major intergroup interactions,
latrine events or snake mobs; there also needed to have been no alarm calls (conspecific or
heterospecific) for the preceding 15 min. If an alarm call occurred during a trial or the focal
individual became a sentinel during the pre-playback period, the trial was abandoned and re-

attempted at least 30 min later.

Playback tracks were broadcast via mobile phone (Motorola moto G) through a single SME-
AFS portable field loudspeaker (Saul Mineroff Electronics Inc., New York, USA) held at a
height of 1 m and 3-5 m from the focal forager. Playback was at natural amplitude at a
distance of 5 m (ambient: 46 dB; traffic: 81 dB) tested prior to trials using a HandyMAN
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TEK1345 sound-level meter. The start and end of all headscans and sentinel bouts were
dictated to a digital camera (Powershot SX720 HS, Canon UK Ltd, Reigate, Surrey, UK) for
1 min prior to the start of playback (to obtain a baseline measure of vigilance), during the 6
min of playback and for 2 min post-playback. A headscan was defined as when the foraging
individual stopped foraging and scanned for danger with its head above the horizontal; a
sentinel bout was defined as when the individual adopted a raised position on a substrate such
as a rock or tree (with its feet >10 cm above the ground). For all focal-forager trials, data
were collated on the following responses: i) frequency of headscans; ii) duration of
headscans; iii) frequency of sentinel bouts; iv) duration of sentinel bouts; and v) whether the
individual moved foraging patch (>10 m from their current position and/or crossing an open
patch of ground).

2.3.3.2 Playback at sleeping burrows

To investigate the effects of traffic-noise playback at the group sleeping burrows, trials were
conducted between April and July 2018. Each group (N = 7) received two treatments:
playback of ambient sound or continuous traffic noise first thing in the morning on
consecutive days. The continuous-traffic track played to a group was one which had not been
used previously on any group member for the focal-forager experiment. Treatment order was
counterbalanced, and within each group both trials were received at the same burrow and
under calm weather conditions. In all cases, trials were only conducted at burrows with
visible entry points and clear lines of sight to ensure that emergence times and other

responses could be observed and recorded as accurately as possible.

A SME-AFS portable field loudspeaker was placed 3-5 m from the main burrow entrance
before any mongooses first emerged in the morning. The observer sat approximately 3 m
from the loudspeaker, which was connected to a mobile phone (Motorola Moto G) from
which the mp3 audio track was played. Playback was at natural amplitude at 5 m determined
before each trial using a HandyMAN TEK1345 sound-level meter (ambient: 46 dB; traffic:
81 dB). Once the first individual had fully emerged from the burrow, the playback track was
started and responses were recorded onto a Dictaphone (Sony IC Recorder ICD-PX440, Sony
Corp., Tokyo, Japan) until the last individual departed from the burrow area to start foraging.
For each trial, data on the following behaviours were collected and calculated: i) latency to

re-emerge (if the first individual returned inside the burrow); ii) latency for 50% of the group
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to leave the burrow to start foraging; iii) sentinel bout frequency and iv) duration of time on
sentinel; v) grooming rate; and vi) proportion of time spent grooming at the burrow. The data
for sentinel and grooming behaviours were recorded ad libitum and all times were recorded to
the nearest second using a stopwatch function on a digital watch (Model no. R2383HX9,
SEIKO U.K. Ltd., Maidenhead, Berkshire, U.K).

2.3.4 Data analysis

2.3.4.1 Effects of traffic-noise playback on foragers

The duration (in seconds) of headscans and sentinel bouts in the 1-min pre-playback period,
the first 2 min of the playback period and the first 2 min of the post-playback period were
calculated for each trial. The change between the pre-playback and playback periods was
used to assess the immediate effects of exposure to different sound treatments; the difference
between the post-playback and playback periods and the difference between the post- and

pre-playback periods were used to assess the occurrence of any lasting effects of playback.

Statistical analyses were carried out in RStudio (R version 3.4.2; R Core team 2017). Mixed
models with random effects were chosen due to the matched-design nature of this
experiment; there were repeated trials to the same individual and several individuals per
group. For all models, fixed effects included were treatment (ambient-sound and continuous
and intermittent traffic-noise playback), sex, rank (dominant or subordinate) and treatment

order (1-3). Individual and group identities were included as random effects.

For each response variable, the data and residuals were plotted to check visually that they met
the assumptions of normality and homoscedasticity required for parametric tests; Linear
Mixed Models (LMMs) were used where data conformed to these assumptions. For non-
normal distributions of data, and where transformation was ineffective, Generalized Linear
Mixed Models (GLMMs) were used. The Imer and glmer functions in the R package ‘lme4’
(Bates et al. 2015) were used for LMMs and GLMMs respectively. All reported p values are

two-tailed, and results were considered significant at an alpha value of 0.05.

