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GENERAL ABSTRACT
Impacts of Uncertainty of Predation Risk in Trinidadian Guppies
Félixe Dumaresq-Synnott, MSc

This study investigates how prey species, specifically Trinidadian guppies (Poecilia
reticulata), cope with ecological uncertainty in predator-prey dynamics. Ecological uncertainty
arises from conflicting and/or unreliable environmental cues, especially in ecosystems impacted
by anthropogenic disturbances, which may directly influence prey decision-making and
behaviour. This work explores how prey balance risk and safety in unpredictable environments,
offering new insights into the adaptive strategies they use.

Chapter 1 looks at how conflicting safety and risk cues influence neophobia, the fear of
novelty. The results show that guppies exposed to contradictory cues were more neophobic,
exhibiting reduced movement, which supports the hypothesis that uncertainty leads to greater
caution. Conversely, guppies conditioned to safety cues showed a preference for novelty,
highlighting that they engage with new experiences when they feel that these are safe. These
findings suggest that neophobia may be an adaptive response to environments where risk signals
are unclear, particularly in areas disturbed by human activity.

Chapter 2 examines how anthropogenic disturbances contribute to ecological uncertainty
which influence prey behaviour. Through field and lab experiments, it was found that guppies
from high predation-risk and disturbed environments exhibited more caution and took longer to
explore or return to disturbed areas. Guppies from low predation-risk environments, however,
were more exploratory. This suggests that human disturbances increase uncertainty, driving prey
to adopt more conservative, risk-avoidant strategies.

Ultimately, this study highlights how environmental unpredictability shapes risk-averse
behaviours like neophobia. As human impacts on ecosystems continue to intensify,
understanding ecological uncertainty is crucial for predicting long-term effects on biodiversity
and ecosystem stability.
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General Introduction

Animals are constantly forced to make behavioural decisions that influence their life histories.
These trade-offs, especially for prey species, involve allocating limited time and energy across
competing demands, such as foraging, mating, and anti-predator behaviours (Lima & Dill, 1990;
Brown & Godin, 2023). The ability to make these decisions depends on the quality of
information gathered from the environment, which can be derived from two main sources: social
information (gathered from interactions with conspecifics) and private information (gained
through individual experiences) (Schmidt et al., 2010; Munoz & Blumstein, 2012; Crane et al.,
2018). However, the reliability and consistency of this information can vary, leading to
ecological uncertainty.

Ecological uncertainty is the inability to predict environmental events due to disturbances in
information flow caused by both abiotic and biotic factors (Brown & Godin, 2023; Crane et al.,
2024). It can arise from various sources, such as changes in the physical environment, the
presence of unfamiliar stimuli, or conflicting information from different sources (Crane et al.,
2024). Prey must adjust their anti-predator, foraging, competitive, and mating behaviours to cope
with constantly changing and sometimes contradictory environmental cues (Lima & Dill, 1990;
Sih, 1992). This adaptation is critical for maintaining fitness in an unpredictable world (Schmidt
et al., 2010), as increased information-gathering behaviours driven by uncertainty can lead to
heightened anti-predator responses. Predation risk and the ecological uncertainty of predation
risk are different; predation risk references the level of risk (i.e., density, diversity, and
abundance or predators and predation encounters) in an ecological setting whereas the ecological
uncertainty of predation risk relates to the inability to accurately predict the level of predation
risk (Crane et al., 2024). Under natural conditions, predation risk may be variable according to
space, time, and natural environmental occurrences; however, anthropogenic disturbances may
disrupt these and influence predator-prey interactions (Murphy et al., 2021), leading to ecological
uncertainty (Crane et al., 2024).

One key behavioural response to ecological uncertainty is neophobia, or the fear of novelty
(Brown et al., 2013). Neophobia plays a critical role in risk assessment, as animals faced with
unfamiliar or uncertain conditions tend to exhibit more cautious behaviours. In prey species, this
heightened caution can manifest as increased anti-predator responses when faced with
ambiguous cues, such as novel objects or unfamiliar disturbances (Johnson et al., 2013). While
this wariness reduces the likelihood of predation, it can also lead to missed opportunities for
foraging and mating (Crane et al., 2024). The relationship between uncertainty and neophobia is
central to understanding how prey cope with ecological unpredictability (Crane et al., 2024).
When prey are exposed to conflicting information, such as competing cues about predators
and/or safe foraging opportunities, their neophobic responses are likely to increase, reflecting
heightened uncertainty and cautious decision-making. This increased wariness can be measured
experimentally by observing how prey respond to novel stimuli. The aim of this research is to
explore how ecological uncertainty influences predator-prey dynamics by examining the
behavioural responses of prey to varying levels of risk and safety. Specifically, the study seeks to
investigate the relationship between neophobia, risk assessment, and the uncertainty of
environmental cues in Trinidadian guppies.



One ideal system for studying these dynamics is the freshwater ecosystems of Trinidad and
Tobago, particularly the rivers in the Northern Range Mountains, where the Trinidadian guppy
(Poecilia reticulata) is endemic. These small prey fish face a variety of predation pressures from
larger species like the hart's rivulus (Rivulus hartii), pike cichlid (Crenicichla alta), and wolf fish
(Hoplias malabaricus), which influence community structures through their predatory actions
(Magurran, 2005).

These sites are very important to Trinidadian communities as they are easily accessible and
allow Trinidadians to host several recreational activities (Deacon et al., 2015). Not unexpectedly,
these activities cause much disturbance in the ecosystem and may introduce numerous chemical
pollutants, create uncommon noises, and generate habitat modifications (Knight and Gutzwiller
1995, Deacon et al. 2015, Brusseau et al., 2023). Moreover, the diversity of habitats, from
pristine, clear pools to disturbed, polluted waters, provides a unique opportunity to study how
prey species respond to varying levels of ecological uncertainty (Deacon et al., 2015). Local
disturbances in these ecosystems, such as falling fruit or human activities like swimming, can
alter the flow of information in ways that introduce further uncertainty for the guppies. These
disturbances can lead to unpredictable changes in the environment, such as unfamiliar odors or
sudden changes in water chemistry, which confuse the prey’s risk assessment and alter their
behaviour. As a result, guppies are forced to constantly reassess the risks of predation, food
availability, and other environmental factors, making them an ideal subject for studying how
ecological uncertainty influences decision-making in prey animals.

The research is guided by three main hypotheses. First, in situations where prey receive
contradictory information about safety and risk, increased neophobia will result, reflecting the
heightened uncertainty faced by the prey (Johnson et al., 2013). This will be tested by subjecting
guppies to a range of risk, safety, and uncertainty treatments and observing their anti-predator
behaviours in response to novel cues. Second, prey exposed to high levels of background risk
will exhibit greater uncertainty in response to novel stimuli compared to those with lower
background risk. Lastly, prey from environments with higher anthropogenic disturbances will
show more pronounced neophobic responses due to the continuous introduction of novel stimuli
into their environments. These hypotheses will be tested through a combination of field and
laboratory experiments, with the goal of providing both theoretical insights and practical
applications for understanding predator-prey interactions and the role of ecological uncertainty in
shaping prey behaviour.

