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Abstract

The introduction of a new species to ecosystems can result in competition between
native species and the introduced, with adaptations that may allow coexistence,
through resource facilitation or partitioning, unable to evolve, given the short co-
evolutionary time period. Consequently, in cases where livestock species have been
introduced to a new system, competitive interactions between native and domestic
species have been directly instigated, with interspecific competition between
sympatric, free living ungulates and domestic livestock becoming an increasing
concern for conservationists. Understanding the specific ways and mechanisms in
which this competition manifests is critical for informing conservation management,
both of wild species, and domestic livestock. Throughout this thesis, | examine the
case study of wild guanaco (Lama guanicoe) and domestic sheep (Ovis aries), in the
Patagonian Steppe ecosystem of Southern Chile, a system in which competition has
been demonstrated as highly probable. Two key elements in guanaco-sheep
competition were investigated, to determine whether competitive effects manifest in
(1) foraging behaviour, by examining the effects of sheep presence on the behavioural
changes in guanaco, and (2) physiology, by examining the effects of sheep presence

on guanaco separately for cortisol and testosterone.

(1) Guanaco bite rates generally increased with vegetation biomass availability.
However, when sheep were present in high densities, the pattern reversed, with
guanaco bite rates decreasing with vegetation abundance. Additionally, the probability
of guanaco feeding occurring at any one time was shown to be higher in areas shared
with domestic sheep than in national parks, where sheep are absent. Both results
suggest guanaco prioritise feeding behaviours at the expense of other behaviours,

where sheep are present.

(2) Sheep presence did not predict either the cortisol or testosterone profiles of
guanaco. Instead, cortisol concentrations were influenced by the group number and
composition (number of adults and juveniles). Conversely, testosterone content was

influenced mainly by the specific Age-Sex Class (social group) of the individual.
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of Chester’s safety regulations. This greatly affected the studies included within this
thesis. Initial plans were to test the novel field extraction methods (see Chapter 3) at
two sites (of the four featured throughout the thesis) in close proximity to one another,
but then to return later in the year, after analyses of the first season’s samples, to
examine for any potential differences in guanaco hormone content that may occur
across seasons, and across all four sites. Due to the cancellation of all fieldwork
activities, the thesis describes only what was able to be collected from this initial pilot
study. It was also originally hoped that faecal samples from both guanaco and sheep
would be collected, however the trial only ever entailed the collection of guanaco
samples for analysis, out of ease as a test in the preliminary stage. Initially, it was also
planned to assess oestrogen profiles of guanaco, but due to low sample size, inability
to return to Chile to conduct further sampling, and associated time and funding
constraints, conduction of the assays required to assess for faecal metabolites of
oestrogen was not possible. At the time of sample collection, obtaining the licensing
required for the shipment of guanaco faecal samples was still on-going from DEFRA.
Resultantly, freezer space in a laboratory at the Universidad de Magallanes was
reserved, so that samples could remain at -20°C until such a time when a collaborator
was able to post them to the UK. Magallanes and Patagonia was one of the worst
affected areas in Chile, and access to non-residents was strictly prohibited.
Furthermore, strict curfews prevented access to the Universidad de Magallanes, even
by field research assistants or collaborators working at this institution. Shipment of
samples from Chile to the UK was also affected by significant delays. While stored
correctly at sub-ambient temperatures on-site at the Universidad de Magallanes, the

collected faecal samples were unable to be accessed by colleagues or collaborators
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in Chile, due to the strict and extended lockdowns posed in the Magallanes region
than the rest of Chile. Additionally, once samples were eventually posted at the earliest
possible time, the large backlog of packages entering the UK through London
Heathrow airport caused further delays in processing and security clearance.
Additionally, the package containing samples stored on Solid Phase Extraction
cartridges was held at security of the airport for a week prior to posting to the University
of Chester.

On 18" March, 2020, then Chilean President Sebastian Pinera announced the closure
of Chile’s borders to European travellers. Magallanes and the Chilean Patagonia
region was the worst hit region throughout Chile and borders were not reopened to
Europeans again until October 2021. Lockdown measures in the UK legally came into
force for the first time on 26" March 2020. Beside the reduced work rates, University
regulations prevented access to the laboratory, and increased distractions associated
with working from home, | also personally tested positive for COVID-19 multiple times
while living and working in Chester (October 2020, April 2021, July 2021) and this also
prevented my access to the laboratory for a number of weeks as a result of the
required self-isolation.

As for many, COVID-19 also resulted in personal financial worries. During the course
of this self-funded PhD programme, | had saved up the required finances to live and
rent accommodation for the academic years 2018-2019 and 2019-2020, so that any
work that was required to be conducted on campus could be, with the third and final
year to write up results remotely, visiting the campus as and when required. However,
the lockdown in early 2020 resulted in the termination of laboratory work until January
2022. In January 2022, | was offered the opportunity to return to Chile on a working
contract from a contact | had made there during my stay for previous fieldwork. Taking
this work provided me with the funding to return to live in Chester full-time, so that
laboratory work could then be carried out, but resulted in a further 2 month delay (1.5
months in Chile on contract and 0.5 months off sick when | returned with COVID-19)
to the start of laboratory work. Further interruptions to hormone analysis occurred
when all members of the supervisory team, laboratory assistants, and managers, all
became infected with COVID-19 at different times. This left me with four months to
complete hormone analyses before the end of my accommodation contract

termination in June, during which, the two in-house enzyme-immunoassays for cortisol
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and testosterone were validated using the faecal samples acquired from the field
(described in Chapter 3). Following the completion of laboratory work, | sought a
switch in the degree to part-time, to pursue employment, which inevitably led to delays

in subsequent manuscript and thesis writeup.

Other effects of COVID-19 included the rescinding of a grant that | was awarded from
the British Ecological Society, which would have facilitated travel to and attendance at
an international workshop on non-invasive sampling of hormones in 2020, with the
event postponed until after the pandemic. The event would have provided further
training and understanding for the endocrine component of this thesis. The same
occurred for an award of £800.00 from The Lord Mayor's 800th Anniversary Awards
Trust to facilitate further fieldwork relating to the sampling of faecal hormone
metabolites. Although | was initially told that | was successful in acquiring the award
in April 2020, COVID-19 restrictions meant | was unable to travel to perform the
fieldwork for which the grant was intended. Upon reapplying the following year in 2021,
| had by this time surpassed the upper age limit of the award’s eligibility, and therefore

was informed | was unable to submit a formal application.
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Thesis Formatting

| have begun each chapter with a brief summary, whereby that specific chapter’s
importance and how it is embedded within the overall thesis is presented, along with

a summary of the main findings.

Chapter 1 first serves as a general introduction to provide the reader with some
essential background information to many of the concepts and methodologies
described throughout the thesis. | start by providing the reader with the background
information relating to interspecific competition and how it is generally diagnosed in
suspected competing species pairs. This is followed by a summary of the current
understanding of the behavioural ecology and natural history of wild guanaco, before
evaluating the relationship of guanaco and domestic sheep. This information provides
key context for the two species’ potential competition, as well as social conflicts and
conservation implications of this conflict for the Patagonian Steppe ecosystem. This is
succeeded by providing the necessary background information to methodologies

applied in following data chapters.

In Chapter 2 | used bite and step rates of free-ranging guanaco (as proxies of foraging
vegetation intake and selectivity, respectively) to understand whether differences are
seen in these behaviours in sheep ranch lands and in National Park areas where
sheep are absent. Here | demonstrate through examinations of bite and step rates of
guanaco that there is a negative effect seen on guanaco in areas where sheep are
present, with guanaco foraging strategy and feeding ecology changing when sheep

are present.

Following the success of inferring negative effects from behavioural observation, | then
sought to examine a seldom studied aspect in guanaco physiology, and whether a
negative physiological effect could be observed in areas where sheep were present
and absent. Two main hormone groups were chosen for analysis: androgens
(testosterone) and glucocorticoids (cortisol). Examining the physiology of wild
guanaco first required the validation of methods to collect samples, extract hormone
metabolites from them, and then quantify their concentration levels using enzyme-
immunoassays. Chapter 3 describes how this process was conducted,

immunologically and biologically validating a novel method in field extraction and
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analysis of faecal hormone metabolites through an in-house developed enzyme-
immunosorbent assay (EIA).

In Chapter 4, | examined whether the presence of sheep affects guanaco physiology,
to determine whether negative effects can be seen on faecal concentrations of
testosterone and cortisol. Other confounding variables included in analyses are also

discussed with reference to their impact on cortisol and testosterone.

Finally, Chapter 5 starts by summarising the key findings of the thesis. | then discuss
the potential alternative hypotheses for the relationship between guanaco and sheep
regarding conclusions drawn about foraging behaviours in Chapter 2. Following this,
the reasons for why specific site differences in cortisol and testosterone may occur,
and the relevance of conservation physiology are also assessed, specifically
referencing its application to assessing interspecific competition. | end the thesis with
some general suggestions for future investigations of competition and the future of

guanaco conservation in Chilean Patagonia.

While the thesis was written in its entirety by myself, there are times where | refer to

“‘we” rather than “I” throughout certain aspects of the data collection, analysis, and
collation of this project. While it was indeed my project and the writing up of the project
has been completed solely by myself, | want to reiterate this is because | would have
been unable to complete it as it is without the advice and help of the many people that
formed my supervisory team, laboratory managers and assistants, and field assistants
(see Acknowledgements). To these people, and they know who they are, | will be
forever grateful. Science, at every level, is a group effort, and it would be unfair not to

credit those who have helped me on this journey.
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“The essence of animal behavior is not the behavior itself, but the purpose it serves.”

— Konrad Lorenz
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Chapter 1. General Introduction

1.0 Summary

Interspecific competition has been well examined in the case study species pairing of
guanaco (Lama guanicoe) and domestic sheep (Ovis aries). Competition between the
two species has long been suggested in previous investigations of this pairing, with a
number of ‘negative effects’ (a prerequisite for interspecific competition) described in
guanaco as a result of the presence of domestic sheep. The majority of previous
investigations have largely insisted that sheep compete with guanaco for foraging
resources, mainly demonstrated through overlaps in diet or habitat. However, the
mechanisms by which competition occurs are not known in their entirety, and further
research is required to determine the specific ways that competition between these
two species manifests, in order to effectively guide future management of this system
and guanaco conservation. Most of the previous studies addressing competition in this
system have concerned dietary or spatial overlaps and so this thesis aimed to explore

other ways in which negative effects might be present.

Throughout this thesis, the effects of sheep presence on the foraging behaviour and
physiology of guanaco in Chilean Patagonia were examined for the first time. While
changes in foraging behaviour have been examined in other competing ungulate pairs
around the world (although never for guanaco), examining changes in physiology in
response to a competitor’s presence has never ever been applied to the guanaco-
sheep system to determine if sheep have a physiological impact as competitors. Such
observations may lend further evidence to the likelihood of competition if a negative
effect is found, but also allow conservationists to determine how the effects of
competition between the species manifest most prominently, to aid future

management of both species.
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1.1 Interspecific Competition and its Diagnoses

1.1.1 The Mechanisms of Competition

Interspecific competition is integral to the governance of ecosystem community
structure (Schoener, 1983; Chase et al.,, 2002; Valeix et al., 2007; Chesson and
Kuang, 2008), and the consequences of interactions resulting from interspecific
competition are a central focus of ecology (Connell, 1983). Theoretically, ungulates’
life-history traits should make them some of the most competitive species of all
organisms (McCullough 1979; Stewart et al., 2002). Indeed, many ungulates have
short gestation periods and fast growth rates, both of which allow for high population
recovery. Ungulate social structures enhance foraging strategy and provide protection
from predators, and their variable body sizes and adaptability allow them to exploit
various ecological niches (Rubenstein, 1989; Festa-Bianchet, 2012). At high
population densities, ungulates adapt in various ways to lower competitive
interactions. In particular, reproduction becomes delayed (Skogland, 1986; 1990) and
body mass growth reduces (Bonenfant et al., 2002), as does the fecundity of females
(Albon et al., 2000; Coulson et al., 2000). Additionally, high population densities
decrease individuals’ survival (Albon et al.,, 2000; Forchhammer et al., 2001;
Bonenfant et al., 2002), especially during the winter when natural food resources are

less abundant.

The degree of competitiveness in sympatric species may depend on their ecological
fitness, i.e., their ability to grow, survive, and reproduce in an environment while
interacting with other species (Alley, 1982; Wall and Begon, 1985). In competitive
scenarios, ecological fitness refers to how effectively a species can access resources
(such as foraging vegetation, habitats, and mates) and avoid, overcome, or minimise
competitive pressures from other species, and the effects of competition, predation,
and environmental stress (Metz et al., 1992). Species with higher ecological fithess in
competitive environments are capable of adapting to limited resources, partitioned
resources, or developing behaviours that minimise direct competitive interactions
(Geist, 1974; Latham, 1999). Ultimately, the fithess outcomes of competition depend
on the balance between resource availability, habitat use, and species-specific

adaptations that allow them to survive and reproduce in the presence of other species.
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There are three main mechanisms involving behaviour by which the interspecific
competition for foraging resources between two ungulate species can occur:
exploitative, interference, and apparent competition (Birch, 1957; Case and Gilpin,
1974; Amarasekare, 2003). Exploitative competition, or exploitation, involves indirect
adverse interactions, occurring solely as a result of two species sharing a common
resource (Vance 1984; Chirichella et al., 2014). Such competition may occur when
one species alters habitat conditions, depleting food resources through consumption
or destruction, rendering them unavailable for a second species (Latham, 1999). For
example, in the Mediterranean, wild ungulate herbivory directly reduces the shrub
cover available for small mammals (Mufioz et al., 2009). Between ungulate species,
reintroduced red deer (Cervus elaphus) reduce the volume of nutritious plants, leading
to greater search efforts, declined growth rates and eventual increased winter mortality
in sympatric wild chamois (Rupicapra rupicapra; Feretti et al., 2015; Donini et al.,
2021).

Interference competition arises when species directly interact with one another, thus
limiting the other’s access to shared resources (Schoener, 1983). Interference is
usually manifested as observable interactions that directly prevent another species
from accessing that shared resource, such as through agonistic behaviour. This
behaviour may also be expressed by one species’ avoidance of the competitor species
(Rattimann et al., 2008; Herfindal et al., 2017). For example, elephants (Loxodonta
africana) temporally displace smaller ungulate species, including impala (Aepyceros
malampus), roan antelope (Hippotragus equinus), sable antelope (Hippotragus niger),

and greater kudu (Tragelaphus strepsiceros) from watering holes (Valeix et al., 2007).

Crucially, competing species can also reduce or avoid competition for foraging
resources through specific morphologic or behavioural adaptations that allow for
coexistence through resource partitioning or facilitation (Redjadj et al., 2014).
Resource partitioning allows division of shared resources between two species to
reduce competition while maintaining ecological independence from another species’
trophic niche, with no negative effects on either species involved (Walter, 1991). For
example, in the Serengeti National Park of Tanzania, four sympatric ungulate species,
Zebra (Equus quagga), wildebeest (Connochaetes taurinus), topi (Damalisicus
korrigum) and Thompson’s gazelle (Gazella thomsoni) are able to coexist on the same

species of grass without competing (Bell, 1970; Jarman and Sinclair, 1979). Zebra
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feed on the upper parts of the grass plant, such as the stem. Topi eat the lower stems,
and wildebeest mainly eat the leaves. Thomson’s gazelles feed off the new green
shoots of the plant that spring after just a couple of days of being cropped by the other
three ungulate species (Sinclair and Norton Griffiths, 1982; Putman and Putman,
1996).