For each response variable, a maximal model with all measured explanatory terms was

produced. Fixed terms were dropped, in order of effect size, by backward stepwise
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elimination (Crawley 2015), until any further loss of terms led to a significant decrease in
explanatory power. Models were ranked using Akaike’s Information Criterion (AIC; Akaike,
1974). To confirm model fit and significance of terms, pairs of models were compared using
the Likelihood Ratio test (LRT) with the anova function in Ime4; the minimal model was
chosen for the lowest AIC (Crawley 2015) and where AIC values differed by < 2, by
parsimony of terms. Chi-square () and p-values presented for non-significant terms were
obtained by comparison of the minimal model with another model differing only in the term
of interest. For significant terms, chi-square (y?) and p-values were obtained by comparison

to the null model or the minimal model with the term in question removed.

To test for the likelihood of moving foraging patch and likelihood of sentinel bouts,
Cochran’s Q and McNemar related-samples tests were carried out in SPSS Statistics for
Windows version 24.0 (IBM Corp., Armonk, NY, 2016).

2.3.4.2 Effects of traffic-noise playback at sleeping burrows

The duration (in seconds) of any sentinel bouts and grooming bouts that occurred over the
course of the playback were calculated for each trial. Wilcoxon Signed-ranks tests were
carried out using the function ‘wilcoxsign test’ in the R package ‘coin’ (Hothorn et al. 2006)
to test for differences in group-level responses between ambient-sound and traffic-noise

playback. All tests were two-tailed, and results were considered significant at p < 0.05.

2.4 Results

2.4.1 Focal-forager experiment
2.4.1.1 Does traffic noise affect forager vigilance behaviour?

Sound treatment had a significant effect on headscan frequency of foraging individuals
(Table 2.1a; Figure 2.1a). A greater increase in vigilance level (compared to the baseline pre-
playback period) was shown in continuous (Tukey contrasts: 4.00 + 0.48, p < 0.001) and
intermittent (-4.36 + 0.48, p < 0.001) traffic-noise treatments compared to ambient-sound
playback, but there was no significant difference between the two traffic treatments (0.36
0.48, p = 0.736). Similarly, sound treatment had a significant effect on the proportion of time

spent vigilant during playback (Table 2.1b; Figure 2.1b). Again, there was a greater increase
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in the proportion of time spent vigilant from the pre-playback period in continuous (-0.015 +
0.03, p <0.001) and intermittent (-0.14 £ 0.32, p < 0.001) traffic-noise treatments compared
to ambient-sound playback, but no significant difference between the two traffic treatments
(-0.01 £ 0.03, p = 0.956).

Sound treatment had a significant effect on the likelihood that focal individuals moved
foraging patch during playback (Cochran Q test: Q = 12.10, df = 2, p = 0.002; Figure 2.2).
Individuals were significantly more likely to move patch during both traffic-noise treatments
than during ambient-sound playback (McNemar test: x>= 6.67, df = 1, p = 0.01 for both
comparisons), but there was no significant difference between continuous and intermittent
traffic noise (x°= 0, df = 1, p = 1.00).
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Table 2.1 Output from Linear Mixed Models investigating the change in (a) headscan
frequency and (b) proportion of time vigilant during the first 2 min of the playback period
compared to the pre-playback period. Effect size (+ SE) are shown for fixed terms in the
minimal model and variance (x SD) is reported for random terms (italicised). Significant
fixed terms shown in bold. N = 28 individuals in six groups.

Fixed effect  Effect £ SE/SD df b P
(a) Headscan frequency

Minimal (Intercept) 5.36£0.41
model

Treatment 2 58.43 <0.001
Intermittent 0.36 £ 0.48
Ambient -4.00 £0.48

Individual 1.45+£1.21

Group 0.01+0.11
Dropped terms Playback 2 2.38 0.123
order
Rank 1 0.75 0.388
Sex 1 0.09 0.759
(b) Proportion of time vigilant
Minimal (Intercept) 0.22£0.04
model
Treatment 2 24.49 <0.001
Intermittent -0.001 £ 0.03
Ambient -0.015 £0.03
Individual <0.001 + 0.005
Group <0.001 =
0.001
Dropped terms Playback 2 2.67 0.102
order
Rank 1 0.38 0.540
Sex 1 0.10 0.755

45



=
N
)

(a)

=
o
1

4 - o]

==

Ambient Continuous Intermittent

Change in headscan frequency
a
X

0.6 1
b)
0.5 1
0.4 1

0.3 1

0.2 1

0.1

01 L 1

-0.1 A1

Change in proportion of time
vigilant

-0.2
Ambient Continuous Intermittent

Figure 2.1 The effect of ambient-sound and of continuous and intermittent traffic-noise
playback on the change in (a) headscan frequency and (b) the proportion of time focal
foragers were vigilant from the pre-playback (baseline) period to the first 2 min of playback.
Boxes represent the interquartile range with lines showing the median; mean values

represented by X. N = 28 individuals, six groups.
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Figure 2.2 Number of individuals who moved (light grey) and did not move (dark grey)
foraging patch during ambient-sound and continuous and intermittent traffic-noise trials. N =

28 individuals, six groups.