The broader significance of this research lies in its potential to deepen our understanding of
predator-prey dynamics in the context of ecological uncertainty and neophobia. By examining
how prey respond to varying levels of risk and environmental disturbance, this study will
contribute to the field of behavioural ecology and provide valuable insights into how animals
cope with unpredictable environments. Furthermore, the findings may have broader implications
for conservation biology, especially in the context of anthropogenic disturbances that alter
natural habitats and create uncertainty for wildlife. This research aims to shed light on the
complex ways in which animals balance safety and opportunity in uncertain environments, with
a focus on the critical role of information in shaping decision-making processes. Chapter 1
highlights how behavioural decisions are strongly influenced by ecological uncertainty in risk
and reward assessments. Meanwhile, chapter 2 emphasizes the belief that uncertainty is an
understudied complex concept which humans may have a greater influence on than previously
believed. By exploring these dynamics, we can better understand how prey species adapt to
changing environments and the ecological consequences of those adaptations.
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Chapter 1:

Safety and Risk Associations: Uncertainty Shapes Behavioural
Responses to Novelty in Trinidadian Guppies

1.1. Introduction

Predation pressures drive numerous behavioural trade-offs within prey species (Lima & Dill,
1990; Brown & Godin, 2023). Indeed, spatially and temporally variable predation threats force
prey to continually make trade-offs between the often-conflicting benefits of detecting and
avoiding local threats and engaging in other fitness related activities such as foraging and mating
(Lima & Dill 1990; Brown et al. 2006). The costs associated with making these decisions
increase when prey cannot reliably recognize ecological threats (Dill, 1987). Thus, prey animals
can only make context-appropriate behavioural decisions if they possess ecologically relevant
and reliable information. Moreover, publicly available information about the condition of local
microhabitats may either indicate risk (i.e., alarm cues) or safety (i.e., food odour) (Schmidt et
al., 2010; Crane et al., 2018; Brown & Godin, 2023).

Several factors may influence the availability and/or reliability of information (Brown &
Godin, 2023). Prey might become uncertain of local conditions when this information may be
incomplete, conflicting, variable, or unreliable (Dall & Johnston, 2002; Crane et al., 2024),
leading to greater uncertainty. This can influence animal behaviour where they increase in their
information gathering activities to reduce uncertainty and become more risk-averse (Brown &
Godin, 2023; Crane et al. 2024). Individuals face many different types of uncertainty within their
environment; it is a multifaceted concept (Mathot et al., 2012). There exists uncertainty in mate
choice; foraging opportunities; area use and exploration; competitive interactions; risk; and
safety, to name a few. Uncertainty of predation risk occurs when prey are unsure about the
existence and extent of a potential predation threat in their environment (Crane et al., 2024).
Similarly, the uncertainty of safety may be created due to unreliable information regarding
reward and safety, a concept that remains under-explored (Feyten et al., 2021; Crane et al. 2024).
Most research relates to foraging or anti-predatory contexts, while minimal investigation has
been done on safety-related aspects of ecology (Smolla et al., 2016; Feyten et al., 2023). Further
research on how environmental information demonstrates safety could be valuable in
understanding certain ecological behaviours (Luttbeg et al. 2020; Ferrari et al. 2017), especially
when individuals face novel settings.

Neophobia, defined as the fear of novelty, is a phenotypic plastic response that is commonly
observed in prey fishes (Brown et al., 2013; Crane et al., 2020). For prey fishes, various
problems may arise when they become uncertain of the information they chemically and visually
gather and therefore, they are uncertain of how to respond. As a result of increasing uncertainty,
prey frequently find themselves in ambiguous scenarios resulting in an increase in the costs of
deciding (Johnson et al., 2013), especially when risk is involved (Crane et al. 2024). Responding
with an increase in anti-predator behaviour (i.e., risk-averse) towards a non-threating cue leads to
the loss of foraging and mating opportunities (Johnson et al., 2013; Brown & Godin, 2023).
Conversely, not responding to an actual predation risk can potentially lead to death (Johnson et
al., 2013; Brown & Godin, 2023). Due to this, uncertainty may become an important driver of
neophobia. Yet, little is known about this mechanism (Feyten et al., 2019). For instance,
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Trinidadian guppies are native to the freshwater rivers of the islands of Trinidad and Tobago.
These rivers are of great importance to local communities and have multiple recreational and
religious purposes (Deacon et al., 2015). However, these activities may influence the perception
of risk and safety in these ecosystems via the introduction of novel information (Brusseau et al.,
2024). This information could then be randomly paired with risk or safety cues (i.e., a novel
smell is introduced during a predation or foraging event) and then induce uncertainty when later
paired with other types of cues. Therefore, studying uncertainty becomes crucial to understand
ecological interactions (Brown & Godin, 2023).

Risk is a common detailed concept when studying predator-prey interactions (Crane et al.,
2024). The degree of risk may vary in the environment according to the distance and behaviour
of a predator as well as the behaviour of other prey (Luttbeg et al., 2020). Evidently, it is more
advantageous for a prey to view a predator since the indicators of risk are much greater and the
uncertainty of such an encounter is much smaller, compared to not seeing a predator that is
nearby (Luttbeg et al. 2020). Indeed, the closer the predator is to a prey, the clearer and more
reliable the information is regarding the predator’s distance and intention (Dugatkin & Godin,
1992; Fishman, 1999; Brown & Godin, 1999b). This allows for the prey to inspect the predator
and reduce uncertainty regarding the situation (Crane et al., 2024). However, predator inspection
also comes at a cost: the prey must survive the encounter to learn from it (Lima & Dill, 1990;
Crane et al., 2020). To reduce this cost, prey can use chemosensory cues such as alarm cues
which is released when the skin of a conspecific is damaged are a stronger indicator of risk (Kats
& Dill 1998; Goldman et al., 2020). As alarm cues cannot be manipulated by the sender, they are
a reliable source of predation risk in the surrounding environment of the receiver (Goldman et
al., 2020).

Contrary to risk, the concept of safety and its ability to convey reliable predation information
is much understudied. When predation risk is low, safety cues may provide more acute
information about predation levels (Luttbeg et al., 2020). Observing a conspecific or a prey that
share a predator forage or mate can be a sign of safety and might be an accurate depiction of the
current predation level, especially if the observed individual occupies a dominant position in the
social hierarchy (Luttbeg et al., 2020). Additionally, Luttbeg et al. (2020) found that prey have
higher fitness if they are more attentive to safety cues rather than risk cues, which give more
acute information on low levels of predation risk, as they give more acute information on high
levels of predation risk. However, both types of cues, risk and safety, can be present at once.
Therefore, uncertainty is much more likely to be experienced in any natural environment. Thus,
uncertainty may influence anti-predator behaviour more than previously believed. For this study,
we define safety cues as perceiving fitness-forward behaviours, like foraging and mating of
conspecifics (either visually, auditorily, and/or chemically).

In the present experiment, we exposed 6 shoals of female Trinidadian guppies to 6 different
treatments, one each, for 5 days. We created novelty within the prey’s environment by exposing
them to novel odours. These are chemosensory cues that the individuals have never encountered
before, and therefore would elicit a neophobic response (Crane et al., 2020). The treatments were
as follows: (1) alarm cues paired with alternating novel odours; (2) food odour paired with
alternating novel odours (high safety); (3) alarm cues paired with water (known risk); (4)
alternating alarm cues and food odour paired with alternating novel odours (high uncertainty);
(5) alternating alarm cues and water paired with alternating novel odours (low uncertainty of
predation risk); and (6) alternating food odour and water paired with alternating novel odours
(low uncertainty of safety). On the sixth day, we tested the neophobic behaviour of these



individuals by observing their anti-predator responses, as a proxy for experienced uncertainty.
Moreover, 5 days later we retested them to conditions identical to those of their testing day to
explore the retention of their neophobic behaviour and, thus, the persistence of uncertainty.