Resource facilitation occurs when interactions between one species and the
environment results in the improved accessibility or availability of resources for
another species (Bertness and Callaway, 1994) and often provides advantages to one
or both species (e.g., du Toit and OIff, 2014). Foraging facilitation may arise in two
ways: Firstly, grazing by one species makes foraging vegetation more accessible to
another species (e.g. by reducing grass height and removing stems; Vesey-Fitzgerald
1960, Bell, 1970; 1971). Secondly, grazing by one species stimulates the regrowth of
foraging vegetation, enhancing the nutritional quality of forage a second species
(Vesey-Fitzgerald, 1974; McNaughton, 1976; Gordon and lllius, 1988). In productive
environments, larger grazing ungulates are often expected to facilitate smaller species
by increasing the amount of vegetation regrowth (OIff and Ritchie, 1998; Woolnough
and du Toit, 2001; Stears and Schrader, 2020). However, in less-productive
environments, resource facilitation between ungulate species may be impossible, due
to the reduced amounts of vegetation biomass (Van de Koppel and Prins, 1998). In
situations where a pair of sympatric species involves an introduced taxon, such as a
livestock species, shared evolutionary history is often minimal, and so adaptations
enabling coexistence, through resource partition or facilitation, might not have evolved
yet (Focardi et al., 2006; Lovari et al., 2014; Ferretti et al., 2015; Redjad;j et al., 2014;
Cameron and du Toit, 2007; du Toit and OIff, 2014; Pan et al., 2019). Additionally,
competitive effects are generally more pronounced for those species pairs whose

foraging strategies and dietary preferences are similar (Owen-Smith, 2002).

Another important mechanism of competition, apparent competition, can exist
between species, but relates to a shared enemy, such as a predator or parasite, rather
than a common resource (Holt, 1977; Schoener, 1983; Grover and Holt, 1998; Holt
and Bonsall, 2017). Similar to exploitative competition, the mechanisms of apparent
competition occur indirectly through reciprocally negative indirect interactions (Chase
et al., 2002). One herbivore species’ population growth may attract more predators,

resulting in the other species’ population declines through increased predation
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pressure, even if the two herbivores do not compete for resources directly. Such
observations have been recorded between plains Zebra (Equus burchelli) and
hartebeest (Alcelaphus bucelaphus lelwel), which experience apparent competition

mediated through lions (Panthera leo), a common predator (Ng'weno et al., 2019).

1.1.2 Diagnosis of Interspecific Competition

In many instances where competition has been proposed between domestic and wild
ungulates, such suggestions may be purely anecdotal, making it critical to establish
criteria for diagnosing interspecific competition (Chirichella et al., 2014). This diagnosis
has been the subject of scientific debate due to the wide range of presenting
‘symptoms’ in different species pairs globally. Recognising this difficulty, several
authors have developed protocols of key criteria for deducing interspecific competition
in the field (Chirichella et al., 2014).

The competitive exclusion principle, developed by Gause (1934), states that
theoretically, two species competing for shared resources cannot coexist long-term. A
more successful competitor will always outcompete the other, leading to the eventual
extinction of the second (Hardin, 1960). However, the principle does not consider
temporal dynamics, where some species can dominate at different times, enabling
coexistence through life cycle differences or seasonal changes (Flores and Beltran,
2000; Begon and Townsend, 2021). Additionally, environmental fluctuation can alter
common resources, in both abundance and type, as well as the competitive

advantages that may give one species an edge over the other, enabling coexistence.

Tilman (1982) developed a resource competition model illustrating how competing
species may coexist by using shared resources differently, thus reducing direct
competition. Tilman’s model ultimately agrees with Gause’s competitive exclusion
principle: two species with identical ecological niches cannot coexist in the same
environment over time if resources are limited. However, Tilman posited that the
outcomes of competition depend not only on the traits of the specific species involved,
but also on the shared resources (Tilman, 1982; 1987). The model emphasises that
species may use resources differently, enabling coexistence. If species have different

resource preferences (e.g., different tolerances to resource levels or varying capacities
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to acquire resources), they can coexist even in a competitive environment (Tilman,
1982).

The Lotka-Volterra model explores how two competing species are affected in terms
of their population abundances. The model states that two species can coexist only
when the degree of intraspecific competition in one or both species is greater than
interspecific competition, i.e., a species must limit itself more than a competitor species
to avoid competition (Vandermeer, 1975; Chesson, 1994; 2013; Mittelbach, 2012;
Vandermeer and Goldberg, 2013; Barabas et al., 2016). Reynoldson and Bellamy
(1970) expanded on this, suggesting five key criteria for establishing competition
between species pairs in the field. Wiens (1989) made further refinements to these
criteria showing the different types of evidence needed for assessing competition
(Table 1.1).

Table 1.1 The key evidence required to determine interspecific competition between a species pair. Although

competition can occur in a system of three or more competitors, this table is based on instances of a pair of two
species. Adapted from Wiens (1989).

Strength of Competition Evidence

Supposition/Confirmation

Weak/Unlikely for Competition 1. Observed patterns of population trend or shifts in resource
(use between sympatry and allopatry) are consistent with
predictions from competition.

2. The two species have significant overlaps in habitat, niche,
and (limited) resource usage.

Suggestive/Potential for Competition 3. Intraspecific competition occurs between individuals of one or
both of the species pair.

4. Use by one species of a limited resource reduces the
availability of that resource for the other species,

Strong/High Likelihood of Competition 5. One or both species experiences a ‘negative effect’ as a

result of the usage of the limited resource.

Table 1.1 emphasises the progression from weak to strong evidence of competition,
highlighting different types of data and observations that could support the hypothesis.
The presence of resource overlap is necessary for competition, but not sufficient by
itself. Stronger evidence comes from observing actual negative impacts on one or both
species due to the resource use of the other. Point 1 asserts that populations must
first match predictions related to competition. For example, if two species in the same

habitat do not show a decrease in population size compared to when they do not
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overlap, competition is unlikely. Point 2 states the necessity of resource overlap for
competition. If species overlap in their use of shared resources but do not experience
detrimental effects, competition is weak or unlikely. Point 3 states that intraspecific
competition likely occurs within populations of species sharing limited resources. i.e.,
if both species experience intraspecific competition it becomes more plausible that
they are also competing with each other. Point 4 states that if one species' use of a
resource decreases its availability for another species, this suggests competition. For
example, if two species consume a similar resource and one species' presence
reduces the amount available for the other, this suggests competitive dynamics.
Finally, Point 5 states that competition occurs when one species’ presence negatively
affects another. If one species’ resource usage leads to a clear decline in the fithess
of the other (lower reproductive rates, higher mortality), this provides strong evidence

for interspecific competition.

These criteria are stringent and providing proof of all of them is unlikely to be
practicable in the field without long-term monitoring (Chirichella et al., 2014). Points 1
and 5, in particular, may be the most difficult to prove, especially for ungulates, which
have long life-spans. These criteria were however reassessed and alternative criteria
were proposed by de Boer and Prins (1990).These authors argue that researchers
should not attempt to prove competition between a species pairing, but to gradually
address individual hurdles of definitive disproof. de Boer and Prins (1990), proposed

three minimum conditions required for competition:

o Significant overlap in habitat between the species pair.
o Significant overlap in diet between the species pair.
o Shared dietary resources are limited.

Competition between species pairs may show one, two, or all three of these criteria,
although in most cases two or more are present. However, de Boer and Prins’ (1990)
revisions lacks evidence of a negative effect experienced by one or both species, due
to simultaneous resource exploitation (Wiens, 1989). Other authors have echoed this
view, making it an integral part of recent assessments of species pairs suspected of
competing (Prins, 2000; Acevedo et al., 2008; Chirichella et al., 2014; Corlatti et al.,
2019; Stears and Shrader, 2020; Ferretti and Fattorini, 2021).
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1.1.3 Negative Effects of Interspecific Competition

The negative effects that a species may experience as a result of competition can be
manifested in a variety of ways. Negative effects may take the form of behavioural
changes, such as changes in foraging intakes (Stears and Shrader, 2020), when
competitors are present, leading to self-detriment. One example is in the expansion or
shift in diet in the presence of a competitor, affecting overall foraging intake, such as
that reported in black rhinoceros (Diceros bicornis) in the presence of African
elephants, suggesting potential competition between the two (Landman et al., 2013;
Landman and Kerley, 2014). Such effects can be worsened when the resources
shared by both species are reduced in abundance, such as under drought conditions
(Prinsloo, 2017). Other behaviours may also be affected, like the amount of vigilance
behaviour an animal must conduct when competitors are present. A number of African
ungulate species frequently invest more time in vigilance, at the expense of other
behaviours, when competing livestock are present in high densities (Baltazary et al.,
2019).

Negative effects may be physiological and, therefore, unable to be determined solely
through observation. Physiological effects may include degradations in general body
condition, reproductive abilities, or health of one or both species (Crombie, 1947,
Chesson, 1994; Fryxell et al.,, 2014). Disease or parasite transmission (apparent
competition) between species is also an example of a negative effect, with one or both
species’ fithess negatively impacted by the transmission. While it is often wild species
that are considered to be significant reservoirs of infectious zoonoses (Simpson,
2002), these diseases commonly originate in livestock species (Martin et al., 2011).
For example, bovine herpesvirus 1 can cause serious infections in deer, whereas
cervid herpesvirus 1, originating in native deer populations, causes no significant risk
of infection in domestic cattle (Martin et al., 2011). This is especially worrisome when
introduced species, such as livestock, is involved, as the native species commonly
does not have a similar immune system capable of combatting new pathogens. Other
physiological effects of competitors may include changes to an animal's basal
hormone concentrations (Guo et al., 2017), in turn affecting many other factors relating
to an animals’ survival, welfare, health, and reproduction. This component of
competition has received very little research attention (also having never before been

studied in the guanaco-sheep pairing), and thus, the physiology of competing species
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pairs may be an important variable to consider when examining interspecific

competition.

1.1.4 Guanaco-Sheep Competition

1.1.4.1 Two-Species System

A number of factors unique to the Patagonian Steppe ecosystem of southern Chile
make the guanaco and domestic sheep pair an ideal case study for examining the
ways interspecific competition manifests. Firstly, the guanaco has occupied the
Patagonian Steppe as the dominant large mammalian herbivore species since the last
ice age, and so for a large period of evolutionary time, guanaco have existed on the
Steppe with no competitors (Carmanchahi et al., 2022). Whilst other large herbivores
in the Patagonian Steppe environment are present, considerable niche segregation
exists between them (Iranzo et al., 2018). Additionally, these native species have also
all coevolved together likely enabling their coexistence through resource partitioning
(Voeten and Prins, 1999). This is not the case for domestic sheep, which were
introduced to Chilean Patagonia in the late 1800s. Thus, domestic sheep have not co-
evolved with the guanaco, despite now occupying much of the Patagonian Steppe
(Iranzo et al., 2022). Other Steppe habitats across the world often feature the presence
of multiple native ungulate species (see Singer and Norland, 1994; Sietses et al.,
2009, for examples), all sharing similar trophic niches, while also all contending
rangelands with a range of other domestic ungulate species. In multi-species
assemblages like this, it may be more difficult to determine competition, with the
classic competitive Lotka-Volterra model becoming less applicable and increasingly
limiting in such contexts (Barabas et al., 2016). When considering multiple species
scenarios, the model assumes that interactions between all species pairs can be
described by constant coefficients, which, realistically, does not capture the full
complexity of ecosystems (Chesson, 1994; Barabas et al., 2016). Therefore, more
sophisticated models accounting for specific resource limitations, niche differentiation,
non-linear interactions, and evolutionary processes are often necessary for studying
competition in diverse, multi-species communities (Tilman, 1982). This makes the

guanaco-sheep case study in Chilean Patagonian rangelands relatively
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uncomplicated, with effects of competition coming from only one source — domestic

sheep.

1.1.4.2 Significant Overlaps

Guanaco and livestock now frequently share the same rangelands. After major
declines in population, attributed largely to habitat destruction, overhunting and the
supposed competition with domestic sheep (Marino and Baldi, 2008; Baldi et al., 2010;
2016), guanaco populations outside of protected areas, such as national parks, are
increasingly reliant on private ranches extensively used for rearing sheep (Baldi et al.,
2004). Sheep stocking densities are higher in Chilean Patagonia than in the rest of
Chile (Baldi et al., 2001), and this provides an interesting component for studying
wildlife populations occurring sympatrically. Calculations of livestock stocking rates
frequently omit wildlife population counts (Fritz, 1996), despite the potential for
competition between a livestock-wild ungulate species pair. The pair also experience
considerable dietary overlaps (Baldi, 1999; Pontigo et al., 2020), in addition to overlaps

in their trophic niche, as will be discussed throughout Chapter 2.
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1.2 The Guanaco

1.2.1 Natural History and Evolution

The guanaco is one of only two wild members of the Camelidae family on the continent
of South America, the other being the vicufia (Vicugna vicugna). Guanaco are a
sexually monomorphic species, and both sexes have shaggy coats, ranging in colour
from tan to brown. Additionally, guanaco have distinctively long necks, significantly
longer than other camelids relative to their body size (Baldi et al., 2016). Currently,
there are two formally recognised subspecies; L.g,cascillensis and L.g.guanicoe
(Gonzalez et al., 2006; Carmanchahi et al., 2022).

The guanaco evolved approximately 2-3 million years ago from a North American
genus of new-world camelids (Carmanchahi et al., 2022) which migrated to South
America as part of the Great American Biotic Interchange (Webb, 2006). Guanaco
distributions expanded to colonise large areas of the southern cone, including
Patagonia (Gonzalez et al., 2006). During the late Pleistocene (approximately 10,000-
8,500 years ago), the Quarternary extinction event, caused by a combination of
climate change, hunting by early humans, and subsequent habitat loss, killed off the
majority of megafauna species on the South American continent (Nogues Bravo et al.,
2010; Brook and Barnowsky, 2012). The guanaco survived, thanks to their flexibility in
social behaviour and unique physiological and ecological adaptations and their
colonisation of the high Andes altiplanos’ open environments and the Patagonian
Steppe (Wheeler, 1995; Gonzalez et al., 2006). Guanaco have evolved a number of
ecological and physiological adaptations that allow them to thrive in a range of
environments. Unlike many other ungulates, guanaco have soft, plantar footpads that
provide stability and support on a range of substrates (Franklin, 1983). Cleft lips
facilitate the manipulation of vegetation when feeding, and their molars are adapted to
plants that demonstrate high lignification, well-adapted for the consumption of tough
vegetation. Both adaptations allow guanaco foraging to become highly flexible,
depending on the local availability of different trophic food items. Their dietary flexibility
is further assisted by the presence of three stomachs, allowing for the assimilation of

nutrients, and maximisation of their digestive abilities (Franklin, 1983).
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Guanaco populations suffered a massive decline as a result of a single major
demographic event, approximately 400-600 years ago, concurrent with the Spanish
invasion of the Americas, with guanaco populations suffering extreme declines in
genetic diversity, overall abundance, and distribution (Toledo, 2010; Loponte and
Corriale, 2020). Crucially, the Spanish conquest also resulted in the introduction of a
number of domestic livestock species, widespread indiscriminate hunting of native
Chilean species, and environmental mismanagement (Darwin, 1839; Carmanchahi et
al., 2022).

1.2.2 Social Behaviour and Territoriality

Guanaco are social ungulates, with different stages of social cohesion throughout their
lifespan. Guanaco have three main social group units: lone males, maternal family
herds with a territorial male, and non-reproductive bachelor herds (Franklin and Fritz,
1991; Franklin, 1982). All three social groups have important roles within the
reproductive behaviour of guanaco, however, all three units may change in
composition throughout the year, according to environmental conditions and the

abundance of available foraging resources (Gonzalez et al., 2006).