There was a significant difference between sound treatments in the likelihood of a sentinel
bout occurring in the first 2 min of playback (Cochran Q test: Q = 8.77, df = 2, p = 0.012;
Figure 2.3). Sentinel bouts were more likely to occur during either continuous (McNemar
test: 2= 5.14, df = 1, p = 0.023) or intermittent (x> = 6.13, df = 1, p = 0.013) traffic-noise
playback compared to the ambient-sound treatment, but there was no significant difference
between the two traffic-noise treatments (x> = 0, df = 1, p = 1.00). When considering those
individuals that acted as a sentinel during playback (traffic-noise trials only), sound treatment
did not significantly affect either sentinel bout frequency or the proportion of time spent as a
sentinel (Table 2.2).
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Table 2.2 Output from Linear Mixed Models investigating (a) sentinel bout frequency and
(b) proportion of time as a sentinel during the first 2 min of traffic-noise playback trials.
Effect size (= SE) are shown for fixed terms in the minimal model and variance (x SD)

reported for random terms (italicised). N = 13 individuals in five groups.

Fixed effect Effect+ SE/SD Df X P

(a) Sentinel bout frequency

Minimal (Intercept) 2.11£0.40
modelt

Individual 0.02+0.13

Group 0.00 £0.00

Dropped terms Rank 1 2.47 0.12
Playback 1 2.30 0.12
order
Treatment 1 1.38 0.24
Sex 1 0.29 0.59

(b) Proportion of time on sentinel

Minimal (Intercept) 0.26 =005
modelf

Individual 0.00 +0.00

Group <0.001 £0.01

Dropped terms Playback 1 1.95 0.163
order
Rank 1 1.26 0.262
Sex 1 0.97 0.325
Treatment 1 0.09 0.760

T Null (intercept and random terms only) model
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Figure 2.3 Number of individuals who displayed sentinel activity (light grey) and those that
did not (dark grey) during ambient-sound, continuous and intermittent traffic-noise trials. N =

28 individuals, six groups.
2.4.1.2 Does traffic noise have persistent effects?

Sound treatment had a significant effect on the change in headscan frequency from the
playback to the post-playback period (Table 2.3a; Figure 2.4a). There was a significantly
greater decrease in headscan frequency following playback of continuous (Tukey contrasts:
3.80 + 0.60, p < 0.001) and intermittent (3.49 £ 0.61, p < 0.001) traffic noise compared to
ambient sound, but no significant difference between the two traffic-noise treatments (0.30 +
0.61, p = 0.87). Consequently, there was no significant sound-treatment effect on the change
in frequency of headscans from the baseline (pre-playback) to the post-playback period
(Table 2.3b); headscan frequency in both traffic-noise treatments returned to baseline levels

in the 2-min period after the playback was stopped.

Sound treatment also had a significant effect on the change in proportion of time spent
vigilant from playback to the post-playback period (Table 2.4a Figure 2.4b). In this case,
there was a significant difference between continuous-traffic playback and ambient-sound
playback (Tukey contrasts: 0.10 + 0.04, p = 0.04) but not between intermittent traffic and
ambient (0.08 £ 0.04, p = 0.11) nor between continuous and intermittent traffic (0.02 = 0.04,
p = 0.89). The change in proportion of time spent vigilant from pre-playback to post-
playback was not significantly affected by sound treatment (Table 2.4b); proportion of time

spent vigilant returned to baseline levels once the playback ceased.
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Table 2.3 Output from Linear Mixed Models investigating changes in forager headscan
responses from (a) the first 2 min of playback to the first 2 min after playback ends (post-
playback) and (b) baseline (pre-playback) to post-playback. Displayed are the effect size (£
SE) for fixed terms included in minimal models, and variance (£ SD) for the random terms

(italicised). Significant fixed terms shown in bold. N = 28 individuals, six groups.

Fixed effect Effect = SE/SD df Ve P
(a) Change in headscan frequency (playback to post-playback)
Minimal model (Intercept) -2.29+£0.76
Treatment 2 34.99 <0.001

Intermittent 0.30 £ 0.61

Ambient 3.80+0.60
Playback order 2 4.29 0.038

Individual 1.28 +1.13

Group 0.00 £0.00
Dropped terms  Sex 1 0.38 0.540
Rank 1 0.03 0.863

(b) Change in headscan frequency (pre- to post-playback)

Minimal model (Intercept) 0.89 £0.71
Individual 0.03 £0.06
Group <0.001 £

<0.001

Dropped terms  Treatment 2 3.60 0.166
Playback order 2 1.56 0.212
Rank 1 0.37 0.545
Sex 1 0.13 0.720
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Table 2.4 Output from Linear Mixed Models investigating change in forager vigilance-
proportion responses from (a) the first 2 min of playback to the first 2 min after playback
ends (post-playback) and (b) from baseline (pre-playback) to post-playback. Displayed are
the effect size (+ SE) for fixed terms included in minimal models, and variance (x SD) for the
random terms (italicised). Significant fixed terms shown in bold. N = 28 individuals, six

groups.