In scenarios of contradictory information regarding safety and risk, we hypothesized that
neophobia arising from uncertain information should be influenced by conflicting risk and safety
information. Here, the cost of non-response when the threat is real outweighs the cost of
responding when the threat is not real. Hence, we predicted that pairing alarm cues with a novel
odour should signify a "risky" environment, eliciting an anti-predator response in our prey fish
and potentially conditioning them towards neophobia. Conversely, we also predicted that pairing
food odour with a novel odour should represent a "safe" environment, resulting in no shift in
normal behaviour and possibly even encouraging neophilia (attraction to novelty). Lastly, in the
retention trials we predicted to observe the highest magnitude of neophobia (i.e., anti-predator
response) in conditions with the greatest amount of contradicting of information. Ecological
uncertainty arises from varied safety and risky cue associations within an environment (Feyten &
Brown, 2018; Brown & Godin, 2023; Crane et al., 2024). By examining neophobia's strength,
this study aims to understand how behaviours are shaped through uncertainty.

1.2. Methods

1.2.1. Model Organism

Trinidadian guppies are a small prey fish species naturally found in the rivers of Trinidad and
Tobago. Prior to this study, female guppies were held in 275 L aquaria (~23 C°, 12-hour light-
dark cycle, and fed ad libitum twice a day with Tetra™ flakes). Females were chosen as a model
for this study due to the strength of their response to conspecific chemical cues and strong anti-
predator behaviours (Brusseau et al. 2024).

1.2.2. Stimulus Cues

We generated three cue types for this experiment: conspecific alarm cues, novel odours, and
food odour. The alarm cues (noted as AC later) were made by euthanizing male and female
conspecifics via a blow to the head followed by cervical dislocation. Afterwards, the heads and
tails of these euthanized fish were removed which left the center mass of tissues to be used.
These were placed in 100 mL of dechlorinated water, homogenized, filtered, and lastly diluted to
a final concentration of 0.1 cm? mL!. This procedure follows the Concordia University Animal
Research Ethics (Protocol #30000255). As previously demonstrated by other studies, this
concentration is shown to elicit an anti-predator behaviour in Trinidadian guppies (Brown &
Godin, 1999a). To preserve these cues for the duration of the experiment, they were divided into
30 mL aliquots, frozen at -20°C, and each aliquot was thawed before use.

Moreover, six distinct novel odours were used: vanilla (NO1), coconut (NO2), almond (NO3),
mint (NOs), orange (NOs), and lemon (NOg). Each odour was prepared by diluting 6 drops of
essence (No Name™ and Club House™) into 500 mL of dechlorinated water. These odours were
never encountered by the test individuals prior to the experiment. Therefore, they have the ability
to act as a novel stimulus and elicit neophobia in Trinidadian guppies (Crane et al., 2020).
Similarly to the steps described previously, they were divided into 50 mL aliquots, frozen at -
20°C, and thawed prior to use. Novel odours 1 through 5 were used during the conditioning
process whilst novel odour 6 was only introduce on the testing and retention days. Finally, the
food odour (FO) was made by steeping 1g of fish food flakes, the same that the fish were fed



with, into 0.5 L of dechlorinated water. The liquid obtained was then divided into 50 mL
aliquots, frozen at -20°C, and thawed before use.

1.2.3. Conditioning Process

We conditioned six shoals of guppies, each to a different treatment of risk or safety. For this, 6
individuals were placed into a 7.5-liter buckets filled with roughly 6 L of dechlorinated tap water
(~25°C, pH 7.6) (Fig. 1). Each conditioning bucket was equipped with an air stone to which was
attached a length of tubing to allow for the injection of conditioning cues without disturbing the
fish. Alarm cues (AC) were injected to elicit a risky scenario, whereas food odours (FO) were
injected to elicit safety. For each cue, we injected 2mL of it though the injection tube thanks to a
syringe. Each block of conditioning gave an N of 3 per treatment combination (see below). A
total of 9 testing blocks were conducted to ensure an adequate final sample size (N=27).

During each block, guppies were exposed to stimulus cues twice daily, at 10:00 (AM) and at
14:00 (PM), for five consecutive days. For each treatment, varying levels of risk or safety were
paired with continuously alternating novel odours. The treatment exposures, explained in depth
in Table S1.1, were as follows: (1) AC and NO, (2) FO and NO, (3) AC and water, (4)
alternating FO and AC with NO, (5) alternating water and AC with NO, and lastly (6) alternating
water and FO with NO (Table S1.1). For treatments 4, 5, and 6 the order of the exposure was
alternated from one block to the next to control for the influence the initial exposure may have
on subsequent behaviours. Regardless of risk treatment, each group received each NO twice over
the course of the conditioning phase, with the stipulation that they did not receive the same NO
in sequential exposures. Moreover, doing this also allowed us to pair a same novel odour with
safety and risk (treatment 4), risk and water (treatment 5), and safety and water (treatment 6)
(Table S1.1), during the same conditioning period and potentially further inducing uncertainty.
Each individual treatment was created to condition the prey to different environments. Treatment
(1) aimed to condition the fish to a high-risk situation, (2) to a safety situation, (3) to control for
the AC exposures, (4) high uncertainty scenario, (5) to control for the number of AC exposures,
and (6) to control for the number of FO exposures. Following each conditioning day, a complete
water change was performed to prevent the accumulation of metabolites as well as limit the
exposure to the cues.

1.2.4. Experimental Setup and Assays

The testing arenas were a series of 7.5-liter buckets identical to the conditioning setup, with
intersecting lines creating four equal quadrants at the bottom (Figure S1.1). Using 2.50 cm PVC
pipes, we assembled a rig around two individual testing buckets and fixed a mirror at an angle on
top, allowing the observer to view the fish without being seen (Figure S1.1).

Two fish from the same treatment were placed in a testing arena (Figure 1.1). Only one focal
fish was observed, identified thanks to its size or natural specific-coloured spots on their head.
The movement behaviours, in the form of line crosses counted via a clicker, were observed for 4
minutes, followed by the injection of 2 mL of novel odour 6 (i.e., lemon). Following the injection
movement was recorded for another 4 minutes. The intensity of the neophobic response was
quantified as the magnitude of the anti-predator behaviour using movement. The movement
index was quantified by counting the number of lines crossed by a focal individual during the 4-
minute observation periods. Reduced movement is associated with anti-predator behaviour
(Crane et al., 2022). Contrastingly, increased or unchanged movement should indicate normal
calm behaviour.



1.2.5. Retention

After each testing day, the fish were returned to their original conditioning bucket, with the
other fish hey were conditioned with, until the second testing day five days later, which assessed
for retention of the neophobic behaviour. During this interim period, the fish were not exposed to
any additional cues, were fed their regular diet, and water changes were performed every other
day. During the retention testing day we followed the same procedure as during the previous
assays (see previous section). Following the retention day, the fish were officially reintroduced to
their initial 275 L holding tanks with other conspecifics.

1.2.6. Data Analysis

Initially, we ran a Generalized Linear Model to test the effect of background conditioning on
the baseline (pre-stimulus) number of line crosses. We included conditioning group as a random
factor to account for the non-independence of guppies conditioned in the same round. We then
applied a Generalized Linear Mixed Model (GLMM) test for the effects of treatment. We
included pre- vs. post-stimulus observation period as a repeated factor. We ran separate analyses
for guppies tested on Day 1 vs. Day 6 post-conditioning. All analyses were conducted using
SPSS (v. 29.0).