1.2.2.1 Maternal Family Groups

Like many species adapted to open, mesic environments, the guanaco’s main
reproductive strategy is a harem-forming single male unit, based on resource defence
polygyny (Raedeke, 1979; Franklin, 1983). This dominant adult male controls a harem
of breeding females and their offspring, although females and their juveniles present
within the herd are not necessarily always related to the dominant male (Young and
Franklin, 2004). Dominant males frequently acquire groups previously led by another
male, resulting in group members unrelated to him (Sarno, 1993). Additionally, the
forced natal dispersal (see 1.2.2.2) of juveniles by the dominant male also allows
guanaco to avoid inbreeding and competition (Sarno et al., 2003). Dominant males
typically control territories that contain plentiful, high-quality forage vegetation
resources, low predator abundances, and suitable habitat for mating opportunities
(Franklin, 1983; Young and Franklin, 2004). Dominant males are responsible for the
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group’s cohesion and will defend the group aggressively from other males attempting
to take over and establish control, aggressively defending their territory although do
not defend members of the herd, or actively herd any females that enter their territories
(Young and Franklin, 2004), unlike in wild equids (Schilder, 1992).

Despite the dominant male’s role, females also play critical roles in the cohesion of a
family herd. There is a hierarchy amongst the females of the group, heavily influenced
through intra-group interactions rather than through physical characteristics or age
(Correa et al., 2013). A dominant female at the top of the hierarchy takes on a maternal
or matriarchal role within the group and may lead the herd to food and water (Correa
et al., 2013). In areas with high population densities, this matriarch may also lead the
group between individual male territories throughout the breeding season, as
observed in Torres del Paine National Park (Young and Franklin, 2004). This
movement of maternal groups through lone male territories highlights the flexibility in
reproductive behaviour of the species, and this clustered territorial tactic is now
considered a secondary mating strategy of guanaco, whereby lone males holding
solitary territories also receive mating opportunities (Panebianco et al., 2020).
Hereafter, throughout this thesis, despite the importance of the male’s role, these
groups will be referred to as maternal groups, given the group dominance by females
of reproductive age and their offspring, with the dominant male referred to as a
maternal group male. Maternal group sizes vary considerably, although Puig and
Videla (1995) reported averages of between 5 and 13 adults, and 2.9 juveniles. In
resource-rich areas, however, such as Torres del Paine, large herds with as many as
50 females, with offspring, have been observed moving between individual male

territories during the mating season (Young and Franklin, 2004).

1.2.2.2. Bachelor Groups

The forced natal dispersal of young guanaco, both males and females, by territorial
maternal group males is commonplace upon the young reaching a year of age, and is
primarily related to intraspecific competition for food resources within the territory
(Sarno et al., 2003). Mainly occurring in late spring and early summer, the timing of
this forced dispersal is also linked to the male’s future reproductive opportunities, with

females of the group more reciprocal to breeding once juveniles from the previous
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year have left their side (Sarno et al., 2003; 2006). This is a period of high risk for
dispelled guanaco, which alone are more susceptible to predation. Consequently,
dispelled guanaco often group together in smaller bachelor herds where they live until
they reach sexual maturity, around two years of age for females and three for males
(Raedeke, 1979; Young and Franklin, 2004). Bachelor group males frequently
playfight, presumably to gradually improve their fighting ability for later use when
challenging other males for reproductive chances (Wilson and Franklin, 1985). While
typically dominated by juvenile guanaco, these bachelor groups may also contain

adults of various age classes (Schroeder and Panebianco, 2021).

1.2.2.3 Lone Males

When bachelor herd males reach sexual maturity, it may still take another year or so
before they are large enough to challenge maternal males holding harems. During this
time, they often leave the bachelor groups and go out alone to find territories and
maternal groups that they can compete for (Franklin, 1983). There are two main
methods in which solitary males can do this. Firstly, they can find their own suitable
territory, held by no other territorial male, through which maternal groups, presenting
mating opportunities, may pass (Franklin and Young, 2004; Panebianco et al., 2020).
The second option is to find and acquire a territory currently held by another territorial
male. It is often in a male’s best interests to do this, as solo territorial males or males
in bachelor groups have fewer opportunities to mate, compared to maternal group-
territorial males (Jurgensen, 1985). Occupying another male’s territory first requires
the displacement of the dominant, resident male through aggressive threat displays
and fights. Fights often end with the chasing away of the ‘loser’ of the clashes by the
winner. The defeated male may return to a bachelor group, where it is safer to exist
than alone (Wilson and Franklin, 1985; Young and Franklin, 2004).
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1.2.2.4 Dung Midden Behaviour

As part of their territoriality, guanaco perform localised defecation events where faeces
are deposited in the form of pellets on shared dung piles or middens (Marino, 1983).
Both sexes add to the piles periodically (Vila, 1994), although territorial males are the
most frequent midden users (Franklin, 1983; Marino, 2018). Little work has been
conducted on guanaco dung midden behaviour; however, many other ungulate
species with reproduction based on resource-defence polygyny including impala and
Grant’'s gazelle (Gazella granti; Ezenwa, 2004) and vicuiia also use middens as

territorial border markers.

1.2.3 Reproduction

In Chilean Patagonia, both male and female guanaco frequently use the same
breeding sites throughout consecutive years, often leading to increased male-male
competition for desired territories, with Young and Franklin (2004) observing the same
males repeatedly returning to the same territories for as many as eight consecutive
years. In Chilean Patagonia, births occur from mid-to-late November until the end of
January, and during the day between 10:00 and 14:00 (Franklin and Johnson, 1994),
when environmental conditions are most suitable for rearing young (Gonzalez et al.,
2006). After 11.5 months of gestation, females give birth to a single offspring, which
stays by its mother’s side for at least one year. Juveniles are born large, between 7-
15 kg, (Sarno et al., 1999) and like other ungulate species, are able to stand on their
own relatively quickly, sometimes as soon as five minutes post-partum (Franklin and
Johnson, 1994). This concentration of births in the day over just a few weeks of the
year, serves to protect the newly born young in two ways. Firstly, by birthing during
the day, abundant sunlight is ensured, with temperature conditions best suited for
offspring to dry quickly after birth. Secondly, the month of winter represents a huge
challenge for juvenile guanaco with starvation, or winter-associated accidents, the
biggest causes of mortality to juveniles (Gustafson et al., 1998) after predation by
puma (Franklin et al., 1999). Juveniles are therefore under pressure to grow fast
immediately following their birth, and their forage intake can begin as early as two
weeks old (Gonzalez et al., 2006). Throughout the data chapters of this thesis, all

guanaco referred to or classified as juveniles were those estimated to be under a year
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old, able to be distinguished from adults by their scruffy pelage, small height and size
(Wilson and Franklin, 1985).

1.2.4 Habitats and Vegetation Composition

Guanaco on the steppe environment of Chilean Patagonia occur across three main
habitat types according to their various soil conditions (Moore, 1983; Pisano, 1985),
localised microclimates, topography (Moore, 1983), wind exposure (Pisano, 1985),
drainage, and humidity. These habitats are steppe grassland (hereafter steppe),
shrubland, and humid, grassy meadows known locally as ‘vegas’. While all three
habitats will be discussed throughout the thesis, with study sites described in
subsequent chapters containing all three, particular emphasis will be given to the
Steppe environment, which dominates the largest area within the study region. Table
1.2 summarises the key characteristics and plant species assemblages found in each
habitat.
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Table 1.2 The key characteristics and plant species assemblages found in each of the three habitat types found within Chilean Patagonia. Green cells indicate

the presence, and white the absence, of vegetation species at each habitat type.

Description Habitat Types
Steppe Shrubland Vegas
Key Characteristics - Grasslands with - Shrubland consists of the same - Vegas (hereafter humid
communities of grasses steppe shrubs and shrub- meadows) are composed of
and hard herbs, but herbaceous associations? wetlands, fertile plains, and
lacking the presence of hygrophytic meadows?
trees? - Unlike steppe, shrublands are
characterised by the dominant - Highest soil fertility of any of

- Dominated by tussock abundance of diddle-dee?¢ the environments that occur
grasses, such as Shrub- across Patagonian steppe
herbaceous associations environmentse. Frequently
of tussock grass-fachine® used for rearing livestock.

- High-quality forage is - High availabilities of
considered scarce magnesium, calcium,
despite the species potassium, and micronutrient
richness on the steppe¢ content?

Plant Species Found

Tussock Grasses

Festuca gracilima®9

Coirén (Festuca pallescens)c9

Other Grasses

Salt grass (Puccinellia magellanica)c9

Dwarf pampas grass (Cortaderia
selloana)c9

Cultivated Plants

Patagonian barley (Hordeum vulgare)9

Perennial ryegrass (Lolium perenne)®9

Shrubs

Fachine (Chiliotrichum diffusum)®e

Diddle-dee (Empetrum rubrum)®e
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Barberry (Berberis buxifolia)®9
Fachine-heath barberry (Berberis
empetrifolia)®b-9

Cushion shrub (Azorella trifurcate)b
Black bush (Mulguraea tridens)b9
Green bush (Lepidophyllum
cupressiforme)®b:9

Muddy shrub (Mata barrosa)"i
Guanaco bush (Mulinum spinosum)h
Paramela (Adesmia boronioides)?
Box-leaf barberry bush (Berberis
microphylla)df

Argentinean biddy-biddy (Acaena
pinnatifida)®

Flowers

Silver shamrock (Oxalis adenophylla)i
Porcelain orchard (Chloraea
magellanica)’

Darwin’s slipper flower(Calceolaria
uniflora)i

White clover (Trifolium repens)foi

@Pisano, 1985
bRadic-Schilling et al. 2021a
°Radic-Schilling et al. 2021b
dMoore, 1983

eSéez, 1994

fPisano, 1977

9Pontigo et al. 2020

hUribe, 2004

Vidal, 2006

iITorres-Mura and Rojas, 2004
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1.2.5 Sympatric Herbivores and Predators

Only two other large, wild, native herbivores exist on the Patagonian steppe: the South
Andean deer, or huemul (Hippocamelus bisulcus), and the large, flightless bird,
Darwin’s rhea (Rhea pennata) (Iranzo et al., 2013). While the spatial overlap between
rhea and guanaco is considerable, anthropogenic expansion has seen huemul
populations retreat largely into the remote highlands and fjords of Patagonia, generally
now occupying a different area from the guanaco. As a result, solely domestic sheep,
introduced to Patagonia in the 1800s, are now the only ungulate species that overlap

with guanaco in ecological niche on the Steppe environment.

In Chilean Patagonia, guanaco have just two main predators. The first, the puma
(Puma concolor), is an ambush predator and frequently preys on both adult and
juvenile guanaco (Elbroch and Wittmer, 2012; Traba et al., 2017). The second, the
culpeo fox (Lycalopex culpaeus), is more of an opportunistic predator of guanaco
juveniles (Novaro et al., 2009). The guanaco’s main defensive strategy against puma,
is to invest a large amount of their daily activity budget into vigilant behaviour. Upon
discovering a puma, a shrill alarm call is issued to alert others to the predator’s
presence. Given the significance of this investment in vigilance behaviour, it will be
considered in further detail in Chapter 2, where changes in vigilance behaviour are
examined in areas where sheep are present and absent. Unlike for puma, guanaco
mothers will investigate and chase off culpeo foxes, aggressively defending juveniles

from this predator (Gonzalez et al., 2006; Novaro et al., 2009).

1.2.6 Current Distribution, Conservation Status, and Management

1.2.6.1 Distribution

Guanaco currently occupy five of the twelve countries of South America, and exist
across four of the ten major habitat types identified on the continent, including;
grasslands, shrubland and savannah, montane grasslands, temperate forest and
desert and xeric shrubland (Carmanchahi et al., 2022). More than 90% of the current
guanaco population resides in Argentina, with approximately 70% found in Argentine
Patagonia (Puig and Videla, 1995; (Baldi et al., 2006). Despite the diversity of habitats
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guanaco occupy, they commonly experience dry, cold winters, coupled with highly
seasonal climates (Franklin, 1983).

1.2.6.2 Conservation Status

The current categorisation status of ‘Least Concern’ by the IUCN’'s Red List of
Threatened Species (Baldi, 2016) is not truly befitting of all of the guanaco’s
distribution ranges, and only considers a broader overview of the continental
population number itself, rather than regional populations. This is particularly
noticeable in the northernmost range of the guanaco’s distribution, where remaining
guanaco populations represent the last, fragmented remains of the species in Bolivia
(Carmanchabhi et al., 2022). Indeed, the guanaco is currently recognised as ‘Critically
Endangered’ in Peru and Bolivia, and ‘Endangered’ in Paraguay. In Argentina, the
species is again considered ‘Least Concern’, while in Chile guanaco populations’
endangered status are categorised by region, where it varies from ‘Least Concern’ in
the South, where population management programmes are currently in practice, to
‘Vulnerable’ in the Northern regions (Baldi, 2016). After Argentina, Chile has the
highest population densities of guanaco in all of the countries in which the species
occurs in South America. Here, they can be found in a wide variety of habitats, ranging
from the dry Northern Atacama Desert, through dry central Andean puna, Valdivian
forest, Chilean scrubland, Magellanic forest, and Patagonian Steppe (Carmanchahi et
al., 2022). Guanaco populations vary in size across Chile, although have progressively
declined as a whole across South America, having experienced reductions by as much
as 75% across Chile, 60% across Argentina (Franklin et al., 1997), and over 90%
across Peru, Bolivia, and Paraguay (Ceballos and Ehrlich, 2002). Guanaco now
occupy just 26% of their total former range (as estimated by Ceballos and Ehrlich,
2002, based on Franklin, 1982), and is considered ecologically extinct over much of
their former range (Novaro et al.,, 2000). Additionally, most current guanaco
populations are restricted to areas with low primary productivity (Franklin et al., 1997,
Travaini et al., 2007).

Guanaco face significant threats from the mining industry (Carmanchahi et al., 2022).
Mineral, gas, and oil extraction, coupled with the introduction of hydroelectric dams,

has seen a rapid expansion across Peru, Chile, and Argentina, resulting in the
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fragmentation of guanaco populations across the continent (Baldi et al., 2016).
Additionally, mining results in largescale habitat loss for guanaco, especially in humid
meadow areas rich in vegetation, usually located along water courses, which are of
high importance to guanaco, especially during the breeding season (Wurstten et al.,
2014). Infrastructural development and the building of roads to and from mines further
exacerbate this, and road kills and entrapment within highway barriers restrict
population movement, causing local isolation and population decline (Rey et al.,
2012a). Mining, along with livestock overgrazing, also contributes to the degradation
of the Patagonian steppe habitat (Del Valle et al., 1998), upon which guanaco are
reliant (Wildlife Conservation Society, 2012). At the local level, especially within
Chilean Patagonia, increasing pressure from feral dog packs (Silva et al., 2021;
Carmanchahi et al., 2022), have caused reductions in the numbers of guanaco both

outside and inside protected areas and national parks (Baldi et al., 2016).

The guanaco-sheep species pair case study is of particular economic importance,
given the region’s commercial reliability on domestic sheep ranching. Ranchers and
other livestock-associated stakeholders have frequently and consistently claimed that
guanaco negatively impact their livestock yield (Hernandez et al., 2017). Coupled with
this are the claims by some authors that the growth in local guanaco populations is
responsible for the degradation of the Steppe habitat itself, limiting the resources
available for both species (Oliva et al., 2019; 2020). Both concerns make the case
study of high regional importance. Consequently, guanaco have experienced large
amounts of illegal poaching and persecution, and ‘revenge killings’ for their perceived
role as a competitor of sheep (Baldi et al., 2010). While not currently threatened at the
continental level with demographic extinction, the northern subspecies L. guanicoe
cacsilensis is predicted to become extinct within thirty years if current hunting levels
of guanaco are not curbed (Baldi et al., 2016). Furthermore, some southern
populations remain at serious risk of local extirpation or extinction (Cunazza et al.,

1992) unless management measures are properly implemented to protect them.