Fixed effect Effect + SE/SD df Ve P

(a) Change in proportion of time vigilant (playback to post-playback)
Minimal model (Intercept) -0.11+£0.03
Treatment 2 6.54 0.038

Intermittent 0.02 +£0.04

Ambient 0.09 +0.04

Individual 0.00 +=0.00

Group 0.00 £0.00
Dropped terms  Sex 1 2.49 0.114
Playback order 2 0.48 0.488
Rank 1 0.05 0.830

(b) Change in proportion of time vigilant (pre- to post-playback)

Minimal (Intercept) 0.09 £0.03

modelf
Individual 0.00 +0.00
Group <0.001 £0.03

Dropped terms  Treatment 2 5.31 0.070
Sex 1 1.75 0.186
Playback order 2 0.99 0.319
Rank 1 0.33 0.565

T Null (intercept and random terms only) model

51



(a) _

Change in headscan frequency
3%}

N T

-10

Ambient Continuous Intermittent
0.5 1
(b)
0.4 1
0.3 1

0.2 - ° T

0.1 1 8 ‘|’
0 . %

T

-0.3 A

-0.4 1 0

Change in proportion of time vigilant

-0.5 1 °

-0.6
Ambient Continuous Intermittent

Figure 2.4 The effects of ambient-sound and continuous and intermittent traffic-noise
playback on (a) change in headscan frequency and (b) change in proportion of time vigilant
from playback to the post-playback period. Boxes represent the interquartile range with the

lines showing the median; mean values represented by X. N = 28 individuals, six groups.

There was no significant difference between the sound treatments in the likelihood that focal
individuals moved foraging patch during the post-playback period (Cochran Q test: Q = 1.44,
df = 2, p = 0.486; Figure 2.5). Movement behaviour had therefore returned to baseline levels

once playback ceased.
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Figure 2.5 Number of individuals who moved (light grey) and did not move (dark grey)
foraging patch post-playback in ambient-sound and continuous and intermittent traffic-noise

trials. N = 28 individuals, six groups.

Sound treatment (traffic-noise playback only) had a significant effect on the change in
sentinel bout frequency from playback to the post-playback period (Table 2.5a). Foragers
showed an increase in sentinel bout frequency following continuous-traffic playback, but the
opposite was true for intermittent traffic-noise playback (Figure 2.6). However, there was no
significant effect of sound treatment on the change in proportion of time acting as a sentinel

from the playback to the post-playback period (Table 2.5b).
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Table 2.5 Output from Linear Mixed Models investigating changes in (a) sentinel bout
frequency and (b) proportion of time on sentinel from the first 2 min of playback to the first 2
min post-playback. Displayed are the effect size (x SE) for fixed terms included in minimal
models, and variance (+ SD) for the random terms (italicised). Significant fixed terms shown
in bold. For (a) N = 21 individuals and (b) N = 22 individuals in six groups.

Fixed effect ~ Effect + SE/SD df ba P

(a) Change in sentinel bout frequency
Minimal model (Intercept) 0.87 £0.36
Treatment 1 3.85 0.050
Intermittent -1.14 +0.55
Individual 0.03£0.17

Group 0.00 £ 0.00

Dropped terms  Playback 1 2.08 0.149
order
Sex 1 1.64 0.200
Rank 1 0.64 0.424

(b) Change in proportion of time as a sentinel

Minimal (Intercept) 0.04 £0.09

modelf
Individual <0.001 +0.02
Group 0.02+0.14

Dropped terms  Sex 1 1.64 0.201
Rank 1 1.37 0.241
Treatment 1 0.16 0.692
Playback 1 0.08 0.776
order

+ Null (intercept and random terms only) model
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Figure 2.6 The effect of continuous and intermittent traffic-noise playback on the change in
sentinel bout frequency from the first 2 min of playback to the first 2 min post-playback.
Boxes represent the interquartile range with the mean values represented by X; median lines

sit on O for both. N = 21 individuals, six groups.

2.4.2 Burrow experiment

Individuals took significantly longer to re-emerge from the burrow when there was traffic-
noise compared to ambient-sound playback (Wilcoxon signed-rank test: Z=2.37,N=7,p=
0.016; Figure 2.7a). Moreover, the group remained at the burrow for significantly longer,
before heading off to forage, in the traffic-noise treatment compared to the ambient-sound
control (Z =2.20, N =7, p=0.031; Figure 2.7b).
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Figure 2.7 The effect of playback (continuous traffic noise or ambient sound) on (a) the
latency of mongooses to re-emerge from the burrow and (b) the latency for 50% of the group
to leave the burrow, following initiation of playback. Grey lines each correspond to a single

group (N =7) and the black dot with error bars represents the mean = SE across groups.

The rate of sentinel bouts did not differ significantly between sound treatments (Wilcoxon
signed-rank test: Z =-0.42, N =7, p = 0.750). However, grooming rate was significantly
lower in traffic-noise playback than the ambient-sound control (Z =-2.03, N =7, p = 0.047;
Figure 2.8a); the proportion of time grooming was not significantly different between sound
treatments (Z =1.52, N =7, p = 0.156; Figure 2.8b).
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Figure 2.8 The effect of playback (continuous traffic noise or ambient sound) on (a) rate of
grooming bouts and (b) proportion of time spent grooming, recorded from the initiation of
playback to the time when 50% of the group left the burrow. Grey lines each correspond to a

single group (N = 7) and the black dot with error bars represents the mean + SE.
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2.5 Discussion