1.3. Results

Initially, we found no overall significant effect of treatment (Fs47.05 =1.13, P=0.31) or
conditioning group (Fass,105 = 1.12, P =0.312), on baseline activity (number of lines crossed)
demonstrating that our background conditioning treatment nor conditioning block did not
influence pre-stimulus activity. Despite not finding any significant differences among pre-
stimulus observations, there was sufficient variance, justifying the use of a repeated measures
approach for subsequent analyses. Our repeated measures GLMM demonstrated a significant
interaction between observation period (pre- vs. post-stimulus) and background conditioning
treatment (Fs,153=6.18, P <0.001, Figure 1.2), but no significant main effect of observation
period (Fi,153=0.14, P = 0.71). The fish conditioned with continuous food odour paired with
alternating novel odours had the greatest increase in movement post-stimulus injection.
Alternatively, the random risk and safety treatment (where fish were conditioned to alternating
alarm cues and food odours paired with alternating novel odours) had the greatest decrease in
movement post-stimulus injection. Thus, each treatment had different movement outcomes pre-
and post-stimulus in accordance with their risk, safety, or uncertainty exposure.

For guppies tested on Day 6 (retention), we found a significant main effect of observation
period (Fi,138=11.05, P <0.001) but no observation period x treatment interaction (Fs 133 = 0.52,
P =0.76; Figure 1.3). Thus, each treatment had no significant influence on movement
demonstrating that the conditioning effect was considerably lost.

1.4. Discussion

This study aimed to examine how conflicting safety and risk information, conveyed through
various odour cues, influences neophobia in prey fish. Our hypothesis was that contradictory
cues would lead to an increase in neophobia due to the uncertainty they create regarding novel
information. When testing the response of guppies tested on Day 1, we found a significant
interaction between observation period (pre- vs. post stimulus injection) and treatment, with
different treatments resulting in distinct baseline and post-stimulus movement patterns.
Interestingly, baseline movement (pre-stimulus) reflected the conditioning process, while these
differences were not significant, they do suggest that the fish were processing risk and safety
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information in a manner that influenced their baseline activity. For instance, fish exposed to
consistently high-risk cues exhibited reduced movement before stimulus injection, particularly in
the alarm cues-only treatment. Conversely, fish conditioned to safety cues showed more
movement prior to the stimulus. Notably, fish exposed to the greatest uncertainty, where both
risk and safety cues were conflicting, displayed the lowest baseline movement. This observation
suggests that uncertainty may induce more cautious, risk-averse behaviour than even consistent
high-risk exposure (Brown & Godin, 20203; Brusseau et al., 2024; Crane et al., 2024). Overall,
these observations suggest that the fish adjusted their behaviour based on the information they
learned during the conditioning phase. These results align with our hypothesis that greater
uncertainty leads to stronger neophobic responses. Additionally, when exposed to consistent
safety, fish showed an increase in post-stimulus movement, consistent with our prediction that
novelty would be associated with safety, leading to neophilic behaviour.

The post-stimulus movement results on Day 1 provided further insight into how uncertainty
influences neophobia. Fish in the treatments conditioned to risk-averse cues (the conditioning of
the fish with continuous alarm cues paired with alternating novel odours, continuous alarm cues
paired with water, and water alternating with alarm cues paired with alternating novel odours)
crossed fewer lines after the stimulus, suggesting that novelty was perceived as a potential threat.
In contrast, fish in the safety-conditioned treatments (the conditioning of the fish with continuous
food odours paired with alternating novel odours and water alternating with food odours paired
with alternating novel odours ) exhibited more movement, indicating a preference for novelty, as
predicted. Notably, the treatment exposed to the greatest uncertainty (conflicting cues of risk and
safety) showed the most pronounced reduction in post-stimulus movement, further supporting
our hypothesis that uncertainty induces stronger neophobic behaviour.

In line with previous studies on neophobia and risk assessment in prey species, our findings
suggest that exposure to ambiguous or conflicting threat cues triggers increased caution and
exploration avoidance (Feyten et al., 2019; Crane et al., 2022; Feyten et al., 2023). Research has
demonstrated that animals in uncertain environments often exhibit heightened neophobia, as they
prioritize avoiding potential risks over exploring novel stimuli (Feyten et al., 2019; Crane et al.,
2022). This can be illustrated via the error management theory as described by Johnson et al.
(2013), where prey must continuously make decisions about potential predation threats; where
reacting to false-predation threats leads to the loss of opportunities and not reacting to true-
predation threats can lead to injury or death. This aligns with our observation that the most
pronounced neophobic behaviour occurred in the presence of conflicting risk and safety cues.
Our study builds on this, showing that fish exposed to the highest uncertainty (conflicting cues)
exhibited the most cautious behaviour, with reduced movement and exploration, which may
reflect an adaptive strategy to reduce the likelihood of exposure to danger when faced with
ambiguous environmental cues (i.e., neophobia) (Crane et al., 2022; Crane et al., 2024).

In contrast, research on neophilia, which is typically observed when animals associate novelty
with safety or food, also offers an important comparison. For instance, Tryjanowski et al. (2016)
found that great tits, Parus major, exhibited greater neophilia in urbanized areas compared to
rural areas which allowed them to exploit uncertain food sources. Moreover, Franks et al. (2023)
found that zebrafish, Danio rerio, exhibited indiscriminate neophilia to novel objects; the fish
seemed to voluntarily seek cognitive stimulation when there was minimal environmental
stimulation. This study does not delve into how anthropogenic disturbances may potentially
impact fish cognitive stimulation; however, anthropogenic disturbances may increase
environmental stimulation (as witnessed in Trinidadian Rivers) which could potentially reduce



neophilia in affected fishes; in turn, this may exacerbate human impacts on behaviour. Here, our
results illustrated in the safety-conditioned treatments, showed that the fish increased movement
after exposure to novel odours associated with food, indicating neophilic tendencies as well. This
may suggest that neophilia incentivizes the fish to move and explore, potentially leading them
find a food source. While prior studies often focus on one cue type (e.g., food or predator), our
study highlights how the presence of mixed or ambiguous signals might necessitate a more
conservative, risk-averse strategy that prioritizes survival over exploration, even at the cost of
missed opportunities.

The Day 6 retention trial did not yield significant results, although the data displayed a slight
trend mirroring the initial trial. The lack of significant findings in the retention phase suggests
two possibilities: (1) the conditioning process may not have been long enough to induce lasting
neophobic responses, or (2) prey fish may not need to retain neophobic behaviour caused by
uncertainty for long periods (e.g., 5 days). Thus, our second prediction, regarding the persistence
of neophobia over time, was not fully supported. Future research could explore the duration over
which uncertainty-driven neophobic responses persist and whether there is a threshold of
uncertainty that impacts response longevity. Interestingly, the two treatments conditioned to food
odours paired with alternating novel odours exhibited a trend to retention of neophobic
responses, which may indicate that the fish place greater weight on safety cues when exposed to
uncertainty. However, this effect was not substantial enough to draw definitive conclusions.

Overall, our results support the hypothesis that ecological uncertainty, particularly in risk and
safety assessments, strongly influences neophobic behaviour in guppies. The significant
neophobic responses observed in the presence of contradictory cues suggest that prey species
may adapt to environments characterized by fluctuating or ambiguous threat levels. Neophobia,
as a risk-averse strategy, may serve as a way to balance the costs of responding to false alarms
(i.e., non-threats) against the potential costs of ignoring real threats. In unpredictable
environments, where risk is not clearly defined, neophobic behaviour may enhance survival by
reducing exposure to dangerous situations while minimizing missed opportunities.