1.2.6.3. Relationship with Domestic Sheep

The decline in guanaco populations began in the late 19" century (Pedrana et al.,

2010; Baldi et al., 2016), around the same time that Europeans introduced domestic
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sheep (Iranzo et al., 2013). A decline in guanaco populations across South America
soon followed, and the coinciding introduction of sheep led to initial claims that
competition between the two species for foraging resources as the principal cause
(Raedeke, 1979). Indeed, guanaco and sheep share considerable dietary (Pontigo et
al., 2020) and habitat (Iranzo et al., 2021) overlaps, as well as foraging strategies,
particularly in limiting seasons when foraging vegetation is scarce (Baldi, 1999).

Despite the guanaco’s population decline across Chile, efforts by conservationists in
recent years have resulted in the expansion of guanaco populations from protected
areas and national parks to (often bordering) steppe grasslands used by ranches for
livestock rearing (Fernandez et al., 2021). This can be considered an example of the
source-sink dynamic, with protected national park areas serving as source habitats
where guanaco populations thrive due to an abundance of resources and favourable
conditions. As guanaco populations grow, individuals disperse to surrounding areas,
including ranches, acting as sink habitats. Although sheep ranches may not offer the
same level of resources as national parks, they are still able to support smaller
guanaco populations, allowing for genetic exchange and population maintenance
(Dias, 1986; Chen et al., 2008). This expansion has resulted in an increasing co-
occurrence of guanaco and domestic livestock, as well as an increased reliance of
guanaco on ranch rangelands used to rear sheep (Baldi et al., 2004). Many ranchers
and livestock stakeholders have long claimed the negative impact on livestock yield
as a result of expansions in localised guanaco populations (Hernandez et al., 2017).
Marino et al. (2020) suggested that rather than high populations of guanaco being the
leading contributor to overgrazing of rangelands, sheep are instead the issue. Sheep
populations have risen as much as 73% of the population above the carrying capacity
in study sites in Argentina. In Chilean Patagonia too, sheep populations in some parts
of the region are thus also assumed to be exceeding the carrying capacity of the
Patagonian steppe environment (Castellaro et al., 2010), 24% of which is now devoted
entirely to livestock use, according to the Chilean Servicio Agricola y Ganadero (SAG,
2003).

Some authors have claimed that the recent growth in local guanaco populations is
responsible for the degradation of the Steppe habitat itself (Oliva et al., 2019; 2020),
which has seen large-scale soil erosion (Paruelo et al., 1993), in turn decreasing the

resources available for both species through losses in vegetation cover. Such claims

48



have been refuted, with both empirical and theoretical evidence lending little support
to the claims that unmanaged guanaco populations jeopardise the integrity of steppe
grassland in Patagonia, or livestock production (Rodriguez et al., 2019). Compared to
sheep, guanaco are low-impact grazers (Flores et al., 2013), feeding by nibbling the
plant’s outer leaves as opposed to uprooting it, and having soft footpads as opposed
to sheep’s hard hooves, means that guanaco cause less soil degradation than sheep
do (Erlich, 1984). Soil damage resulting from sheep overgrazing may result in
vegetation degradation or total removal (Cingolani, 1999) and subsequent productivity

declines, especially in habitat that is subject to regular periods of drought (Kay, 1997).

Numerous studies already indicate competition between guanaco and sheep (Baldi,
1999; Baldi et al., 2001; 2004; 2010; Marino et al., 2020; 2022; Schroeder et al., 2022).
Sheep grazing results in a limitation of foraging resources for guanacos, with sheep
densities positively correlated to key foraging plant species, while guanaco densities
are negatively correlated with those same plant species (Baldi et al., 2001). This fact
alone meets all three of the criteria, listed by de Boer and Prins (1990), required for
competition to occur between two species (see Section 1.1.2). To better understand
specifically how competition manifests, identification of the mechanisms driving
interspecific interactions and subsequent negative effects is a crucial next step. Such

information may be extremely valuable for the future management of both species.

1.2.6.4 Conservation Management

Understanding the ways in which competitive interactions manifest between species
is imperative for conservation management, especially in degraded environments
such as Patagonia (Marino and Rodriguez, 2022). Any specific behavioural
adaptations made by guanaco in response to sheep presence, such as changes in
foraging behaviour, may indicate adaptation forced by competition with sheep (Moquin
et al., 2010). Crucial information can be gleaned from understanding the individual
adaptive behaviours of animals, and changes in these behaviours may be particularly
important for understanding competition, before numerical signalling such as declines
in population growth rates make competition evident (Becker et al., 2021). Foraging

behaviour, associated dietary choices. or foraging preference may be reliable

49



indicators of population status, due to the direct links to energy gain, fitness and
reproductive success (Wall and Begon, 1985; Morris et al., 2009).

Current conservation management of guanacos in Chile focuses primarily on habitat
protection and restoration (Carmanchahi et al., 2022). Knowledge of competitive
interactions can inform habitat restoration efforts; areas overgrazed by livestock can
undergo rehabilitation to support guanaco populations by enhancing the availability of
native forage species that are less palatable to sheep (Laguna et al., 2019). This
approach benefits guanacos and contributes to the overall health of the ecosystem by
promoting biodiversity and preventing desertification (Carmanchahi et al., 2015).
Understanding the competitive interactions between species can also assist with the
design of protected areas, minimising direct competition. For instance, the spatial
design of national parks or natural reserves, and use of fencing or natural obstacles
such as mountain ranges, can ensure total segregation between competing species,
separating resources and minimising overlap in ecological niches (Hannah et al.,
2002).

In many areas of Patagonia, sheep ranches are greatly overstocked, while other
regions remain under- or completely unused (Marino et al., 2020). Guanacos tend to
thrive in areas where sheep ranching has been reduced or eliminated, as observed
in the San Pablo de Valdés Reserve (Burgi et al., 2011). Additional findings support
this, with the removal of sheep from certain areas having led to a three-fold increase
in guanaco abundance in just three years, demonstrating the immediate impact of
livestock management on guanaco populations (Schroeder et al., 2014).
Implementation of strategies that promote niche segregation on ranches, allowing
both guanacos and livestock to coexist more sustainably (Acebes et al., 2012; Iranzo
et al., 2013). Proper management of livestock grazing patterns, timing, and herd
movement, can help minimise competition, ensuring that guanacos have access to
adequate forage without being outcompeted by sheep. For instance, implementing
rotational grazing encourages pasture health, allowing rangelands to recover from
livestock use, permitting nutrient cycling, and supporting ecosystem health (Hao et al.,
2013). Understanding competitive interactions between guanaco and sheep can also
help managers better predict grazing pressure on Steppe vegetation. Overgrazing by
either species can lead to serious vegetation degradation and soil erosion (Oliva et

al., 2019; 2020), however, the type and intensity of grazing may differ between the two
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species. If guanaco are found to adapt their feeding behaviour in the presence of
sheep, this information may allow conservationists to better manage grazing areas by
ensuring that different types of grasslands are maintained, promoting biodiversity and
preventing overgrazing by either species (Kiffner and Lee, 2019). If sheep are found
to outcompete guanaco for foraging resources, key vegetation communities could
become significantly degraded. Alternatively, if resource partitioning or facilitation,
rather than competition occurs between two species, understanding how those two
coexisting species divide resources can aid conservation efforts by identifying the
specific factors preventing competitive exclusion and allowing coexistence (MacArthur
and Levins, 1967). Understanding the coping methods of guanaco to sheep presence

can thus inform which areas require protecting.

Recent political pressure from ranchers in Argentinean Patagonia has promoted
changes in legislation to resume legal guanaco culling, commercial harvest and export
of the obtained products (such as pelts), all of which having been previously banned
since 1997 (Bergman, 2019). As in other competitive scenarios between ungulates
where culling has been considered (see Schrempp et al., 2019), the culling of guanaco
populations in Patagonia may not offer a solution. Despite arguments from some
wildlife management authorities (i.e., Consejo Agrario Provincial; Williams et al.,
2014), culling of guanaco is unlikely to improve sheep performance, but also
jeopardizes an already degraded range and a native species that is still in the process
of recovery. If sheep outcompete guanaco on ranches and competitively exclude them
from preferable habitat, guanaco culling is unlikely a solution for poor sheep condition
(Marino and Rodriguez, 2022).

Establishing scenarios of guanaco—livestock coexistence on Patagonian rangelands
will require building participatory solutions on a sound ecological evidence base
(Carmanchahi et al., 2022). Understanding the specific ways in which competitive
effects manifest between guanaco and sheep is thus integral to future conservation

management policy and thinking.
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1.3 Analysis of Faecal Hormone Metabolites and their

Applications

1.3.1 Introduction to Hormone Analyses

Hormones are signalling molecules that are produced and released into the
bloodstream by endocrine glands to regulate key physiological processes within an
organism’s body (Beach, 1975). These ‘chemical messengers’ are an integral part of
mammalian physiology, and play crucial roles in the development, reproductive ability,
sexual competition, behaviour, fithess, aggression, and overall body condition of
animals (Creel et al., 2005; Taillon and Coté, 2008). For social animals, such as
guanaco, complexities of social grouping and territoriality present additional
challenges when attempting to understand the interplay between ecology and
physiology (Corbett, 2010). This thesis examines the effects of two main groups of
hormone metabolites within guanaco: glucocorticoids, through the analysis of cortisol
concentrations, and androgens, through an examination of testosterone levels. Both
hormones are well studied with regards to the interplay between physiology and

animal behaviour and the changes that result from stressful situations.

Since the 1970s, behavioural endocrinologists and ethologists have attempted to
understand the physiological states of animals in zoological collections, as well as
domestic pets and livestock (Chappel and Schmidt, 1979; Graham and Brown, 1976;
Brown, 2000; Davis et al., 2005; Young et al.,, 2011). As endangered species
conservation and breeding programmes have become a focus of zoos worldwide, the
monitoring of glucocorticoid and androgen concentrations (as proxies of stress and
reproduction, respectively) has become commonplace to evaluate the effects of
different environmental variables (Tubbs et al. 2014). Examining the effects of hand-
rearing (Hastings et al., 1992; Price et al., 2019), zoo visitors’ behaviours or numbers
(Hosey, 2000; Davis et al., 2005; Scott et al., 2017), housing conditions (Pirovino et
al., 2011; Holmes et al., 2016), and reintroductions (Kumar et al., 2021) on species’
glucocorticoid or androgen response have all been critical to conservation success
(Dickens et al., 2009; 2010). Following the success yielded from hormone research on
zoo animals, there has been somewhat of a shift in the methods of sample collection

that are commonly used, from using sample media that have been invasively collected,
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such as tissue or blood plasma samples, to those that can be collected non-invasively,
such as faeces (Young et al., 2004).

These research approaches have made significant contributions to the knowledge
surrounding the physiological states and mechanisms of wildlife populations (Ezenwa
et al., 2012; Ewacha et al., 2017; Taraborelli et al., 2017; Takeshita et al., 2020) that
are unattainable from captive populations of the same study species. Further, there is
a clear need to quantify the glucocorticoids in wildlife, with many taxa still lacking even
basic information in endocrinology (McCormick and Romero, 2017). Such results yield
insight into behavioural responses (including foraging and reproduction) and important
information for conservation management, such as disease susceptibility (Hing et al.,
2016; Jimeno et al., 2018). Additionally, free-ranging wildlife populations face different
stressors than captive animals, and identifying these is important for conservation
management (Murray et al., 2013).

Immunological methods, such as enzyme-immunoassays (EIAS) (see Section 3.1.3),
using an antibody of interest as a binding reagent, are the most commonly used means
to measure hormone concentrations (Kinoshita, 2021), after initial extraction of
hormones from the chosen sample media (see more information in Section 3.1.1).
Unlike other methods, such radio-immunoassays, which require specialised research
facilities exert significant financial costs (Czekala et al., 1986; Graham et al., 2001).
ElAs have become the method of choice for many research facilities, especially at
institutions like zoos and wildlife parks. Consequently, examination of the hormone
concentrations of wildlife using EIAs has become widespread. However, the extraction
process is often long and complex, requiring numerous frozen or refrigerated reagents,
specialised equipment, and trained physiologists, rendering its use typically limited to
the laboratory (Kinoshita, 2021). Some countries may not have the hormone analysis
facilities, or have particularly stringent legislation that make exportation of animal
samples difficult, as has been felt as a result of the COVID-19 pandemic (see COVID-
19 Disclaimer) and the Nagoya Protocol on Access and Benefit Sharing (Smith et al.,
2018). Thus, the development of field-friendly, novel methods of sample collection and
subsequent hormone extraction and analyses, is of growing importance for

researchers whose study species or systems are found in remote locations abroad.
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Guanaco inhabit a wide range of habitats throughout South America (see Section
1.2.2) although often in areas far from major population centres (or laboratories).
Previous hormone research on the species (see Section 1.3.5 for more information)
has revealed some important insights into guanaco physiology, although no study to
date has described field-friendly methods of hormone extraction and analysis of this
species. Chapter 3 describes the immunological validation of a novel method of doing
so for guanaco, so that the examination of the effects of domestic sheep on the
physiological response of guanaco was enabled (Chapter 4), to determine whether a
negative effect can be observed in this regard. Given that faeces can be collected non-
invasively, this media was chosen for analyses of hormone profiles of guanaco and so
throughout this introduction and thesis, | have used faecal glucocorticoid metabolite
(FGM) for cortisol, and faecal androgen metabolite (FAM) for testosterone,

concentrations when discussing different factors affecting both hormones.

1.3.2 Glucocorticoids and the Hypothalamic-Pituitary-Adrenal Axis

1.3.2.1 Glucocorticoid Synthesis and the Vertebrate Stress Response

‘Stress’ is an ambiguous term that is used interchangeably in something of a circular
definition, both to describe a specific environmental change or destabilising stimuli
(hereafter the stressor) that results in a number of physiological responses (i.e., the
stress) in the individual (Pottinger, 2003). These responses may be hormonal,
immunological, or neurological (Sapolsky, 1992), but physiological stress is generally
defined as an individual’s perception that it must devote energy and focus on the short-
term survival in response to a stressor, while limiting long-term energetic investments
in other behavioural functions, such as reproduction, immune defence, or growth
(Busch and Hayward, 2009). Importantly, while glucocorticoids are commonly referred
to as ‘stress hormones’, they principally serve to mobilise extra energy reserves of the
individual organism’s body, increasing glycogen storage within the liver, preparing the
animal to respond appropriately to a stressor or stressful stimuli (Sapolsky, 2003)
simultaneously minimising any unnecessary energy expenditure (Asterita, 1985).
Glucocorticoid hormones should thus be considered facilitators of the physiological

stress response, enabling an animal to cope with a stressor(s) and return the body to
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homeostasis, rather than equating directly as stress measurements (Palme, 2019;
Romero and Beattie, 2022).