Traffic-noise playback had substantial effects on mongoose vigilance behaviours during the
period of noise exposure. During traffic-noise trials, foragers showed greater vigilance, both
in terms of frequency and proportion of time spent scanning their surroundings, compared to
in ambient-sound trials. Sentinel bouts were more frequent and longer in duration in traffic-
noise trials compared to ambient controls. Individuals were more likely to be displaced from
their foraging patches during traffic noise compared to ambient sound. However, there was
no difference between continuous and intermittent traffic-noise treatments. Following the end
of playback, individuals generally returned to baseline levels of vigilance suggesting a
shorter-term behavioural response. However, there was a significantly greater frequency of
sentinel bouts following playback of continuous traffic compared to intermittent-traffic noise.
In the second experiment, continuous traffic-noise playback at the sleeping burrow
significantly delayed group emergence and departure times compared to paired ambient
controls. Sentinel rates and the proportion of time grooming were similar in both ambient-
sound and traffic-noise trials, but grooming rate was lower in traffic noise compared to

ambient sound.

2.5.1 Forager responses to traffic noise

Both traffic-noise treatments elicited a heightened vigilance response in foraging mongooses.
This result lends support to the idea that noise may be perceived as a threat — the ‘increased
threat hypothesis’ (Owens, Stec and O’Hatnick, 2012) — and is consistent with responses
previously observed in dwarf mongooses (Kern and Radford, 2016), as well as in black-tailed
prairie dogs (Cynomys ludovicianus) (Shannon, Crooks, et al., 2016), California ground
squirrels (Spermophilus beecheyi) (Rabin, Coss and Owings, 2006), great tits (Klett-Mingo,
Pavon and Gil, 2016) and chaffinches (Fringilla coelebs) (Quinn et al., 2006). In this way,
noise is analogous to a predation threat; here, individuals exposed to the ‘threat’ increase
personal vigilance to assess their surroundings visually and respond according to a perceived
level of risk. As noise can mask acoustic signals (Barber, Crooks and Fristrup, 2010; Rosa
and Koper, 2018), it is possible that this may also play a role here; ‘contact calls’ between
foragers or the “Watchman’s song” given by sentinels (Rasa, 1986; Kern and Radford, 2013)
may be partially masked by the traffic noise (see Kern and Radford, 2016), requiring the
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forager to increase their personal vigilance in order to compensate for deterioration of

communication networks.

Sentinel behaviour was also observed to increase in both traffic-noise treatments compared to
the ambient-sound control. Since sentinels typically take up a raised position to scan for
danger, often as an active response to alarm calls (Kern and Radford, 2014), this again
provides some support for the ‘increased threat hypothesis’ (Owens, Stec and O’Hatnick,
2012); such a behaviour influences the foraging—vigilance trade-off in favour of vigilance and
thus is adaptive in situations where survival may be compromised. Although the physical
aspects of roads may directly impact wildlife (e.g. mortality by collisions; Morelli et al.,
2014), the results of this study, in line with the growing literature, demonstrate that noise
alone can cause substantial effects on behaviour in wild animals, and which may be

detrimental to fitness if compensatory behaviour is not possible or insufficient.

There was no difference between the continuous and intermittent traffic noise in either the
vigilance or sentinel responses observed during playback. Since animals are more likely to
habituate, or acclimate, to stimuli that are frequent and of low magnitude (Wright et al.,
2007), any differences in responses may be more likely to emerge if playback was longer,
with a decreasing level of vigilance expected during the more predictable continuous traffic
noise. However, since the intermittency of noise did not have significant effects, we can infer
that, at least during the playback, individuals were not affected differently in terms of
behaviour. Nichols, Anderson and Sirovi¢ (2015) reported that giant kelpfish (Heterostichus
rostratus) exposed to intermittent boat noise exhibited significantly higher stress responses
than in continuous noise, and Radford et al. (2016) found that European seabass experienced
elevated ventilation rate (a secondary measure of stress) in impulsive pile-driving compared
to ship noise (a more continuous noise) and ambient controls. Therefore, we cannot rule out
the possibility that traffic noise of an intermittent or continuous nature might differentially
affect physiological state, although such a measure was beyond the scope of this study. It is
also possible that the duration of trials was not sufficiently long to generate observable

differences in behaviour.

Further work on foraging mongooses would benefit from longer periods of noise exposure,

similar to those conducted in laboratory studies by Wysocki, Dittami and Ladich (2006) and
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Radford et al. (2016), and particularly in field studies such as the ‘phantom road’ experiment
developed by McClure et al. (2013, 2016) and Ware et al. (2015). Close observation of
individual behavioural changes was a key benefit of using this habituated population, but our
methods restricted the duration of playback as individuals were followed on foot and had to
be within view for the entire trial period. Over a longer period of exposure, different patterns
may emerge in relation to this temporal variation if habituation or acoustic masking are

important in altering foraging or vigilance behaviours.