Ecologically, these findings are particularly relevant in the context of increasing
anthropogenic disturbance. Human-induced environmental changes—such as habitat
fragmentation, the introduction of invasive species, and the impacts of climate change—are
creating ecosystems with greater unpredictability. Such environments often present conflicting
cues of risk and safety, amplifying ecological uncertainty. As a result, species inhabiting these
modified ecosystems may face stronger selective pressures to adopt neophobic behaviours. This
underscores the importance of understanding how uncertainty influences animal behaviour and
survival strategies. By studying behaviour in uncertain environments, we can gain valuable
insights into how organisms cope with fluctuating ecological conditions and anticipate the
potential consequences for biodiversity.
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Figure 1.1. Conditioning set-up and experimental process (created using BioRender). The drop
representations are as follows: red for AC, purple for NOs (regardless of odour), orange for FO,
blue for water, and yellow for lemon odour (NOs). The treatments were as follows: (1) alarm
cues paired with alternating novel odours; (2) food odour paired with alternating novel odours
(high safety); (3) alarm cues paired with water (known risk); (4) alternating alarm cues and food
odour paired with alternating novel odours (high uncertainty); (5) alternating alarm cues and
water paired with alternating novel odours (low uncertainty of predation risk); and (6) alternating
food odour and water paired with alternating novel odours (low uncertainty of safety).
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Figure 1.2. Mean (+ SE) of line crosses pre- (blue) and post-stimulus injection (red) for Day 1 of
the experiment. Sample size was 26-27 per treatment combination. The treatments were as
follows: (1) alarm cues paired with alternating novel odours; (2) food odour paired with
alternating novel odours (high safety); (3) alarm cues paired with water (known risk); (4)
alternating alarm cues and food odour paired with alternating novel odours (high uncertainty);
(5) alternating alarm cues and water paired with alternating novel odours (low uncertainty of
predation risk); and (6) alternating food odour and water paired with alternating novel odours
(low uncertainty of safety).
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Figure 1.3. Mean (+ SE) of line crosses pre- (blue) and post-stimulus injection (red) for day 6
(retention) of the experiment. Sample size was 22-26 per treatment combination. The treatments
were as follows: (1) alarm cues paired with alternating novel odours; (2) food odour paired with
alternating novel odours (high safety); (3) alarm cues paired with water (known risk); (4)
alternating alarm cues and food odour paired with alternating novel odours (high uncertainty);
(5) alternating alarm cues and water paired with alternating novel odours (low uncertainty of
predation risk); and (6) alternating food odour and water paired with alternating novel odours
(low uncertainty of safety).
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Preface:

In the previous chapter, I examine how uncertainty is influenced by the availability of both risk
and reward cues and how these effect neophobia. In Chapter 2, I further determine how
uncertainty is subject to anthropogenic disturbances and levels of risk. In this chapter, I conduct a
pair of experiments, in-situ and ex-situ, to examine the combined effect of human-induced
disturbances and predation risk and how these influence the latency to explore (experiment 2)
and return (experiment 1) to disturbed areas.
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Chapter 2:

Uncertainty Matters Under High Predation Risk: The Impact of
Background Risk and Anthropogenic Disturbances on Trinidadian
Guppies.

2.1. Introduction

Prey animals often face the challenge of balancing the need to avoid predators with the
demands of foraging and mating (Lima & Dill, 1990; Brown et al., 2006; Brown & Godin,
2023). To manage these competing pressures, prey must make trade-offs (Dill, 1987) and rely on
available information about local predation risks and foraging opportunities (Brown, 2003;
Brown, Ferrari, & Chivers, 2011). However, this information is often unreliable or conflicting,
which leads to ecological uncertainty (Brown & Godin, 2023; Munoz & Blumstein, 2012).
Uncertainty of predation risk, when the threat of predation is unpredictable, can make decision-
making difficult and costly. As a result, prey require information to reduce uncertainty, but
gathering that information is also costly, particularly under risky conditions (Trimmer et al.,
2011; Crane et al., 2022).

Uncertainty of predation risks arises when information is incomplete, conflicting, or
unreliable (Dall & Johnstone, 2002; Crane et al., 2024), and it is shaped by both the availability
and accuracy of information (Brown & Godin, 2023). However, environmental factors such as
rapid changes or anthropogenic disturbances can affect information availability, perception, and
processing of these cues (Weissburg et al., 2014). In situations where uncertainty about predation
risk is high, prey face the challenge of making decisions based on ambiguous environmental
cues. This often results in lost opportunities either by overreacting to non-threatening cues or
failing to respond to actual threats (Johnson et al., 2013; Crane et al., 2024). For example, overly
cautious behaviour can lead to missed foraging and mating opportunities (Johnson et al., 2013),
while failure to react to a genuine predation risk can result in death (Johnson et al., 2013; Elvidge
& Brown, 2014). Given the asymmetrical nature of these costs, prey may err on the side of
caution (Johnson et al., 2013), resulting in increased neophobia (Crane et al., 2020).

When faced with ambiguous situations, prey often opt for the safest response, fearing all new
stimuli to avoid potential risks (Feyten & Brown, 2018; Feyten et al., 2023). This uncertainty of
predation risk drives neophobia, causing prey to prioritize fear over exploration and precise risk
assessment (Feyten et al., 2023). While more information can reduce uncertainty, gathering that
information can be costly in terms of time and energy, especially in risky environments. The
effects of predation risk are also influenced by background risk, with Trinidadian rivers varying
in predator populations. Some rivers are considered "high-risk" due to a higher density of
predators, while others are "low-risk" with fewer predators. Prey from high-risk environments
experience greater background predation risk, while those from low-risk rivers face less. Natural
barriers that prevent predator dispersion often determine the presence of predators in a river
(Deacon et al., 2015; Brusseau et al., 2024). These differences in predation risk shape prey
behavior, as seen in Trinidadian guppies (Poecilia reticulata), which exhibit neophobia only in
high-risk rivers (Brown et al., 2013; Brown et al., 2015).

Human activities lead to environmental disturbances, disrupting the ecological information
available to surrounding organisms (Sih, 2013). In Trinidad, “liming sites,” where people gather
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for activities like cooking, swimming, and vehicle washing, cause significant disruptions,
introducing pollutants, noise, and other disturbances that negatively affect local aquatic
ecosystems (Deacon et al., 2015). These disturbances increase ecological uncertainty by altering
environmental cues, which can make it harder for prey to assess predation risk and foraging
opportunities (Knight & Gutzwiller, 1995; Deacon et al., 2015; Brusseau et al., 2024; Brusseau et
al., under review). Disturbances also impact prey behaviour by increasing the uncertainty of
predation risk. When environmental cues become unreliable, prey may misinterpret signals
related to danger (Chivers et al., 2013; Candolin & Rahman, 2023; Feyten et al., 2023; Brusseau
et al., 2024). Comparing disturbed liming sites with less impacted upstream areas allows us to
test the impacts of disturbances contribute to the increased uncertainty in risk assessment
(Deacon et al., 2015; Brusseau et al., 2024).

Here, we test the effects of uncertainty of predation risk affects prey behaviour in the context
of both background risk and anthropogenic disturbances. Our first experiment assessed whether
anthropogenic disturbances in high-risk environments increase behavioural uncertainty in
response to novel physical disturbances. We compared guppies from high- versus low-predation-
risk rivers and tested their responses to disturbances at or above anthropogenically impacted
sites. Our second experiment explored how background risk and anthropogenic disturbances
affect exploration and space use in a novel environment. This experiment was conducted in the
laboratory, where we observed how guppies from different environments explored a new space.
We hypothesized that prey from high-risk environments would exhibit more uncertainty in novel
situations compared to prey from low-risk environments, due to their prior experiences with
fluctuating risks (Brown et al., 2013; Brown et al., 2015). We also hypothesized that guppies
from areas with frequent anthropogenic disturbances would show greater uncertainty due to the
constant novelty in their environment. For the first experiment, we predicted that: (1) high-risk
guppies would have a longer latency to return to the disturbed area, would inspect the
disturbance less frequently, and would do so in shoals due to perceived predation threats; (2) fish
from undisturbed sites would exhibit similar patterns to high-risk fish. For the second
experiment, we predicted that: (3) high-risk guppies would have a longer latency to explore the
novel arena and would explore it less due to greater uncertainty driven by neophobia; and (4) fish
from undisturbed sites would show similar patterns due to the lack of novel disturbances in their
environment. This study seeks to enhance our understanding of how prey animals adjust their
behaviour in response to environmental uncertainty, particularly in contexts influenced by
anthropogenic disturbances and varying predation risks.