Glucocorticoid release occurs through a complicated pathway known as the
hypothalamic-pituitary-adrenal (HPA) axis (see Figure 1.1) and is first activated in
response to the hypothalamus’ detection of a stressor, which can be internal or
external (Sheriff et al., 2011; Boonstra, 2013; Spencer and Deak, 2017). This increase
causes the production and release of glucocorticoid hormones from the adrenal cortex
of the kidney, causing cardiac output and respiratory rate to become significantly
increased, along with blood flow redirection to key cardiac and skeletal muscles
(Sapolsky et al., 2000). After HPA axis activation, glucocorticoids are metabolised
within the liver and the resulting metabolites are excreted, either in bile or in urine
(Palme, 2019; Patel et al., 2023). Further metabolism occurs for the hormones
excreted in bile as they pass through the intestines, with metabolites passing though
the gastrointestinal tract present within the faeces. Importantly, glucocorticoids are
typically released into the plasma after just a few minutes following a stressor’s
detection (Sapolsky et al., 2000).
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Figure 1.1 The Hypothalamic-pituitary adrenal (HPA) axis in mammal glucocorticoid secretion, and some of the main
responses to potential stressors, including the major organs involved, their concomitant releasing factors and positive
(green plus symbol) and negative (red minus symbol) controls. This negative feedback causes the production of
corticotropin-releasing factor (CRF), which is then transported through the hypothalamo-hypophyseal portal system
to the anterior pituitary (Nelson 2005). In response, the anterior pituitary produces adrenocorticotropic hormone
(ACTH), which triggers glucocorticoid synthesis by specialised cells in the adrenal cortex of the kidneys (Vinson et
al., 1994; Tsatsanis et al., 2007; Spiga et al., 2014; Spencer and Deak, 2017).
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1.3.2.2 Stressors

All vertebrates are exposed throughout their lifetimes to various potentially stressful
situations that can threaten their health, fithess, survival, or wellbeing (Pottinger,
2003). Stressors may be chronic, sustained for long periods of time, intermittent, or

rare in occurrence. Four main categories of stressors exist:

o Chemical Stressors e.g., changes in pH (Mota et al., 2017), dissolved oxygen
(Van Heel et al., 2001), exposure to pollutants (Thang et al., 2017).

o Physical Stressors: (1) Biotic e.g., parasite damage (Fleming, 1997), injuries
(Gentsch et al., 2018). (2) Abiotic e.g., changes in temperature or precipitation
(Romero et al., 2000), UV exposure (Wester et al., 2016).

o Psychological Stressors: e.g., territoriality (Lobato et al., 2010), threat of
predation (Hubbs et al., 2000), intraspecific or interspecific conflict (Ros et al.,
2014).

o Physiological Stressors e.g., dehydration or starvation (Dunlap, 1995), disease
(which may be caused by exposure to chemical or physical stressors;

Santamaria et al., 2023).

Some stressors may be common among multiple animals, but the specific causes of
stress and the degree to which animals respond can vary drastically between species
groups and contexts (Corbett, 2010). The magnitude of an animal’s stress response
is largely determined by that animal’s perception of the aversive stimuli as a threat
(Koolhaas et al., 1999). These stress responses, and their associated behavioural
responses are important parameters in determining an individual’s or species’ coping
styles (Coppens et al., 2010; Koolhaas et al., 2010; Bonnot et al., 2018); if an animal
is unable to mount effective coping, then its welfare could possibly be compromised
(Riveros et al., 2019). Chronic stressors, or those that present persistently or
frequently, can result in consistently high concentrations of glucocorticoids, in turn

causing chronic stress, as discussed further in Section 1.3.2.5.

1.3.2.3 The Role of Glucocorticoids

Glucocorticoids are the adaptive mediators of the body’s stress response when stress

levels are high for consistent time periods (Busch and Hayward 2009), increasing
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metabolic rates (Jimeno and Verhulst 2023), dampening reproductive physiology, and
suppressing potentially damaging immunological responses (Emslie-Smith et al.,
1988; Sapolsky et al., 2000; Romero 2004). For example, cortisol, the primary
glucocorticoid of most mammals (Munck et al., 1984; Koren et al., 2012), including
guanaco (Ovejero et al., 2013), can inhibit inflammation by suppressing eicosanoids
and limiting lymphocyte migration, stabilising the breakdown of lysosomes, decreasing
the permeability of capillaries, and reducing histamine activity (Munck et al., 1984;
Roth, 1985; Romero, 2004; Romero et al., 2008).

Glucocorticoids are broadly implicated in mediating both the behaviour and physiology
that underlie the transitions between key life-history stages, including the expressions
or trade-offs in life-history traits and long-term fitness (Bleke, 2022). Furthermore, they
are central in the regulation of the energy homeostasis of predictable life-history
events (Crespi et al., 2013; Crossin et al., 2016), such as growth (Schreck, 1993),
reproduction (Whirledge and Cidlowski, 2017), and migration (Wosnick et al., 2018).
The primary means of energy regulation in glucocorticoids occurs through
gluconeogenesis, a process that removes glucose transporters from cells’ surfaces
(Horner et al., 1987; Dimitriadis et al., 1997; Matteri et al., 2000). Additionally,
glucocorticoids inhibit glucose uptake by peripheral tissues, maximising the amount of

energy available to cope with any stressors (Squires, 2003).

1.3.2.4 Other Factors Affecting Glucocorticoid Concentrations

Glucocorticoid responses have been connected with a number of biotic and abiotic
stressors (see Section 1.3.2.2). Reproductive fitness (Bonier et al., 2009), survival
(Gingery et al., 2021), parasite loads (Defolie et al., 2020), and dominance ranking
(Levy et al., 2020) in social species have all been correlated with glucocorticoid
responses in the body. Additionally, other natural factors, for instance, predation risk,
can significantly affect FGM concentrations. In some species, specific alarm calls
related to certain predators are enough to elicit increases in glucocorticoids (Voellmy
et al., 2014), as are the recordings of predator vocalisations (i.e., wolf howls) played
through speakers, which elevate salivary cortisol levels in horses (Janczarek et al.,

2020). The diet of an animal can also affect the way in which hormones are
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metabolised, with nutrition quality and faecal bulk both correlated to the specific dietary
intake of an animal (Goymann, 2012).

In ungulate species, diet quality affects the cortisol concentrations in faecal samples
for a number of reasons. Firstly, the amount of indigestible fibre directly correlates to
the faecal bulk of an animal. Greater faecal bulks may dilute the total concentration of
FGMs across an entire faecal sample (Goymann, 2005). This highlights the
importance of collection of the entire faecal bolus, homogenisation of it, and
subsampling from the homogenised mixture to ensure even distribution of faecal
metabolites, as the distribution of FGMs in faecal samples is not uniform for all species
(Fie3 et al.,, 1999; Postiglione et al.,, 2022). Ungulates typically have long
gastrointestinal transit periods, which allows for increased breakdown of tougher,
foraging materials that require more breakdown effort. While this allows for the
breakdown of less-palatable vegetation, it also increases the amount of bacterial
breakdown of FGMs, allowing them to be reabsorbed and reprocessed through
enterohepatic circulation (Palme, 2005). Additionally, varying dietary nutrients may
change the gastrointestinal transit period, affect gut flora, or change the abilities of
specific hormones to bind, all of which have the potential to affect FGM concentrations
in the faeces of an animal (Goymann, 2005; Chinnadurai et al., 2009). The availability
of food itself may also cause large fluctuations in animals’ metabolic rates, which in
turn may distort concentrations of FGMs, even without any significant changes in
bioactive hormone levels (Goymann, 2012). Even slight changes in the available
foraging vegetation may thus become problematic for wildlife endocrinologists, which
makes drawing comparisons patrticularly difficult between individual populations, or

across seasons, as dietary resources become more or less scarce (Goymann, 2012).

Cortisol levels in an individual can also differ according to the level of anthropogenic
influences or disturbances. For example, gray-cheeked mangabeys (Lophocebus
albigena) in disturbed forest had significantly higher cortisol levels than in areas
undisturbed by human activity (Jaimez et al., 2012). Similarly, volcano rabbits
(Romerolagus diazi) were found to have significantly higher cortisol levels in animals
from disturbed sites, but also larger variation between the concentrations in samples
(Rizo-Aguilar et al., 2014). In Brazil, Spercoski et al., (2012) found higher cortisol
metabolite concentrations in the faeces of maned wolves (Chrysocyon brachyurus) on

farmland than in a bordering protected national park.
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Additionally, glucocorticoid levels generally differ between the sexes of animals
because the HPA axis is closely related to the HPA-gonadal axis, which is modulated
by reproductive hormones (Wingfield and Sapolsky, 2003; Edwards et al., 2019).
Generally, female mammals are typically expected to exhibit higher levels of cortisol
than males (Reeder and Kramer, 2005), and this has been observed across a variety
of species groups, including sheep (Van Lier et al., 2003), rabbits (Von Holst, 1998),
Steller sea lions (Eumetopias jubatus; Myers et al., 2010), and Egyptian mongoose
(Herpestes ichneumon; Azevedo et al., 2019). Key life events experienced solely by
females, such as pregnancy, are also linked to widescale fluctuations in cortisol,
increasing significantly during middle to late gestation (Atkinson and Waddell, 1995;
Chida et al., 2011) and may peak at parturition (Kamgang et al., 2022). This is thought
to assist female survival in multiple ways, including decreasing the developing foetus’
sensitivity to cortisol (Reeder and Kramer, 2005), as well as to promote uterus
contraction and support lactation (Mor et al., 2011; Shi et al., 2021). Lactation is a
period of high physiological cost for female mammals, with baseline circulating
glucocorticoid concentrations are typically higher than in pregnancy (Alekseeva et al.,
2020; Stead et al., 2022). In ungulates, patterns of FGM and FAM concentrations vary
widely between sexes and variables (see He et al., 2014; Cizauskas et al., 2015;
Hadinger et al., 2015). For example, in male roan antelope (Hippotragus equinus),
FGM concentrations were correlated with environmental variables (temperature and

precipitation) during the dry season, but not females (Kamgang et al., 2022).

1.3.2.5 Chronic Levels of Glucocorticoids

During chronic stress, the beneficial functions of glucocorticoids (see Section 1.3.2.3)
can be replaced by detrimental effects of their continuous secretion. In chronically high
guantities, glucocorticoids can cause excessive immunosuppression, leading to stress
induced diseases, affecting the health of the individual (Golub and Gershwin, 1985;
Dohms and Metz, 1991; Romero and Beattie, 2022). Additionally, chronic stress can
result in decreased reproductive ability due to the suppression of major gonadotropic
hormone synthesis (i.e., follicle-stimulating hormone (FSH) and luteinizing hormone
(LH); Welsh Jr et al., 1982; Moberg, 1985; 2000; Turner et al., 2002). Other effects
can include lymphoid and muscle atrophy, decreased food utilisation efficiency, or
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appetite loss, all of which impair growth (Klasing, 1985; Saltz and White, 1991,
Sapolsky et al., 2000; Wang et al., 2004). Reproductive ability (Dobson and Smith,
2000) can also be inhibited by chronic stress, and animals suffering from chronic
stress are typically associated with having poorer body conditions than animals that
do not experience it (Shave et al., 2019). Thus, chronic stress has important negative
implications for survival and welfare (Busch and Hayward, 2009; Edwards et al., 2019).
Yet, while high levels of circulating glucocorticoids are typically interpreted as a means
of indicating an animal in an energetically-demanding situation (Romero, 2002;
Romero and Beattie, 2022) they are also affected by key life stages of an individual,
and are impacted by reproductive status (Busch and Hayward 2009). In female
mammals, circulating concentrations of glucocorticoids increase towards the end of
the gestation period (Atkinson and Waddell, 1995, Brunton et al., 2008; Chida et al.,
2011). Changes also occur in males, with cortisol levels rising, leading into, and
throughout, the breeding season, before decreasing after its culmination (Taillon and
Coté, 2008; Carnevali et al., 2018; Ventrella et al., 2018).

1.3.2.6 Measurement and Interpretation of Glucocorticoids

Glucocorticoids are typically measured in two key physiological contexts: baseline and
stress-induced. Baseline levels of glucocorticoids are typically expected to correlate
with patterns in energetic demands according to seasonal variation or key life-history
stages (Sapolsky et al., 2000; McEwen and Wingfield, 2003). They are also frequently
associated with natural circadian variation that follows patterns of foraging behaviour
and appetite. The choice of biological medium (blood plasma, faeces, urine, etc.) used
to measure glucocorticoids also matters, as not all hormones are excreted in equal
guantities or proportions through the gastrointestinal and urinary tracts (Millspaugh
and Washburn, 2004), or in the method of excretion, which varies between species.
For instance, in rats and mice, the majority of glucocorticoid metabolites are excreted
through the gastrointestinal tract (Bamberg et al., 2001; Touma et al.,, 2003).
Conversely, most of the glucocorticoids in other rodents, including chinchillas
(Chinchilla laniger; Ponzio et al., 2004), European hares (Lepus europaeus; Teskey-
Gerstl et al., 2000), and guinea pigs (Keckeis et al., 2012) are excreted through the

urinary tract. Results for ungulates differ between species. In elephants, the majority
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of testosterone metabolites are excreted in faeces, whereas the majority of cortisol is
excreted in urine (Ganswindt et al., 2003). Conversely, Palme et al. (1996) showed
considerable differences between domestic ungulates, with primary excretion of

cortisol through the faeces in sheep, but through urine in pigs and horses.

As such, when interpreting the results of socio-endocrinological studies, it is imperative
to consider a few important points. Firstly, although widely assumed, high acute
concentrations of glucocorticoids may not always demonstrate an animal suffering
from chronic stress (Romero and Beattie, 2022). To survive potentially life-threatening
stressors, animals require glucocorticoids to survive and high levels of glucocorticoids
may reflect the adequate managing of an animal to its environment (Wingfield et al.,
1998; Palme, 2019; Romero and Beattie, 2022). Secondly, low glucocorticoid
concentrations measured in an animal do not always represent a healthy individual.
Rather, because glucocorticoids are necessary for coping with and responding to
stressors, low glucocorticoid measures may indicate an unhealthy animal, unable to
adequately cope in its environment (Romero and Beattie, 2022). Therefore, it is critical
to consider a whole host of social, environmental, and physical variables during the
analysis and interpretation of glucocorticoid concentrations before asserting that a
particular study subject or species is suffering from chronic stress or not (Ralph and
Tilbrook, 2016).

1.3.3 Testosterone and Aggression

1.3.3.1 Testosterone Synthesis and Roles

Androgens are another important hormone group in mammalian physiology and
behavioural processes and have key links to affiliative (parental care, grooming),
aggressive (conflict, territoriality, hunting), and reproductive (mating, courtship)
behaviour in wildlife species (Adkins-Regan, 2013; Anestis, 2014; Desprat et al.,
2017). Testosterone, the primary androgen of vertebrates, is produced by the gonads
(and in smaller quantities by the adrenal glands), and secreted along the hypothalamo-
hypophyseal-gonadal axis (Sobolewski, 2012). When the hypothalamus detects that
testosterone levels are low, it stimulates production of FSH and LH in the pituitary

gland. Once synthesised, these two hormones activate the gonads’ synthesis of
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testosterone, resulting in a negative feedback loop back to the hypothalamus and
pituitary gland (Keizo et al., 1975; Baum, 2002; Becker and Breedlove, 2002;
Sapolsky, 2002; Wexler and Anderson, 2005).

Testosterone has a major influence both on sexual behaviour and brain activity
(Falkenstein et al., 2000), and ample evidence suggests that the primary role of
testosterone in vertebrates is to promote reproductive effort, driving the development
of male genitalia as well as supporting the production of male gametes (Weinbauer
and Nieschlag, 1990; Dixson, 1998). Testosterone also encourages the development
of secondary sexual characteristics, such as sexually dimorphic musculature growth
(Bhasin et al., 2001; Bribiescas, 2001; Cornwallis et al., 2008; Setchell et al., 2008),
the development of male genitalia, sexual motivation (Alexander et al., 1994), and
conspecific aggression in males (Wingfield and Wada, 1989; Baum, 2002; Isidori et
al., 2005; Archer, 2006), although at the expense of long-term survival (Hau, 2007;
Ketterson and Nolan Jr, 1992; Muehlenbein and Bribiescas, 2005; Hau, 2007; Muller,
2017). For instance, organisms that primarily invest their resources into reproductive
function retain fewer resources to self-invest in maintenance processes like the

storage of fat or immune defence (Sheldon and Verhulst, 1996).