2.5.2 Post-playback responses of foragers

Following the end of playback, a return to baseline levels of personal vigilance (headscans)
was observed. This suggests that, by this measure, the behavioural effect of exposure to both
noise types was immediate and short-term. Recovery to baseline behaviours after short-term
noise exposure has been reported in European eels (Anguilla anguilla) and seabass (Bruintjes
et al., 2016). However, seabass exposed to intermittent noise showed a slower recovery to
baseline swimming behaviour relative to a continuous noise treatment (Neo et al., 2014),
though the majority of individuals tested recovered within 30 min following noise exposure.
Together these findings suggest that in quieter periods, at least following acute noise,

individuals can recover behaviourally.

Sentinel bout frequency between the playback and the post-playback periods was the only
response measure which significantly differed between the two traffic-noise treatments.
There was an increase in the frequency of sentinel bouts following continuous traffic noise,
but a decrease was observed after playback of intermittent traffic noise. There is a possibility
of a carry-over effect from the playback period, as the contrast in consistent noise level
between the playback and the end of playback is less defined when noise is of an intermittent
nature. Individuals may therefore display similar levels of sentinel vigilance following this
type of exposure, whereas when continuous noise ceases there is a more immediate release
from the impacts associated with exposure. In intermittent-noise trials, individuals may still
be ‘expecting’ subsequent periods of noise and therefore continue to display similar levels of
sentinel activity in the immediate aftermath of noise. A recent study on common gobies
(Pomatoschistus microps) found that continuous noise had significantly greater negative
impacts on reproductive success by delaying female nest inspection and pair spawning

behaviour compared to intermittent noise and controls; disruption to acoustic signals is
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important in the breeding behaviour of this species (Blom et al., 2019). It is not possible to
know, from our results alone, whether noise represents a direct threat or acts to mask signals,
such as alarm calls or the “Watchman’s song’; studies testing different mechanisms for noise
effects, such as amplitude and degree of frequency overlap (Zhou, Radford and Magrath,
2019) are needed.

2.5.3 Responses to playback at sleeping burrows

In contrast to the foraging—vigilance trade-offs experienced by foragers, where vigilance
comes at the cost of lost foraging time, traffic-noise at the burrow instead results in a delay in
group emergence. Although traffic-noise was only presented on a single morning for each
group, the impacts are potentially more lasting, particularly if daily foraging time is

compromised, with detrimental effects on fitness.

The finding that sentinel behaviour was not affected differentially by sound treatment (unlike

in the first experiment) could be explained by the fact that, as with yellow-bellied marmots
(Marmota flaviventris), mongooses use burrows as refuges (Rasa, 1983, 1987; Monclus,

Anderson and Blumstein, 2015). Therefore, if noise is regarded as a threat, as is commonly
proposed for explaining the responses of various species to noise (e.g. prairie dogs, Shannon
et al., 2016; hermit crabs, Walsh, Arnott and Kunc, 2017), an increase in sentinel activity (in
this context at least) may not be beneficial and the most appropriate behaviour would simply
be to seek shelter. Unfortunately, we were unable to document behaviours inside the burrows
— which would provide an exciting insight not only into dwarf mongoose (nocturnal) social
behaviours but also the possibility that they may obtain some foraging opportunities (e.g.
termites) when circumstances such as rain can restrict or delay external foraging activity
(Thornton, Samson and Clutton-Brock, 2010; Richens, pers. obs.). If noise reduces daily
available time to forage, there may be fitness consequences, although these will be lessened if

individuals can compensate by food acquisition at the burrow itself.

The finding that grooming rate, but not proportion of time spent grooming, was significantly
affected by traffic noise compared to ambient sound could be attributable to noise as a
distracting stimulus (‘distracted prey hypothesis’; Chan et al., 2010) or a threat (‘increased
threat hypothesis’; Owens, Stec and O’Hatnick, 2012) since both situations may promote
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vigilance behaviours over secondary behaviours. A reduction in social behaviours has been
documented in rats under white-noise conditions at 85 dB (Weyers et al., 1994) and domestic
pigs exposed to repeated noise over a month period (Otten et al., 2004) with sensitization to
the noise stimulus occurring over time. Without repeating noise trials to mongoose groups we
cannot conclude with certainty that this might not occur. Reduced time spent grooming in this
study is probably not a result of less time available for such behaviours, as traffic noise
increased group latency to leave the burrow. Instead a different trade-off to that experienced
by foragers is likely, whereby individuals are able to prioritise anti-predator behaviours to
noise over social interactions, without the immediate costs of lost foraging. In light of a
recent finding that outgroup conflict can increase affiliative behaviours (including social
grooming) within groups (Morris-Drake et al., 2019) we might have expected noise (a
potential stressor) to result in increased investment in grooming at the burrow. However,
since we were unable to observe behaviours inside the burrows, we cannot rule out the

possibility that (increased) grooming did occur out of sight in this study.

It is possible that noise effects on dwarf mongooses could have knock-on consequences for
other species. Community composition has been shown to be altered by anthropogenic noise,
both experimentally (McClure et al., 2013, 2016) and across ‘natural’ environmental
gradients (Polak et al., 2013; Proppe, Sturdy and St. Clair, 2013). In dwarf mongooses,
departure time from the burrow has been found to vary with the presence of hornbills (Rasa,
1983), and fork-tailed drongos (Dicrurus adsimilis) are known to have a mutual relationship
with foraging groups (Sharpe, Joustra and Cherry, 2010). Although the behaviour of species
other than dwarf mongooses was not recorded, it is possible that traffic noise might reduce
the likelihood of these other species being present in proximity to the group, and therefore the
later departure from the burrow could be a result of species-specific effects; the absence of
hornbills together with the potential that traffic noise poses a threat, may delay mongooses in

their departure to forage.