2.2. Methods

2.2.1. Model Organism and Observation Sites

Field and laboratory observations were conducted in May 2024, with fish collected from two
sites within each of two rivers in the Northern Range Mountains. We conducted in situ
observations at disturbed sites (liming sites) and undisturbed sites located ~100 m upstream in
the Lopinot and Upper Aripo Rivers. Natural barriers like small waterfalls and riffles helped
distinguish liming sites from upstream areas that are less affected by disturbances (Deacon et al.,
2015). The upstream sites are important for comparison because they offer a relatively
undisturbed environment, serving as a baseline for studying how disturbances impact prey
behaviour (Deacon et al., 2015; Brusseau et al., 2024).

The Lopinot River can be characterized as a high-risk river as it has several natural predators
to the adult guppy (Magurran, 2005; Deacon et al., 2018), whilst the Upper Aripo River is
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considered a low-risk river for its lack of predators (Deacon et al., 2018). Guppies in high
predation rivers are prey for larger species which influence community structures via predation
(Magurran, 2005). These predators include, but are not limited to, the hart's rivulus (Rivulus
hartii), pike cichlid (Crenicichla alta), wolf fish (Hoplias malabaricus), blue acara (Aequidens
pulcher), and two-spotted sardine (4Astyanax bimaculatus) (Magurran, 2005). Previous studies
have shown that adult female guppies from the Lopinot River display a neophobic response to
novel chemical cues, whereas those from the Upper Aripo River do not (Feyten et al., 2021,
2023). The downstream Aripo River was excluded as a 'high predation' site due to intensified
pollution from human activities. Both the Lopinot and Aripo Rivers are located within the Caroni
drainage basin and share similar habitat characteristics, including climate, geomorphology,
vegetation, canopy coverage, and prey communities (Deacon et al., 2018). While microhabitat
differences do exist within the streams, guppies were collected from sites with comparable
features, except for the variation in predation and disturbance levels (Elvidge et al., 2016).

2.2.2. Experiment 1: In-situ Observations

We conducted behavioural observations at anthropogenically disturbed (i.e., ‘Liming sites’)
and at undisturbed sites (i.e., above ‘liming sites) within the Lopinot (high predation) and Upper
Aripo (low predation) Rivers. Observations were conducted at points at least 75 cm from the
shoreline in pools with > 5 guppies present (visually assessed). At each point, we conducted a 2-
minute pre-stimulus observation, during which, we recorded the number of guppies present (at
15 second intervals) within a 50 cm radius of the centre of observation area. We then presented a
simulated overhead disturbance by dropping the rock stimulus and simultaneously injecting 60
mL of river water. Following the rock introduction, we began a 4-minute post-stimulus
observation, during which we recorded: the latency of time for the first fish to return within the
50 cm radius of the rock, the number of fish within the 50 cm radius of the rock every 15
seconds, and the number of inspections. Inspections were defined as when an individual or a
shoal are perceived within at least 10 cm of the rock, head directed toward the rock, either
freezing or calmy swimming directly towards it. Within a site, observations conducted at least 10
m apart, moving upstream, to reduce the likelihood of repeat sampling. We conducted n = 14-15
observations at disturbed and undisturbed sites in each population, for a final sample size of N =
58.

2.2.3. Experiment 1: Statistical Analysis

As dependant variables, we calculated the proportional change in number of guppies present
((post — pre)/pre) and per capita inspections (number of inspections divided by the mean number
of guppies present during the post-stimulus observation period) for each replicate. We then used
a GLMM to test the effects of population (Lopinot vs. Upper Aripo River) and disturbance
(disturbed vs. undisturbed sites), and their interactions on each behavioural metric. All analyses
were conducted using SPSS v. 29.0.

2.2.4. Experiment 2: Ex-situ Observations

Like experiment 1, guppies were collected from the disturbed-low-risk and undisturbed-low-
risk sites of the Upper Aripo river and from the disturbed-high-risk and undisturbed-high-risk
sites of the Lopinot river. Adult female guppies were caught using a 3mm seine net within each
of these locations and brought to the laboratory at the University of the West Indies, St
Augustine. Females were selected as a model group due to the strength of their anti-predator
response (Brusseau et al., 2024).
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The observations were performed in 40 cm x 40 cm corrugated plastic arenas, sealed with
aquatic safe silicone. On the floor of each arena, we created a 3x3 grid with 9 identical squares
(Figure S2.1). At the top inner corner of the 4 external corner squares, we glued plastic plants to
create shelter for the fish (Figure S2.1).

We placed a single female guppy in an opaque plastic cylinder within the center square of the
arena and let the individual acclimate for 5 minutes. After this acclimation period, the cylinder
was removed to expose the female to the entirety of the arena, we simultaneously started a 4-
minute observation. During this time, we recorded the latency of the individual to exit the centre
square, the number of seconds spent calmy swimming in the arena, and the number of lines
crossed by the individual when moving within the arena. A line was considered crossed when he
entire body of an individual had crossed over into another square. The number of lines crossed
were later used to quantify an index of evenness of space use. When determining the index of
evenness, we initially had to calculate the difference between the proportion of times that a
guppy had entered each zone during the observations and the expected random proportion (0.11
if the 9 zones were used equally). Following this, the absolute values of these were summed to
yield an overall index of space use evenness for the trial. The values ranged from 0, where are
the squares of the arena were used equally, to 1.77, where the individual guppy spent the full
observation period in one square (Crane et al., 2022). To present visually appealing data, we
reversed these values (multiplying by —1) so that greater values represented more evenness.
During this experiment, we conducted 25 observations for undisturbed-low-risk, 25 for
disturbed-low-risk, 25 for undisturbed-high-risk, and 26 for disturbed-high-risk . Which gives a
sample size of roughly N=25 for each treatment.

2.2.5. Experiment 2: Statistical Analysis

As dependent variables, we measured line crosses, time spent freezing, latency to leave the
center, and evenness. We then used a Generalized Linear Mixed Model (GLMM)) to test the
effects of river (Lopinot vs. Upper Aripo River) and site (disturbed vs. undisturbed), and their
interaction on each behavioural metric. River was treated as a fixed factor, while site was
included as a random factor to account for site-specific variability. All analyses were conducted
using SPSS v. 29.0.

2.3. Results

Experiment 1

For the proportional change in number of guppies present following the introduction of the
acute rock disturbance, we found a significant main effect of population (P = 0.022; Table 2.1)
but no effect of site nor River x Site interaction (Table 2.1). Within the Lopinot River, there was
a greater decrease in the number of guppies present following the rock disturbance compared to
the Upper Aripo River. Post-hoc GLMMs showed that while the change in number of guppies
present did not differ between the disturbed vs. undisturbed sites in the Upper Aripo River (Fi s
=0.01, P=0.99), we found a significant decrease following rock presentation at the undisturbed
sites (vs. the disturbed sites) in the Lopinot River (Fi28=5.14, P =0.032). In both populations,
guppies typically fled the observation area in response to the introduction of the acute
disturbance. Our results suggest that at the low predation risk sites, guppies rapidly returned to
the observation area.