1.3.3.3 The Role of Testosterone in Aggression
1.3.3.3.1 Conspecific Aggression

Since Barthold’s (1849) classic experiments in the transplantation of testes, long
standing scientific consensus has been that testosterone is integral to the expression
of aggression. However, the relationship between aggression and testosterone is no
longer considered as simple and unidirectional as once thought, with aggression itself
also causing increases in testosterone levels (Archer, 1994; Soma, 2006), although
some authors have noted that the two may not be directly related to each other in all
cases (Dittami and Reyer, 1984; Wingfield and Ramenofsky, 1985). Testosterone is
indeed critical to a vertebrate’s regulation of agonistic encounters, especially where
competition for resources, territories, or mates are involved (Arteaga et al., 2008).
Males with low levels of androgens are generally expected to perform poorly and have

a lower probability of winning intraspecies agonistic events (Wingfield et al., 1990).
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Androgens are also important for secondary sexual characteristics; thus, dominant
males of a species are generally expected to have high levels of testosterone. Indeed,
the vast majority of studies examining the hormone have assessed levels of
testosterone in males, using it as a proxy of, or examining a link between it and
agonistic behaviour, dominance, and social rank, as well as individual reproductive
status (Taillon and Co6té, 2008). In mammals, it has been found to be positively
correlated with both aggression and social rank. Furthermore, many studies have
demonstrated positive correlations between testosterone and social ranks in unstable
social groups, where aggressive interactions are commonplace and frequent, or when
social ranks are positively associated with aggression (Wingfield et al., 1990;
Sapolsky, 1993). In periods of social stability, such as after territories have been
established and boundaries or social status have been attained and maintained, intra-
specific aggression generally declines by social inertia (Wingfield, 1985a; Wingfield et
al., 1987). Conversely, during periods of social instability, elevated testosterone levels
results in increases in the most pronounced occurences of intensity or frequency of
reproductive aggression (Rubenstein, 2007). While many studies have the data to
explore these relationships (both cortisol and testosterone concentrations), the
relationship between them frequently remains unexplored (e.g., Taillon and Coté,
2008).

1.3.3.4 Other Factors Affecting Testosterone

Much of the knowledge surrounding the variation of testosterone concentrations has
come from experimental populations or captive subjects, with wild populations much
less frequently examined (Pavitt et al., 2014). Many studies examining androgen levels
in ungulates consider the testosterone levels in any subjects solely in adult males of a
species, often during periods that are naturally associated with high antagonisms, i.e.,
during the breeding seasons or the rutting period (Patton et al., 2001; Pelletier et al.,
2003; Li et al., 2004; Deen et al., 2005; Pereira et al., 2005; Taillon and C6té, 2008).

Testosterone is commonly thought of as a male hormone; however, this androgen is
also very important for female animals (Squires, 2010). In female vertebrates,
testosterone is secreted primarily by the adrenal glands but also by the ovaries

(Squires, 2010). Testosterone concentrations in females are typically lower than in
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males, although they do not stay at consistent levels throughout a female’s lifetime
(Pavitt et al., 2016), and they typically decrease in concentration of individuals of both
sexes, over time as the HPA axis decreases in functionality with age (Flood et al.,
1995). Even in species where a matriarchal system is present and females are
typically dominant over males, female testosterone concentrations rarely ever really
reach levels that are higher than those of males, regardless of size or the level of
dominance. Female hyenas (Crocuta crocuta), ring tailed lemurs (Lemur catta), and,
in ungulates, African elephants, all dominate over males in most social interactions or
situations, but still exhibit lower testosterone levels in females than in males
(Rasmussen et al., 1984; Glickman et al., 1992; von Engelhardt et al., 2000; Goymann
et al., 2001). In polygynous species, higher testosterone levels in both males and
females are generally linked to negative effects on their life history, welfare, and
fitness. Persistently elevated testosterone can harm an individual's fitness, resulting
in costs such as immune suppression and reduced survival (Malo et al., 2009; Mills et
al., 2009).

Theoretically, females of polygynous species benefit from selecting mating partners
with high testosterone levels, as only these males of high genetic quality can tolerate
the costs of high levels of testosterone, namely the decreased immune defence
against parasites and pathogens (Peters, 2000; Zuk and Stoehr, 2002; De la Pefia et
al., 2021). Additionally, increased testosterone levels may increase the chances of
reproductive success, with ungulate species such as Mohor gazelle (Nanger dama
mhorr; Arregui et al., 2021), and black rhinoceros (Edwards et al., 2015) exhibiting
correlations between high testosterone levels, male sperm quality, and higher
conception rates. Furthermore, as androgen concentrations vary with age of an
animal, they also have an effect on the head weaponry of some ungulates (see Lincoln
et al., 1972; Toledano-Diaz et al., 2007; Deacon et al., 2023).

Testosterone has rarely been linked to environmental variables and, as discussed, is
instead more frequently correlated with variables from the social environment (Taillon
and C6té, 2008). However, a recent review by Husak et al. (2021) showed that
breeding season length was the strongest predictor of average testosterone
concentrations across vertebrates. Additionally, the authors noted that climatic
variables associated with the ambient temperature and precipitation do appear to

influence role in plasma testosterone concentrations. Hart et al. (2020) also observed
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that decreasing ambient temperatures and photoperiod resulted in increasing plasma
testosterone concentration in Lesser Egyptian jerboa (Jaculus jaculus). In ungulates
too, photoperiod appears to play an important variable in testosterone concentrations.
Plasma testosterone of roe deer (Capreolus capreolus) increased under natural
photoperiod (Sempéré et al., 1992a; 1992b), and this pattern is consistent with a
number of ungulate species (Bronson, 1988; Monfort et al., 1993; Santiago-Moreno et
al., 2021). Faecal testosterone levels in red deer have also been shown to be affected
by their diet quality (Anderwald et al., 2021). Such studies demonstrate the need to
assess testosterone concentrations against a range of different climatic and

environmental variables, in addition to those from the social environment.

1.3.3.5 Chronic Levels of Testosterone

Like cortisol and other glucocorticoids, chronically high levels of testosterone can also
bear significant adverse effects on individuals. Over long periods of time, consistently
high levels of testosterone can also lead to reduced immune function, resulting in a
higher susceptibility to increased parasitic loads (Ketterson et al., 1991; Saino et al.,
1995; Muehlenbein and Watts, 2010). Additionally, chronic levels of testosterone can
decrease body mass and/or fat stores, as well as increase the metabolic rate of an
individual, affecting their survival especially during periods when resources are scarce
or in limiting seasons. For example, in the dark eyed junco (Junco hyemalis), a bird
species, individuals with high testosterone levels also had a lower survival probability
and a poorer body condition than individuals with lower testosterone levels, in winter
(Ketterson et al., 1991). Experimental increases in testosterone levels have also
shown detrimental effects on susceptibility to both predation (Redpath et al., 2006;
Thaker et al., 2009) and injuries (Marler and Moore, 1988; Mougeot et al., 2005).

1.3.4. The Challenge Hypotheses
1.3.4.1 Challenge Hypothesis 1.0

Most seasonally reproducing vertebrates demonstrate significant variation and
changes in their androgen levels throughout the year (Goymann et al., 2019). Attempts

to explain the annual variation in androgen concentrations led to the development of
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the challenge hypothesis (Wingfield et al., 1987; 1990). Wingfield and colleagues
(1987; 1990) proposed the idea that male testosterone levels fluctuate according to
social challenges, especially during reproductive periods. They suggested that
increased testosterone levels help ensure reproductive success by enabling
heightened aggressive behaviour. Fundamentally, the thesis posits that in
environments or situations with high levels of competition, male testosterone levels
rise to facilitate aggression and, thus, competitive dominance. In the absence of
competitive challenges, males’ testosterone levels are lower, allowing the promotion
of social bonding and parental care. The hypothesis thus predicts that seasonal
variation in testosterone levels are functions of mating systems (such as monogamy
versus polygyny), male-male aggression, and paternal care in seasonal breeders
(Wingfield et al., 1990).

The reproductive effort of an animal comprises two principal investments: the
investment in mating effort, i.e., investment in initial mate attraction and male-male
competition, and the parental investment in rearing offspring (Muller, 2017). Increased
levels of testosterone predictably increase vertebrates’ mating effort, while also
suppressing parental behaviour and activities in many different species (Li et al., 2001;
McGlothlin et al., 2007; Pikus et al., 2018). Widespread trade-offs in parental and
mating effort have been observed in many species, with the energetic resources and
time expended on intraspecific male-male competition unable to normally also be
invested in the rearing of offspring (Magrath and Komdeur, 2003; Trivers, 2017).
Exceptions do exist, and not all forms of parental care are incompatible with mating
effort (Stiver and Alonzo, 2009), particularly among some species of primates (Watts,
1989; Muller, 2017). Theoretically, according to Challenge Hypothesis 1.0, during the
early breeding season, males should exhibit increased levels of testosterone that
gradually decline as the offspring they father become in need of care (Goymann et al.,
2019). In line with this, as the breeding season concludes, males that care for
dependent young should have lower levels of testosterone to maintain optimal parental
behaviour, except if they are challenged by other males, where testosterone levels
rise again briefly (Wingfield et al., 1987; 1990; Goymann et al., 2019).
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1.3.4.2 Challenge Hypothesis 2.0

The Challenge Hypothesis 1.0 by Wingfield and colleagues (1987; 1990) was initially
applied solely to birds, but other authors quickly adopted the idea to attempt to
understand the hormonal profiles of other vertebrate groups (see Archer, 2006;
Hirschenhauser and Oliveira, 2006; Barto$ et al., 2023). However, such adoptions to
other vertebrate taxa may not be as valid as once thought, and there are a number of
caveats that have been pointed out in recent years. In their recent review, Moore et
al. (2020) found no broad support for the prediction that male-male encounters lead to
increasing circulating androgen levels in mammals, noting that a number of
explanations exist for this lack of support for the social challenge aspect of the
Challenge Hypothesis 1.0. For example, in some species, studies have shown that
testosterone actually promotes, rather than decreases, paternal care (Trainor and
Marler, 2002), making predictions for changes to testosterone levels during male-male
interactions more challenging. Furthermore, the males of many polygynous mammal
species (such as guanaco) make little contribution to parental care of offspring, and
are therefore able to mount elevated testosterone responses to intruding males — with
no paternal care costs implicated by this response — especially if this helps males
better prepare for future encounters with rival males (Moore et al., 2020). Additionally,
simple, positive relationships between aggression and androgens are not universal

because aggression takes multiple forms (Moyer, 1968).

Recently, the challenge hypothesis has been adapted (Challenge Hypothesis 2.0;
Goymann et al., 2019) with modified predictions that male-female interactions are of
more importance than male-male interactions in governing acute changes in male
androgen levels (Goymann et al., 2019; Moore et al., 2020). Wingfield et al. (1990) did
highlight the role of receptive females, both directly, through male-female interactions,
and indirectly, because competition among males is strongest when there is access
to fertile females. This idea that a male’s access to females can elevate that
individual’s testosterone levels is well established in mammals (Rose et al., 1972; lllius
et al., 1976), and subsequent reviews have since stressed the importance of females
having this direct effect (e.g., Goymann 2009), despite most experimental attention
still focused on males. Put simply, while Challenge Hypothesis 2.0 still posits the trade-
offs between parental and mating effort; unlike Challenge Hypothesis 1.0, it asserts

that mating effort is primarily a response to the number of available mating
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opportunities and male-female interactions, rather than mainly from direct intraspecific

competitive interactions between males (Goymann et al., 2019).

1.3.4.3 Heterospecific Aggression

Challenge hypothesis 1.0 posits that types of aggression (such as irritable or anti-
predator aggression; see Moyer 1968), other than that associated with reproduction,
i.e., male-male aggression, are not associated with changes in testosterone (Archer,
1988; Wingfield and Marler, 1988; Wingfield et al., 1990; Sobolewski, 2012), and that
aggression resulting in elevated androgen levels is less likely to come from defensive
or survival contexts (Adkins-Regan, 2013). Testosterone levels are rarely linked to
environmental variations or to changes in foraging conditions (Taillon and C6té, 2008).
Indeed, examinations of interspecific interactions and their effects on androgen
concentrations are rare throughout the literature. However, of the limited number of
studies that have examined the effects of aggression between heterospecifics on
testosterone levels, the results have varied widely and many have established the
importance of assessing variables relating to the seasonal and social environment
(Baker et al., 2013; Seebacher, 2022).

Claunch et al. (2017) observed correlations between anti-predator behaviour and
plasma testosterone concentrations in Southern Pacific rattlesnakes (Crotalus helleri).
Conversely, in another reptile, the lizard Tropidurus hispidus, Diaz-Uriarte (2000)
found no evidence of an association between aggressive and antipredator behaviours,
or of differences in aggressive behaviour related to testosterone treatment. In
ungulates, Amin et al. (2021) showed that fallow deer (Dama dama) neonates with
high cortisol and low testosterone levels coped more proactively (high heart rate and
shorter latency to leave when released) than those with low cortisol and high
testosterone levels with human handling. The authors generalised this, stating the
importance of in-utero steroids for anti-predator behaviour (Amin et al., 2021). Vullioud
et al. (2013) observed elevated territorial aggression against intra- and interspecific
intruders by the dusky gregory damselfish (Stegastes nigricans), although neither
elicited significant increases in testosterone. However, in a second experiment by the
same authors where the fish were treated with an androgen blocker, males but not
females showed decreased levels of aggression towards both intra- and interspecific
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intruders. Vullioud et al. (2013) claimed that this cements the idea that the same
hormonal mechanism relevant to intra-specific interactions may be more relevant than

previously thought for interspecific interactions.

1.3.5 Relationship between Cortisol and Testosterone

Despite a wealth of knowledge about androgens and glucocorticoids, the relationship
directly between the two in non-human subjects remains poorly addressed in the
literature, with only a small number of studies addressing this relationship, often
despite having collected the necessary data (measures of both cortisol and
testosterone) to test such correlations. The dual-hormone hypothesis (Mehta and
Prasad, 2015) was developed to attempt to explain inconsistencies between human
social behaviour and testosterone. The hypothesis suggests that the role of
testosterone in social status-relevant behaviours is dependent on the concentrations
of cortisol and that the interaction between testosterone and cortisol can even predict
status-improving behaviours, such as aggressive or violent behaviour. Expanding on
this, Mehta and Josephs (2010) hypothesised specifically that testosterone’s
association with this status-improving behaviour is dependent on cortisol
concentrations, with positive correlations between testosterone and status-seeking
behaviour stronger when the concentrations of cortisol are low and lessened when

high cortisol concentrations are present.

In wild, non-human mammals, the general scientific assumption is that there is a
negative relationship between the two, i.e., higher levels of cortisol are associated with
low levels of testosterone (De la Pefa et al., 2021). This negative correlation is often
attributed to stressors or stressful situations that result in the increase in glucocorticoid
release, and a simultaneous reduction in reproductive hormones, and therefore
subsequently decreased sexual behaviour (Doerr and Pirke, 1976; Cumming et al.,
1983).

Brownlee et al. (2005) showed that in humans, no correlation existed between cortisol
and testosterone at rest, but that significant relationships do exist between the two
during recovery from physical exercise. Vera et al. (2013) showed that in Talas tuco-
tucos (Ctenomys talarum), a rodent species from South America, cortisol and
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testosterone were not correlated, but did note that the peaks of each hormone
occurred concurrently. The authors attributed this pattern as indication that neither
hormone negatively affects the other, unlike in other species (e.g., Knapp and Moore,
1997). In wild ungulates’ physiology, it may not be relevant, or appropriate, to assume
such results from the biomedical data derived from laboratory experiments on rodent
or human-based studies, rather than on wild animal populations under field conditions
(Romero and Beattie, 2022). Growing evidence actually suggests a positive, rather
than negative relationship between cortisol and testosterone in ungulates (Dittami et
al., 2008; De la Pefia et al., 2021). Furthermore, the assumed negative correlation
may be due to the non-natural conditions associated with many of the studies. Factors
such as the captive or laboratory housing of animals often force dominant and
subordinate individuals into close proximity and therefore increased interaction (Creel,
2001), which can result in chronic individual stress (Sapolsky, 2005). As such, drawing
conclusions on the relationships between cortisol and testosterone in captive animals
probably conceives more questions than answers, and this aspect warrants further
investigation in wildlife populations (Dantzer et al., 2014; Goymann et al., 2019; Moore
et al., 2020; Dantzer and Newman, 2022).