2.6 Conclusion

Our results show that traffic noise — one of the most ubiquitous sources of noise pollution —
incurs costs for individuals in terms of potential losses in foraging time along with associated

fitness consequences. This provides possible support for the ‘increased threat hypothesis’, in
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line with the growing literature demonstrating that (traffic) noise results in heightened
vigilance (Quinn et al., 2006; Kern and Radford, 2016a; Klett-Mingo, Pavén and Gil, 2016;
Shannon, Crooks, et al., 2016), although responses here were not long-lasting. We do,
however, find differences in the post-exposure responses between two temporally differing
noise treatments, which serves to highlight the complexity of noise and how these

characteristics can impact on long-term behavioural changes and recovery.

Additionally, we show that group departure to begin foraging was delayed in traffic noise,
although there are likely to be numerous factors, including masking effects, that may play a
role here. Many studies to-date have only considered impacts in a single context and used
only a single type of noise which considerably overlooks the complexity of noise and
possible context-dependent effects (Neo et al., 2018). In addition, many tests are under
laboratory-controlled conditions so responses cannot be reliably extrapolated to the wild,
where the natural range of behaviour is less restricted. Further work investigating possible
compensatory behaviour would help substantiate our conclusions as to the magnitude of these

noise impacts and the long-term consequences for populations.
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Chapter 3. General discussion
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3.1 Thesis findings

The main aim of this study was to ascertain whether variation in the temporal aspect of traffic
noise (frequency of vehicle passes) might result in differential effects on the anti-predator
vigilance of foraging dwarf mongooses. It was important to use the same recorded sound
source, as noise is known to be highly variable depending on source type (Clark et al., 2009;
Shannon et al., 2016), so only the intermittency of vehicle passes was manipulated here. A
second experiment conducted at the burrow involved independent playbacks of continuous
traffic and ambient sound. This allowed an exploration of the influence of noise on group
behaviours, in a different context where optimal behaviours may differ depending on the
primary trade-offs faced during noise exposure. As field studies accounted for only 15% of
recently-reviewed literature, the majority of which have focused on birds and marine
mammals (Shannon, McKenna, et al., 2016) the present study responds to an imperative need
to improve our understanding of the impacts of noise pollution on wildlife and enable better-

informed mitigation approaches.

Predation exerts a strong evolutionary force on many species, and as anthropogenic noise has
been linked to provoking responses analogous to anti-predator behaviours this ubiquitous
pollutant has the potential to have long-lasting ecological, even evolutionary, effects on
species. Our findings demonstrate a strong effect on several behavioural measures in free-
ranging mongooses. First, vigilance was significantly increased, consistent with the literature
(e.g. Quinn et al., 2006; Rabin, Coss and Owings, 2006; Meillere, Brischoux and Angelier,
2015), providing support for the ‘risk disturbance hypothesis’ (Frid and Dill, 2002) and the
‘increased threat hypothesis’ (Owens, Stec and O’Hatnick, 2012). Sentinel behaviour
followed a similar pattern: foragers undertook more bouts and spent a greater proportion of
time on sentinel during traffic noise. Analysis of post-playback responses revealed that
intermittent and continuous traffic-noise followed different trends for this measure, providing
evidence that noise variation can affect different responses and that periods after noise
exposure are as important, if not more so, when assessing the extent of noise impacts and the

speed of behavioural recovery.
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3.2 Study limitations and future considerations

Due to limited researchers and a counterbalanced experimental design, it was not possible to
conduct trials blind as the researcher was unaccompanied in the field. Ideally, data would be
extracted from video trials with the sound muted but, again, the limited personnel meant that
this was not possible in the current study. However, this is unlikely to have had major effects
on the results as the response variables measured were objective (e.g. frequency of sentinel
bouts, headscans etc.).

During each foraging trial, only the behavioural responses of the focal individual were
recorded and examined. However, this somewhat disregards the social behaviour of this
species; if we were able to assess the behaviour of neighbouring foragers and/or sentinels,
this could improve our understanding of group-level impacts in this context. For example, we
could examine whether recent sentinel activity influences the likelihood that an individual
becomes sentinel and record the proportion of the group that are vigilant during noise
playback. Future field experiments would benefit from multiple observers to enable more
detailed data collection from several individuals simultaneously. Furthermore, investigating
the vocal responses alongside the vigilance behaviours would help us to explore whether
variation in traffic noise poses variability in ‘threat’ (‘increased threat hypothesis’; Owens,
Stec and O’Hatnick, 2012) or acts to mask ecologically relevant sounds such as alarm calls.
In the latter case, vocal activity during vigilance behaviours may be reduced or altered, for
instance by increasing amplitude. Building on previous work investigating the effects of
traffic-noise on vocal activity (Kern and Radford, 2016b; Morris-Drake et al., 2017), we
could explore whether intermittent and continuous noise result in different vocal responses

and whether the responses are appropriate.