For both the latency to first inspection and per capita inspection rates, we found significant
River x Site interaction terms (P = 0.008 and P = 0.031 respectively; Figure 2.1; Table 2.1). In
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the Lopinot River (high predation), guppies tested at anthropogenically disturbed sites returned
faster and inspected at higher rates compared to the upstream undisturbed sites (Figure 2.1).
Conversely, the latency to inspection and inspection rates were similar at the disturbed vs.
undisturbed sites in the Upper Aripo River (Figure 2.1).

Experiment 2

Overall, for the GLMM outputs of experiment 2 we found compelling results. For the mean
time spent freezing, we found a significant interaction of River x Site (P=0.043; Table 2.2).
Additionally, for the mean lines crossed, we found a significant effect of river (P=0.004; Table
2.2) and River x Site (P=0.014; Table 2.2). Within the undisturbed population of the Upper Aripo
River, there were significantly more line crosses performed (Figure 2.2), suggesting more
exploratory behaviour. Lastly, for the evenness of the lines crossed we found a significant effect
of River x Site (P=0.005; Table 2.2).

We found that guppies tested in the Lopinot River (high predation) exhibited a trend to have
higher line crosses, more even space use and less time freezing at anthropogenically disturbed vs.
undisturbed sites (Figure 2.2). Conversely, guppies tested in the Upper Aripo (low predation)
tended to have lower line crosses, less even space use and more time freezing at disturbed vs.
undisturbed sites (Figure 2.2).

2.4. Discussion

Our combined results from the field and laboratory assays provide supporting evidence for
our hypothesis that anthropogenic disturbances induce uncertainty of predation risk among prey,
especially in environments where background risk (e.g., predation risk) is high. In these
scenarios, guppies responded with more cautious, information-seeking behaviours when
confronted with novel disturbances or environments. Both Experiment 1 and Experiment 2 are
consistent with the hypothesis that disturbances, particularly in high-risk environments, lead to
greater behavioural uncertainty as prey try to assess new, unpredictable risks.

In Experiment 1, we found no significant effects of river or site on per capita visits to the
disturbed area, suggesting that guppies from both high and low predation environments inspected
the disturbance area similarly. However, there were significant effects on the latency to return to
the disturbed area. Guppies from undisturbed sites, particularly those from high predation rivers,
exhibited longer latencies before returning to inspect the disturbance. This indicates that, while
both high- and low-risk guppies may approach disturbances in a similar manner, their decision-
making regarding how quickly to return is influenced by the perceived level of risk. In contrast,
guppies from disturbed sites, regardless of predation background, returned more quickly,
suggesting that disturbance-prone individuals are more uncertain and therefore less cautious in
exploring their environment.

Similarly, the proportional change in guppy abundance post-disturbance was significantly
greater in the high-risk, high-predation river (Upper Aripo) compared to the low-risk river. This
suggests that guppies in riskier environments are more sensitive to disturbances, likely due to
their heightened uncertainty regarding potential risks. Interestingly, no such significant change in
abundance was observed for guppies from disturbed, low-risk sites. This discrepancy highlights
the influence of background predation risk in shaping how prey species respond to disturbances,
reinforcing the notion that high-risk environments amplify the perceived uncertainty of novel
disturbances.

In Experiment 2, we observed a significant interaction between river and site regarding the
latency to explore a novel arena. Guppies from low predation rivers, especially those from
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undisturbed sites, exhibited greater exploratory behaviour, as evidenced by a higher number of
line crossings and less cautious exploration. In contrast, guppies from high predation rivers,
particularly those from disturbed sites, exhibited longer latencies to initiate exploration and more
uniform exploration patterns. This suggests that guppies from high-risk and disturbed
environments adopt more cautious exploration strategies, likely as an adaptive response to
greater environmental uncertainty.

Integrating the results from both experiments, it is clear that guppies from disturbed and high-
risk environments exhibit greater behavioural uncertainty. While they may initially explore new
disturbances more quickly (suggesting higher uncertainty; Crane et al. 2024), they also show
greater caution in how and where they explore, likely as a strategy to assess potential risks. This
aligns with the findings of Brusseau et al. (2024), who observed greater predator inspection rates
in low-background-risk rivers and disturbed sites, supporting the idea that anthropogenic
disturbances increase uncertainty by introducing novel, unpredictable elements into the
environment. Additionally, our findings align with those of Chen & Koprowski (2015), who
demonstrated that continuous anthropogenic activity, such as traffic and noise, can reduce animal
abundance at disturbed sites. While our study focused on episodic aquatic disturbances, the
results raise the interesting possibility that continuous disturbances might have even more
profound effects on prey species.

Our results also suggest that the degree of neophobia observed in guppies from high predation
rivers reflects an adaptive strategy to overestimate the likelihood of predation in novel situations.
This fear of novelty in high-risk individuals has been demonstrated in other species, such as
convict cichlids (Amatitlania nigrofasciata) (Brown et al., 2013; Joyce et al., 2016), Trinidadian
guppies (Poecilia reticulata) (Elvidge et al., 2016), and wood frog tadpoles (Lithobates
sylvaticus) (Mitchell et al., 2016). In our study, the increased latency to explore (Experiment 2)
and return (Experiment 1) to disturbed areas may reflect a similar adaptive response, where
guppies in high-risk environments perceive greater danger and respond by overestimating risk.

Recent studies suggest that anthropogenic disturbances may increase the uncertainty of
predation risk among prey by reducing the availability of reliable information or altering the
reliability of current environmental cues (Brusseau et al., 2024; Crane et al., 2024). In our study,
the increased uncertainty observed in guppies from disturbed environments may directly result
from such disturbances. Novel elements introduced by human activity, like chemical pollutants
or physical habitat modifications, could cause prey species to experience greater uncertainty in
assessing risk. This aligns with Brusseau et al. (2024), which highlights how anthropogenic
disturbances create environments where information is less consistent or harder to interpret,
forcing animals to adopt more cautious, exploratory behaviours. Furthermore, ecological
uncertainty has been noted in other species exposed to anthropogenic disturbances. For example,
golden jackals (Canis aureus) in Israel, living near human-impacted areas like villages, have
smaller home ranges and core areas compared to those in less-disturbed habitats (Rotem et al.,
2011). This suggests that individuals in human-impacted regions may alter their spatial
behaviours due to increased uncertainty about resource availability or predation risk. Similarly,
guppies in disturbed environments may modify their exploration and foraging patterns in
response to heightened uncertainty.

Overall, our findings strongly support the hypothesis that anthropogenic disturbances and
high background predation risk increase behavioural uncertainty in prey species. Guppies from
disturbed or high-risk environments exhibit a combination of quicker, yet more cautious
exploration, suggesting that they rely on risk-avoidance strategies when faced with novel or

21



unpredictable environments. This is consistent with the broader concept of ecological
uncertainty, where disturbances create environments that are more difficult to interpret, thus
requiring prey species to alter their behaviours to cope with heightened unpredictability.

The concept of ecological uncertainty remains understudied but crucial, as it reflects how both
biotic and abiotic factors—especially those influenced by human activity—interact to influence
prey behaviour. Our study contributes to this understanding by highlighting how frequent,
episodic disturbances introduce novel risks that prey species must navigate. As anthropogenic
disturbances continue to shape ecosystems, it will be important to further explore how such
uncertainties affect not only individual behaviours but also broader ecological interactions and
community dynamics.
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Figure 2.1. Mean (= SE) (a) per capita visits, (b) latency to return to disturbed area, and (c)
proportional change in abundance pre- and post-disturbance. Guppies pre-exposed to high or low
background risk were observed individually or as a member of a shoal. Blue bars = disturbed
sites and red bars = undisturbed sites. Sample size was 15 per treatment combination for
Experiment 1.
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of area use for guppies pre-exposed to high or low background risk and tested individually as or
a member of a shoal. Blue bars = disturbed sites and red bars = undisturbed sites. Sample size
was 15 per treatment combination for Experiment 2.
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Table 2.1. General Linear Mixed Model (GLMM) outputs for (a) per capita visits, (b) latency to
return, and (c) proportional change in fish abundance relative to the occurrence of a physical
disturbance in a pool for Experiment 1. Significant terms in bold.