1.3.6 Using Conservation Physiology to Examine Interspecific

Competition in Ungulates

In Richard Dawkins’ first book, The Selfish Gene, the importance of revisiting old
scientific theories and concepts, and revisiting data is reasserted (Dawkins, 1996).
This holds true particularly for physiology, where in recent years older concepts have
been challenged and re-interpreted (see Goymann et al., 2019; Moore et al., 2020;
Romero and Beattie, 2022). In this regard, even studies conducted on species with
readily examined endocrine profiles can still contribute further towards knowledge of
species’ physiological patterns (Kersey and Dehnhard, 2014). Socio-endocrine
studies focusing on the interplay between species’ physiology and the social or
physical environment are paramount for the understanding of the underlying
mechanisms of a wildlife population’s behaviour, reproduction, health, and fitness (Van
Belle et al., 2009) and may help researchers to understand complex ecological

relationships, such as interspecific competition (Dantzer and Newman, 2022). In the
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context of competition, the continued presence of an interspecific competitor may be
an important stressor that elicits a sustained physiological response, in turn leading to
chronic stress (Dantzer et al., 2014). If interspecific competition does cause elevations
in glucocorticoids, they may influence the subsequent physiological stress response

to predation risk for the species that is outcompeted (Dantzer and Newman, 2022).

While continual high levels of glucocorticoids may hint at the study individuals being
chronically stressed, these measures alone hold no validity in assuming this (Romero
and Beattie, 2022). However, in combination with other ‘negative effects,” they may
hold some answer as to whether a species is in competition with another, potentially
if consistently high levels of cortisol are seen in animals sharing ecological niches with
a competitor. Additionally, although it has previously been asserted that testosterone
in ungulate species is likely unaffected by environmental variables, and instead more
likely related to social factors (e.g., intraspecific agonistic encounters, dominance
hierarchies, and social rank; Taillon and C6té, 2008), recent evidence linking climatic
variables to testosterone variation (Husak et al., 2021) has thrown this idea into
guestion. This asserts the inspection of other variables on androgen levels, such as
whether significant changes to testosterone levels occur when competitors are
present. Such changes could be interpreted as a negative effect, with lowered
testosterone levels potentially showing inadequate coping levels by an individual
(Romero and Beattie, 2020). However, it must be noted that individuals can become
habituated to a stressor’s exposure (Grissom and Bhatnagar, 2009; Rankin et al.,
2009; Koolhaas et al., 2011), and thus it could be plausible that the long-term
coexistence of two species, even if competing, could have no effect on one or both

species’ physiology.

Unlike primates, which are less reliant on androgens such as testosterone for
expressions of social status and aggression, aggressive behaviour in ungulates is
heavily correlated with testosterone concentrations (Bouissou, 1983). As mentioned
in Section 1.3.3.3, it has been asserted by various authors that testosterone levels are
not associated with aggressive behaviour towards heterospecifics, such as
competitors or predators (Marler et al., 1988; Wingfield et al., 1990; Sobolewski, 2012),
however, in the limited examinations of this subject, variation exists in results, with
some studies confirming this in their subject species (Hanson et al., 2009), and others

disproving it (Vullioud et al., 2013; Claunch et al., 2017). Similarly, Dantzer and
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Newman (2022) posit that interspecific interactions that lead to changes in baseline or
integrated glucocorticoid levels are theoretically rare, due to the fact that many species
that experience interspecific competition may reduce the amount of conflict between
the competing pair through niche differentiation (MacArthur, 1958), either by changing
when they forage or are most active (Berryman and Hawkins, 2006) or through a
change in diet (Schoener, 1986). This may not be the case where competitors for
foraging resources are anthropogenically introduced species (e.g., livestock such as
sheep), with no shared ecological timeframe allowing for such behavioural adaptations
or resource partitioning (Focardi et al., 2006; Marshal et al., 2014; Lovari et al., 2014;
Ferretti et al., 2015; Redjad;j et al., 2014; Pan et al., 2019). Thus, future examinations
of the relative impacts of interspecific interactions on FGM and FAM levels are
necessary (Dantzer and Newman, 2022) to examine species’ coping ability with
competitors (Liesenjohann et al., 2013; Narayan et al., 2015; Chase et al., 2016).
Following examinations of a species pair habitat overlaps, resource use, and
behaviour, the identification of any potential negative effects in the physiology of one

or both species makes sense to assess the effects of competition and how it manifests.

Guanaco make ideal models to test physiological concepts for a number of reasons.
Firstly, faecal samples can be collected from guanaco in the field with relative ease
after the observer notes defecation (Ganswindt et al., 2010), facilitating non-invasive
collection of samples. Additionally, the midden usage behaviour of guanaco (see
Section 1.2.2.4) allow defecation events to more predictably and reliably observed,
even ad libitum, enabling collection of more faecal samples perhaps than other social

ungulates.
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Chapter 2: Using behavioural observations of
foraging rates to determine effects of
competition between wild guanaco and

domestic sheep.

2.0 Summary

Numerous studies that have investigated interspecific competition between domestic
livestock and wild ungulates have focused largely on habitat or dietary overlaps.
Although overlaps in habitat or diet create opportunities for competition to occur
between species, competition only results from such overlap if it affects one or both
species negatively. Less attention has been afforded to the behavioural modifications
made by wildlife as a result of competition or interactions with domestic livestock.
Here, the effects of the presence of domestic sheep (Ovis aries) on the feeding
behaviour of guanaco (Lama guanicoe) in Chilean Patagonia, were investigated using
non-invasive focal sampling of individuals during foraging bouts with instantaneous
scan samples, to estimate group behavioural budgets. We recorded guanaco bite and
step rates, used as proxies of foraging intake and selectivity, respectively, from four
different study sites (two with sheep present and two without sheep) over eight
consecutive seasons. We also estimated sheep and guanaco densities per site, along
with vegetation biomass availability. Both are important variables for assessing
competition and were recorded to test associations of each with guanaco behaviours
as co-variables in analyses. As demonstrated in other ungulate species, guanaco bite
rates generally increase as foraging vegetation biomass availability increases.
However, this positive relationship with foraging vegetation availability switches to a
negative one, when sheep are present in higher stocking densities and thus increased
grazing pressure, possibly to compensate for reduced forage availability. This switch
in foraging behaviour occurred even on sites where vegetation biomass is high, and

guanaco densities are low, indicating further likelihood of competition.
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2.1 Introduction

2.1.1 Competition between Wild Ungulates and Sheep
2.1.1.1 Domestication of Ungulate Livestock

Currently, over a third of the world’s land is dedicated solely to livestock rearing and
production, with domestic sheep worldwide numbering more than one billion animals
(FAOSTAT, 2021). Over four million sheep are currently estimated to contend
pastures with wild ungulates (de Haan et al., 1997; Chirichella et al., 2014). Yet, the
vast majority of work conducted on livestock-wildlife ungulate interaction has focused
on the effects of cattle grazing. In a review of 807 relevant sources, Schieltz and
Rubenstein (2016) found that 59% of the studies investigated the effects of cattle
grazing on wild ungulates and a further 21% investigated the effects of cattle in
combination with other livestock, mainly sheep, but with some studies also including
horses, donkeys, buffalo, yaks, goats and pigs. Approximately 9% did not specify the
type of livestock, while just 8% of studies analysed the effects solely of sheep.

The compatibility of livestock production with the conservation, management, and
restoration of the biodiversity of large mammals has been strongly debated,
particularly (see Prins et al., 2000; Sattler and Nagel, 2010; Flores et al., 2012; Ngoma
et al., 2021). In countries such as Kenya, large mammal species mainly occur outside
of protected areas on land also dedicated for livestock production, and there is a widely
held belief within the area that native species, such as wildebeest, regularly compete
with cattle for grass (Young et al., 2005; Odadi et al., 2011). More recently, research
has shown that sheep and goats are expanding at unprecedented scales in
rangelands globally (Bainbridge, 2007; Seo et al., 2010; Ogutu et al., 2016; Lgvschal
et al., 2019; Volpato and King, 2019). The risks posed by increasing numbers of sheep
may not always be suitably recognised, since sheep and goat farming frequently
escapes the more strenuous rules surrounding management schemes associated with
cattle (Levschal et al., 2019). Sheep may actually be more damaging to local
environments than larger livestock like cattle, in some contexts: While cattle tend to
be relatively individualistic in their foraging decisions (Cutter, 2021; Creamer and
Horback, 2024), the foraging decisions of sheep are influenced mainly by the proximity
to other herd members, with individuals often refusing to feed at preferred feeding sites

should they be unaccompanied by other sheep (Boissy and Dumont, 2002). Compared
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to cattle, such differences in the grazing habits of sheep can quickly reduce desired
foraging vegetation (lllius and Gordon, 1987; Allred et al., 2013), making their
management potentially more challenging. Additionally, sheep are more selective
grazers than cattle, and preferentially forage on vegetation items such as forbs, to
meet their nutritional requirements (Dumont et al., 2011; Ginane et al., 2010; 2011,
2015). In comparison, the grazing of cattle can indirectly increase forb abundance as
a result of their greater proportion of grass consumption, reducing competition
between forbs and grass species (Adler et al., 2001, Dumont et al., 2011; Steinshamn
etal., 2018). In fact, in a study where cattle were experimentally removed from an area
shared with nilgai (Boselaphus tragocamelus) in India, a decline in the nilgai
population followed soon after (Khan et al., 1996). The authors postulated that it was
the cattle grazing that had kept the vegetation open (i.e., foraging facilitation), and
without them, more woody plants prospered, leaving less vegetation available for
nilgai.

Adaptations in feeding morphology also allow sheep to selectively target individual
plants and species, and sheep are even able to selectively consume the more
nutritious parts of the plants, such as the roots and flowers (Rook et al., 2004). As
such, compared to cattle, sheep have also been shown to greatly reduce the available
floral resources, in turn lowering pollinator species abundances (Cutter et al., 2021).
Given the increasing prominence of growing domestic sheep and goat populations,
investigations of their presence and the effects they have on native ungulates warrant
further exploration (Keesing et al., 2018; Wells et al., 2022).

2.1.2 Assessing Competition between Livestock and Wild
Ungulates

One of the conditions required for interspecific competition to occur between two
species is the observation of a negative effect in one or both species. Establishing the
presence of a negative effect solely through observations of animals can be
determined using two methods: through assessments of habitat or dietary overlaps, or

through changes in behaviour in the presence of a potential competitor.
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2.1.2.1 Assessments of Habitat and Dietary Overlaps

Following Prins’ (1989) criteria (see Section 1.1.2), after ecological examinations of
resource and habitat use of the species pair in question, it is important to determine
whether significant overlaps in their use occur between two species suspected of
competing. Indeed, interspecific competition between livestock and native wild
ungulates has generally been examined through assessments of spatial and habitat
overlaps (Namgail et al., 2007; Shrestha and Wegge, 2008; Schroeder et al., 2013),
followed by comparisons of diet similarity (Baldi et al., 2001; Odadi et al., 2007; 2011;
Butt and Turner, 2011; O'Connor et al., 2015; Cuellar et al., 2017). Spatial overlaps,
however, are difficult to interpret, and while initially important to establish whether two
species overlap in their use of habitat, interpretations of these patterns may confuse,
rather than clarify conclusions about competition: low levels of spatial overlap may
indicate facilitation rather than competition, or may be a behavioural adjustment to
competition (Arsenault and Owen-Smith, 2002; Odadi et al., 2011). For instance, one
species might create favourable conditions for another species by altering foraging
vegetation availabilities or the physical environment. If species avoid overlapping in
space but are still present in the same area, it may indicate that one species is helping
to create a suitable microhabitat for the other, facilitating its survival in areas where it
otherwise might not thrive (Latham, 1999; Nichols, 2012).

Additionally, wild herbivores generally avoid areas used by sheep (Berducou, 1984;
Garcia-Gonzalez et al., 1990), as shown in chamois (Rttimann et al., 2008), moose
(Herfindal et al., 2017), roe deer (Henry, 1975), and argali (Ovis ammon; Namgail et
al., 2007). Some species, such as elk (Cervus elaphus canadensis), temporally avoid
sheep grazing grounds (Hester et al., 1999; Conner, 2000). Additionally, the fencing
often used to enclose sheep within certain pastures can exclude less-mobile species
from accessing favourable pasture grounds, as well as disrupt historic ungulate
migration routes such as those used by elephants and wildebeest (Lgvschal et al.,
2019). Livestock presence is also frequently associated with humans and other
associated animals, such as shepherd dogs, and ungulates species may avoid areas
used by livestock due to the perceived predation risk (Bagchi et al., 2004, Widén et
al., 2022; 2023). Wild ungulates may also avoid farmland to prevent competitive
interactions with domestic livestock (Frankhauser et al., 2008), or because of

livestock-caused reductions in suitable foraging vegetation (Baldi et al., 2001).
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Various studies have found significant dietary overlaps between domestic sheep and
native wild ungulates. Nubian ibex (Capra nubianca) in Spain had a dietary similarity
with sheep of 56% (Martinez, 2002). Reindeer (Rangifer tarandus tarandus) in Norway
had a diet similarity of 60% with domestic sheep (Skogland, 1984). Przewalski’s
gazelle (Procapra przewalskii) had a dietary overlap with sheep of 61%, but this rose
to 81% in the plant withering season, indicating competition for foraging resources (Liu
et al., 2004). Conversely, some studies have shown little, if any, dietary overlap
between domestic sheep and wild ungulates. Pronghorn (Antilocapra americana) were
found to depend on entirely different foraging vegetation than sheep, although it was
reinforced that in severe winters this could possibly change, when plant forage
becames less abundant (Severson and May, 1967). Similarly, the diets of domestic
sheep were found to overlap minimally with the diets of six sympatric wild herbivores
on the alpine grasslands of Tibet (Harris and Miller, 1995). Genin et al. (1994) showed
that domestic llamas (Llama glama) have very low dietary overlaps with co-grazing
sheep in the Bolivian Andes and even suggested that mixed herds of llamas and sheep
actually allows for better exploitation of available forage. Buechner (1950) stated that
competition can be severe on overgrazed sheep rangelands, but may be almost
completely non-existent on properly grazed sheep rangelands, which have an
abundance of forbs and weedy species favoured by pronghorn. In Chilean Patagonia,
Pontigo et al. (2020) showed a dietary overlap of up to 90% between guanaco (Lama
guanicoe) and domestic sheep. In addition, the authors also showed that some plant
species, such as annual ryegrasses, were absent from the diets of guanaco in areas
where sheep were absent, but present in guanaco sharing pastures with sheep
(Pontigo et al., 2020).

Like with observed shifts in habitat usage, observations solely of high dietary overlaps
between livestock and wild ungulates alone may not be detrimental (in some cases
even mutualistic; see Putman, 1996) and only when resources are limiting, can
competition be suggested based on this evidence (Nichols, 2012). In some scenarios,
such dietary overlaps may not always indicate competition (Chirichella et al., 2014),
but could also be interpreted as facilitation (e.g. Odadi et al., 2011). Conversely, high
dietary overlaps may suggest a lack of competition, with coexistence enabled by
alternative partitioning of niches. Therefore, competition may only become apparent

for the case of introduced species, where no evolutionary history between the species
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enables the adaptations required for resource partitioning or facilitation (see for
instance, introduced muntjac deer in England: Chapman et al. (1985; 1993). Thus,
researchers should look to establish links between any dietary and habitat overlaps
with a negative effect affecting a species — a prerequisite for competition (Wiens 1989;
Stears and Shrader 2020). This is particularly important, as when significant overlaps
in fundamental niches exist between multiple species, coexistence may be enabled
through changes in resource use, without negative effects. For example, African
elephants displace impala from watering holes, but impala may still meet water
requirements and reduce competition by using watering holes at a time when
elephants are absent (Valeix et al., 2007). Concerning foraging resources, ungulate
intermediate and generalist feeders may partially compensate for the presence of
another species (and thus the reduced availability of preferable foraging vegetation),
by switching to grass. In contrast, stricter browsing herbivores may be unable to adapt
in the same way (Spitzer et al., 2020). For example, when forced to eat grass, caribou
(Rangifer tarandus subspp.) in Greenland are unable to compete with
anthropogenically introduced muskoxen (Ovibos moschatu; Staaland and Olesen,
1992).