Due to time limits, it was not possible to investigate any compensatory behaviours in the days
following traffic-noise playback at the burrow. Further work, with this longer-term
perspective, would enable us to assess whether and how group behaviours change with noise
exposure and if any compensatory behaviour is possible; compensatory behaviour could
include decreasing time spent on other activities (e.g. grooming or resting) or moving to
‘safer’ refuges. Additionally, GPS tracking would be valuable to explore if territory use

changes with noise exposure.
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Considering the choice and handling time of food items (such as Purser and Radford, 2011)
in future experiments of this type could help us to assess the more cryptic impacts of noise
exposure and whether individuals are able to compensate for lost foraging time by switching
to a higher calorie prey. With regard to both experiments, recording the presence of other
species known to influence the behaviour of the study species could help explain the
responses observed. For dwarf mongooses, the presence of fork-tailed drongos and hornbills
affects vigilance and group departure from burrows (Rasa, 1983; Sharpe, Joustra and Cherry,
2010). Therefore, considering the behaviour of these species alongside the responses of
mongooses could be valuable in understanding the wider impacts of noise on the maintenance

of interspecific interactions within ecological communities.

3.3 The future

It is clear from the growing literature that there is an imperative need for a better
understanding of the effects of anthropogenic noise on wildlife, particularly with forecasts for
future human population growth and climate change, which places increasing pressure on the
environment. Noise pollution could have long-term and irreversible impacts, not only on
vulnerable, noise-sensitive species but if ecological services are disrupted the consequences

could affect humans too.

This study aimed to investigate the behavioural responses of individual dwarf mongooses in
relation to traffic-noise playback differing only in temporal characteristics. The responses
were measured over a relatively short timescale; further experiments covering a range of time
scales would improve our understanding of the longer-term consequences of noise exposure
and possible compensatory behaviours at the individual level. Additionally, incorporating
physiological measures as part of an interdisciplinary approach (see Wright et al., 2007; Rosa
and Koper, 2018) could prove valuable in examining the mechanisms behind the observed
responses and the potential for adaptation to noise. Considering previous experience of noise
(Radford et al., 2016) and/or exposure during key developmental periods (as in Crino et al.,
2013; Potvin and MacDougall-Shackleton, 2015) could also be useful in developing
mitigation strategies, for example by reducing noisy activities during certain periods.

On a wider scale, incorporating noise into habitat-selection models (such as Blickley and
Patricelli, 2010) would help to understand where populations are most at risk of the impacts

of noise and enable us to make predictions about species ranges and movements as well as
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potential conflicts with human activities. As attempted in the current study, investigating the
impacts of noise on individuals in different contexts is an important consideration when
trying to understand the wider implications at a population scale. As behaviours relating to
(predation) threats are known to be influenced by knowledge of the environment (Robinson
and Merrill, 2013), frequency and prior experience of threats (Nedelec et al., 2016; Radford
et al., 2016) and social factors such as group size (Lima and Bednekoff, 1999b), the
complexities of noise-induced responses should not be underestimated. Combining modelling
with empirical studies would help to establish better-informed conclusions about population-
level impacts of noise and how we could mitigate severe impacts.

Many studies so far have not addressed the complexity of noise in the context of a natural
ecosystem. Similar to Francis, Ortega and Cruz (2009, 2011), future research should seek to
broaden our perspective to investigate the wider ecological impacts of noise by observing
multiple species (as in VVoellmy et al., 2014) as well as examining changes in the interactions
between species (e.g. predator—prey dynamics; Simpson et al., 2016 or responses to
(heterospecific) alarm calls; Magrath et al., 2015; Zhou, Radford and Magrath, 2019).
Furthermore, filling in the gaps by examining the impacts on a wider range of taxa, including
invertebrates (Morley, Jones and Radford, 2014) would further improve our understanding of

noise impacts at a community level.

Moving forward, findings from studies investigating the impacts of anthropogenic noise on
humans and non-human species alike, should ultimately be used to target conservation —
prioritising areas that are particularly sensitive to noise pollution or are inhabited by
vulnerable populations — as well as to help develop appropriate mitigation measures, for
example through altering timing of activities or creating sound absorbing barriers to reduce

exposure levels.

3.4 Conclusion

Anthropogenic noise is an evolutionarily novel pollutant of global concern, but only in recent
decades have we begun to appreciate how noise impacts humans and non-human animals
alike. Traffic noise is a widespread source of noise pollution (Barber, Crooks and Fristrup,
2010) and the relative dearth of field-based research make this study a relevant and

fundamental base on which to investigate the behaviour of animals in their natural
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environment. The results of this study show that variation in temporal characteristics can
afford significant changes in anti-predator behaviour which may consequently affect fitness.
Through playback experiments, we show that traffic noise results in heightened vigilance
with potential costs to foraging time. However, longer-term experiments would allow better
assessment of behavioural changes over time. Additionally, in support of recent research (e.g.
Francis et al., 2012), we recommend taking a wider, community-level view and in light of the
current study, consider different contexts of noise exposure since this may affect immediate

responses and potential tolerance or sensitization over time.
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