F value Degrees of P
freedom
Per capita visits
River 0.57 1, 54 =0.45
Site 3.02 1, 54 =0.09
River x Site 4.90 1, 54 =0.031
Latency to return
River 17.75 1, 54 <0.001
Site 19.55 1, 54 <0.001
River x Site 7.59 1, 54 =0.008
Proportional Change
River 5.53 1, 54 =0.022
Site 1.46 1, 54 =0.23
River x Site 1.44 1,54 =0.24

Table 2.2. General Linear Mixed Model (GLMM) outputs for (a) mean time (square-root
transformed) spent freezing, (b) mean lines crossed, and (c) evenness in exploration of the arena
in Experiment 2. Bolded p values are significant (p <0.05).

F value Degrees of P
freedom

Mean time freezing
River 0.09 1,97 =0.77
Site 0.19 1,97 =0.66
River x Site 4.20 1,97 =0.043

Mean lines crossed
River 8.65 1,97 =0.004
Site 0.004 1,97 =0.95
River x Site 6.23 1,97 =0.014

Evenness

River 0.16 1,97 =0.69
Site 0.008 1,97 =0.93
River x Site 7.08 1,97 =0.005
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General Conclusion

Ecological uncertainty refers to the unpredictability and variability that organisms face in their
environments, particularly in the association of safety and risky cues (Brown & Godin, 2023).
This uncertainty arises when prey species are confronted with incomplete, conflicting, or
unreliable information about their surroundings (Dall & Johnston, 2002, Crane et al., 2024). The
inability to accurately assess threats or rewards increases the cognitive and survival costs for
animals, forcing them to navigate trade-offs that can significantly influence their fitness (Lima &
Dill, 1990). As the environmental cues animals rely on fluctuate, the uncertainty of risk
assessment becomes more pronounced. This type of uncertainty has previously been
underreported in ecological studies, but it is gaining increased attention in contemporary
research. This shift in focus is crucial, as understanding how uncertainty shapes animal
behaviour can provide insights into how organisms adapt to and cope with rapidly changing
environments. Such knowledge is essential in assessing the long-term impacts of human activity
on the planet's diverse and complex ecosystems.

In Chapter 1 of my study, I aimed to understand how uncertainty influences animal behaviour,
particularly risk-averse behaviours like neophobia. My results suggest that uncertainty leads to
more cautious behaviour, even more than a simulated high-risk environment. In my experiment,
guppies, Poecilia reticulata, exhibited greater neophobic tendencies when exposed to uncertain
risk and reward cues. This behaviour aligns with the chapter’s hypothesis that uncertainty linked
to fluctuating or contradictory environmental cues induces heightened caution and risk aversion.
The significant neophobic behaviour I observed in response to uncertain information supports the
idea that organisms adapt to unpredictable environments by adopting risk-averse strategies. This
finding underscores the importance of understanding how ecological uncertainty drives life-
history trade-offs in prey species, affecting their survival strategies and overall fitness.

In Chapter 2, I examined the role of anthropogenic disturbances in introducing ecological
uncertainty. My combined field and laboratory experiments revealed that human-induced
changes to habitats, such as physical disturbances or the introduction of novel elements, create
environments that prey species perceive as more uncertain. For instance, guppies in disturbed
habitats showed a delayed response in both exploring new areas (experiment 2) and returning to
familiar, disturbed spaces (experiment 1), suggesting an adaptive response to the increased
perceived danger in these environments. This tendency is particularly pronounced in habitats that
are subject to frequent or unpredictable disturbances, where the cost of misjudging a threat could
be fatal. To fully understand the impacts of ecological uncertainty, I believe it is essential to
integrate both ex-situ (laboratory-based) and in-situ (field-based) research. While laboratory
experiments allow for controlled manipulation of variables, field experiments provide insights
into how animals respond to real-world conditions. In this chapter, the combination of these
approaches offered a more comprehensive view of how uncertainty influences animal behaviour
in both theoretical and actual environments.

As human activity continues to modify ecosystems at an alarming rate, the level of
uncertainty in natural environments is likely to proportionally increase. Thus, compounding the
challenges organisms face. Understanding how species cope with different types of uncertainty,
whether driven by anthropogenic factors or natural variability, is vital for anticipating the
potential impacts on biodiversity and ecosystem stability. The results of these experiments
highlight the significant impact of environmental disturbances on animal behaviour. Species
inhabiting modified ecosystems may face increased selective pressure to adopt more cautious
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behaviours, such as neophobia, due to the constantly changing ecological cues in these
environments. This raises the urgent need to better understand how uncertainty affects survival
strategies, as these behaviours are crucial for adapting to dynamic and potentially hostile
environments. Given the complexity and diversity of uncertainties in Earth's ecosystems,
understanding and addressing ecological uncertainty will become even more critical to
preserving biodiversity and maintaining the health of the planet's habitats.
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Appendices

Appendix A: Chapter 1 Supplementary Materials

Table S1.1. The conditioning process for the six individual treatments over the course of 5 days,
with two exposures a day. AC=Alarm Cues, NO=Novel Odours (the number corresponds to the

odour), FO=Food Odours, and W=Water. The treatments were described as follows: (1) alarm
cues paired with alternating novel odours; (2) food odour paired with alternating novel odours

(high safety); (3) alarm cues paired with water (known risk); (4) alternating alarm cues and food

odour paired with alternating novel odours (high uncertainty); (5) alternating alarm cues and
water paired with alternating novel odours (low uncertainty of predation risk); and (6) alternating
food odour and water paired with alternating novel odours (low uncertainty of safety).

Day 1 Day 1 Day2 Day2 Day3 Day3 Day4 Day4 Day5 Day5
AM PM AM PM AM PM AM PM AM PM
AC+NO1 | AC+NO2 | AC+NOs | AC+NO4 | AC+NOs | AC+NO1 | AC+NO:2 | ACHNOs | AC+NO4 | AC+NOs
FO+NO: | FO+NO: | FO+NOs3; | FO+NO4 | FO+NOs | FO+NO:1 | FO+NO: | FO+NOs; | FO+NOs | FO+NOs
AC+W AC+W AC+W AC+W AC+W AC+W AC+W AC+W AC+W AC+W
AC+NO1 | FO+NO: | AC+NOs | FO+NOs | AC+NOs | FO+NO1 | AC+NO:2 | FO+NOs; | AC+NOs | FO+NOs
AC+NO1 | WHNO2 | AC+NO3 | WANOs | ACHNOs | W+NO1 | AC+NO2 | W+NO3 | AC+NOs | W+NOs
FO+NO:1 | W+NO:2 | FO+NO3; | W+NOs | FO+NOs | W+NO: | FO+NO:2 | W+NOs; | FO+NOs | W+NOs

"~ Brown Leb

Figure S1.1. Novel observational set up where: a) front view of the sketch for a single bucket

(created using BioRender), b) side view for a single bucket (created using BioRender), c) actual

in-lab testing set up with two buckets, the fish’s reflections are able to be viewed in the mirror

above the buckets. This novel set-up prevents the observer from disturbing the test individuals.
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Appendix B: Chapter 2 Supplementary Materials

Figure S2.1: Schematic of the grid frame (40 cm x 40 cm) used for testing in Experiment 2.
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