Additionally, it is often difficult to determine whether the avoidance of sheep and their
pastures by wild ungulates is due to other livestock-associated factors, such as
farming machinery, dogs, and workers, all of which can act as deterrents to wild
ungulates (Berduoco, 1972; Rebollo et al., 1993; Bonnington et al., 2007; Kinka et al.,
2021). Only after determining evidence that shows clear shifts in resource usage
between two species can a competitive interaction be suspected (Chirichella et al.,
2014). Even better evidence, along with clear overlaps in resource usage, would
consist of direct inverse relationships in the population sizes of the species pair in
qguestion (Putman, 1996). However, as highlighted by Tilman (1982), understanding
the attributes of the shared resources, and their specific usage by coexisting species
is important before confirmation of the presence of competition between a species pair
(Wiens, 1989; de Boer and Prins, 1990; Putman, 1996), and this is where dietary and

habitat use assessment is paramount.
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2.1.2.2 Assessment of Behavioural Changes in Response to Livestock
Competition

Some studies, having identifying either a significant habitat or dietary overlap, or
change in behaviour, but fall short of linking link this with a negative effect (for
examples, see Belton et al., 2008; Bhattacharya et al., 2012; Koetke et al., 2020; Xu
et al.,, 2023). Examining the behavioural differences and changes made between
native ungulates and introduced livestock aids in the understanding of ecosystem
structures in the present day (Allred et al., 2011). Behavioural modifications in native
ungulates prompted by the presence of livestock may include activity budget changes
(Kie, 1996; Mattiello et al., 2002), avoidance behaviour (Bissonette and Steenkamp,
1996), or explicit changes in specific behaviours (Kie, 1996). For example, both elk
(Cervus canadensis) and mule deer (Odocoileus hemionus) increase vigilant
behaviour when cattle are present at the expense of other behaviours, including
foraging (Mattiello et al., 2002).

Individual animals may show behavioural indicators because of interspecific or
intraspecific competition, in addition to developmental or reproductive cues such as a
reduction in fecundity (Zini et al., 2023) or weight loss (lllius and Gordon, 1987; Katz
et al., 2018). Particularly, changes to feeding budgets are a useful quantitative
measure of an individual’s overall intake (Stephens et al., 2007; Davies et al., 2012).
After the discernment of habitat and/or dietary overlaps between two suspected
competitors, the examination of changes in behaviour, to identify negative effects on
involved species, is a logical next step when examining competition and the ways it
might manifest. Behavioural changes in wild ungulates are frequently correlated with
the stocking densities at which livestock are kept (see Kie et al., 1991). High densities
of cattle reduced the availability of grass species, reducing nutritional intake and
foraging rates in oribi (Ourebia ourebi; Stears and Shrader, 2020). Large densities of
sheep can also reduce favourable vegetation through intensive grazing or trampling,
causing fragmentation of preferred plant species (Owen-Smith and Novellie, 1982).
The typically high densities at which domestic sheep are kept and the subsequent high
grazing pressure may reduce amounts available to both native wild and livestock

species, resulting in reduced intake rates for guanaco or sheep or both.
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One way to conduct the assessment of interspecific competition through behavioural
changes between species is by quantifying behavioural rates, such as bite rates —
bites (while feeding) per unit time, which can yield insight into total foraging intakes.
Competition has been assessed across ecological disciplines using analysis of bite
rate fluctuations in species exposed to interspecific competitors, such as for
herbivorous fish species (Forrester et al., 2006; Feitosa and Ferreira, 2015; Davis,
2016). This has also become a popular method for examining interspecific competition
between sympatric ungulate species (see Thouless, 1990; Ruckstuhl and Festa-
Bianchet, 1998; Ruckstuhl et al., 2003; Hopewell et al., 2005; Brown et al., 2010).
Such observations allow researchers to quantify behavioural changes using important
associated parameters, with bite rates more flexible than measurements of the time
spent feeding (Trudell and White, 1981; Murray and Brown, 1993; Ruckstuhl et al.,
2003).

The measure of bite rates offer additional advantages over other foraging metrics,
offering clearer understanding of the factors that limit forage intake. For instance,
foraging intake can become limited by either the rate at which ungulates encounter
food items, or by the rate at which it takes for the mouthparts to handle those items
(Robinson et al., 2012). In combination with measures such as biomass availability,
researchers can better determine whether ungulates are encountering food less often,
or spending considerable time handling it, as in the case for tough or spikey vegetation
(Lovari et al., 2014, Ferretti et al., 2015). In contrast, measuring solely the amount of
time spent feeding can mask these differences, as it does not distinguish between the
two potential limitations. Measures of time spent feeding can also be affected by
external environmental factors such as weather, social interactions, or disturbances
(Provenza, 2003), which may cause animals to spend less time feeding even if the
total food intake actually remains the same (Thompson Hobbs et al., 2003). Bite rates
thus offer a more robust and focused metric of feeding activity (Spalinger and Hobbs,
1992; Thompson Hobbs et al., 2003).

In ungulates, foraging behaviour measures, such as bite and step rates, are largely
influenced by the amount of available forage biomass to them (Renecker and Hudson,
1993), as well as vegetation height and type, which varies significantly annually,
seasonally, and according to grazing pressure (Ruckstuhl et al., 2003). Similarly, the

step rates of ungulates during foraging bouts, can provide an indication of a species’
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selectivity (Owen-Smith and Novellie, 1982). Low step rates may indicate an
abundance of palatable or preferential plant species available, as less travel is needed
to find suitable forage (Neuhaus and Ruckstuhl, 2002). Alternatively, low step rates
may indicate that animals are forced to eat whatever is available (i.e., a lack of
selectivity). Conversely, high step rates may indicate longer searches for favourable
vegetation when suitable forage is low (Owen-Smith and Novellie, 1982). This
measurement has been used in the methodologies of a number of different studies
examining differences in behaviour when livestock is present (e.g., Thouless, 1990;
Ruckstuhl et al., 2003; Lovari et al., 2014) but it is important to combine this metric

with the forage vegetation availability to determine why step rates are high or low.

While aiding in predator detection, vigilant behaviour in ungulates comes at the cost
of feeding effort (Fortin et al., 2004; Blanchard and Fritz, 2007). Vigilant activity is
influenced by forage quantity (Ruckstuhl and Festa-Bianchet, 1998; Hopewell et al.,
2005) and group size (Olson et al., 2015; Luo et al., 2020), with both affecting the
ability to facilitate the detection of ambush predators (such as puma). Where native
ungulate species pairs do coexist, one (or both) may routinely alert the other to the
presence of a predator, as observed in sympatric zebra and giraffe (Giraffa
camelopardalis; Schmitt et al., 2014; 2016). This has also been observed in domestic
livestock and wild ungulate pairs, where both share a common predator. In this
instance, both the native and livestock species may benefit from mutual roles in
predator detection (Guerisoli et al., 2017). For example, mule deer forage more when
cattle are present, enabled because more animals are simultaneously scanning for
predators (Kluever et al., 2009). By contrast, interspecies groups may cause increased
vigilance, and livestock may elicit vigilant behaviour in wild ungulates, as shown in
bighorn sheep (Ovis canadensis), which increased vigilance rates in the presence of
cattle (Brown et al., 2010) and numerous African ungulate species in the presence of
sheep and goats (Baltazary et al., 2019).

82



2.1.3 Foraging Competition Between Guanaco and Sheep

Guanaco have occupied the Patagonian steppe as the single dominant, large ungulate
since the Pleistocene epoch, until the arrival of domestic sheep with Europeans in the
nineteenth century (Gonzalez et al., 2006; Von Thingen and Lanari, 2010). After
facing a range of threats including habitat degradation, guanaco populations have
undergone serious declines and are now increasingly reliant on private sheep ranches
(Baldi et al., 2004). Distributional, niche, and dietary overlaps exist between guanaco
and domestic sheep (Bonino et al., 1991; Pontigo et al., 2020), although their foraging
strategies differ slightly. Guanaco are described as intermediate selective browsers
(Jarman, 1974), and opportunistic mixed feeders (Hofmann, 1989), typically more of
a generalist herbivore than sheep (Raedeke, 1982; Baldi et al., 2004; Acebes et al.,
2010). Nonetheless, there is evidence of negative competition on guanaco, as
indicated by spatial rearrangements at a local scale in adaptation to the presence of
sheep (Schroeder et al., 2013; 2014; Iranzo et al., 2018; Antan and Baldi, 2020), and
the potential for competition between guanaco and sheep has already been alluded to
in a number of previous studies (see Baldi, et al., 2001; 2004; Moraga et al., 2015;
Marino et al., 2020).

Competition between the two species is heavily implied through various observed
negative effects affecting guanaco or sheep (see Baldi et al., 2001; 2004; 2010; 2018;
Oliva et al., 2019; 2020; Marino et al., 2020; Pontigo et al., 2020; Corti et al., 2022;
Marino and Rodriguez, 2022). Firstly, while sheep densities in Patagonia are positively
associated with favourable foraging vegetation on the Patagonian steppe (used by
both herbivores, i.e., the shared resource), guanaco densities are negatively
correlated with sheep densities, and therefore, abundances of the same plants (Baldi
et al., 2001). Further, high sheep stocking densities and the associated poor rangeland
conditions may promote habitat shifts of guanaco (Moraga et al., 2015). Additionally,
given the short amount of geological time that guanaco and domestic sheep have
coexisted in the same ecosystem, meaning that the adaptations that might enable
coexistence through resource facilitation or partitioning are unlikely to have developed
(Focardi et al., 2006; Lovari et al., 2014; Ferretti et al., 2015; Redjadj et al., 2014,
Cameron and du Toit, 2007; du Toit and OIff, 2014; Pan et al., 2019).
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Regarding apparent competition, guanaco are also susceptible to parasites such as
Mycobacterium paratuberculosis, of which sheep act as the reservoir (Karesh et al.,
1998). No study, at the time of publication as Lancaster et al. (2022), has yet used
changes in foraging behaviours of guanaco to determine competition. If guanaco
modify their behaviours in the presence of sheep in a way that is detrimental (a
negative effect), it would provide further evidence for the presence of competition
between the two species. Both sheep and guanaco also share a predator in the puma
(Iriarte et al., 1990; Guerisoli et al., 2017). As ambush predators, puma utilise
vegetation to get close to prey before initiating an attack (Iriarte et al., 1991), to avoid
long chases over distance. While both herbivores may compete for foraging resources,
they may facilitate each other through invested vigilant effort, in the detection of such
ambush predators. Similar has been demonstrated in other multi-species
assemblages (see Schmitt et al., 2016; Stears et al., 2020), although in others, the
presence of livestock has resulted in increased vigilant activity in the native species
(Brown et al., 2010; Baltazary et al., 2019).

2.1.4 Aims and Predictions

2.1.4.1 Aims

The aims of this chapter were to examine the effects of domestic sheep on the foraging
behaviour of wild, sympatric guanaco. Specifically, the primary aims were; (1) To
examine the differences in the bite rates of guanaco, used as an index of foraging
intake, between sites where sheep are absent and where they are present in high
densities. (2) using step rates in guanaco as an index of selectivity, to examine any
differences in foraging selectivity at sites with and without the presence of sheep. (3)
to determine if sheep presence and stocking densities result in changes to vigilant
activity in guanaco, and (4) to determine if the probability of guanaco displaying
various behavioural states is affected by the presence of sheep.

2.1.4.2 Predictions

Addressing the aims, it was predicted that:
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(1) The bite rates of guanaco should primarily increase as vegetation availability
increases. Thus, in areas where sheep are present in high densities, guanaco are
predicted to have lower bite rates as a result of decreased forage vegetation
(Ruckstuhl et al., 2003; Thouless, 1990; Lovari et al, 2014).

(2) The step rates of guanaco, used as an index of selectivity, should be lower in areas
without sheep present due to increased diversity and richness of plant species,

requiring less travel between feeding stations (Neuhaus and Ruckstuhl, 2002).

(3) Guanaco vigilance rates are higher in areas with shared with sheep, as has been
shown in other livestock-wildlife pairings where competitors elicit vigilant reactions

(see Brown et al., 2010; Baltazary et al., 2019).

(4) The probability of any guanaco feeding at any one time in group scans will be lower
in areas shared with sheep due to reduced foraging vegetation abundances.
Consequently, guanaco should exhibit higher probabilities of displaying other
behaviours, like vigilance, as a result of sheep presence, and walking as a result of an
increased search for food when sheep are present in larger densities, in line with
previous predictions, having assumed that a competitive relationship exists between
guanaco and sheep across this study population, as implied by prior research on this
system (Baldi et al., 2001; 2004, 2010; 2018; Marino et al., 2020; Pontigo et al., 2020).
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2.2 Methodology
2.2.1 Subjects and Study Areas

Guanaco were observed at four sites across the Magallanes District, in southern
Chilean Patagonia (Figure 2.1). Study sites included two national parks (areas not-
shared with sheep, hereafter ‘non-shared areas’): Torres del Paine National Park
(TPNP) (50°55'44.4" S, 72°38'47.1" W) and Pali Aike National Park (PANP)
(52°6'36.0" S, 69°42'39.6" W); and two sheep ranches (shared areas): Serena ranch
(SER) (53°20'56.4"S, 68°52'33.6" W) and the Cafiaddén Grande ranching system
(CAN), (52°8'13.2"S, 52°8'13.2" S). Average temperatures range from -4°C in winter
to 10°C in summer (Peel et al., 2007). Precipitation across all sites is relatively scarce,
limited to a combined total of approximate accumulated average of 500mm/year
(Direccion Meterologica de Chile 2008). All sites exhibit typical steppe vegetation (see
Section 1.2.4 for more information), although ranch SER features high numbers of

wet meadow habitat compared to the other sites.
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Figure 2.1 Geographical location of the four study sites in the southeast territory of the Magallanes region and
the island of Tierra del Fuego, Chile. Black polygons represent non-shared areas (where sheep are absent) whilst
shared study areas (sheep present) are shown in white. TPNP: Torres del Paine National Park, PANP: Pali Aike

National Park, CAN: Cafiadon Grande Ranch, SER: Serena Ranch.
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Shared sites (CAN and SER) feature fenced pastures, which restrict sheep movement,
although guanaco are able to roam the area freely by jumping over these barriers
(Baldi et al., 2010). Livestock are excluded from both non-shared sites (TPNP and
PANP), although ranch lands surround the perimeters of both national parks.
Carnivore densities vary across study sites. Puma (Puma concolor) occur in high
densities at TPNP (between 6-30 individuals/100km?; Franklin et al., 1999) than the
rest of Chile, but remain absent from SER on the island of Tierra del Fuego. Puma are
present within PANP (lriarte et al., 1990) and the surrounding ranch lands (CAN),
although exact densities remain unconfirmed. Culpeo foxes are opportunistic
predators of juvenile guanaco (Novaro et al., 2009) and present across all four sites.

2.2.2 Field Protocol

2.2.2.1 Animal Densities and Biomass Availability Estimates

Data was collected in 3-4 week periods during four times per year, for every season
of the year, over the four years of the study. Between 3-4 line transects (ca. 0.5 km-5
km) were carried out on foot at each site per season of the year, using the same
transects at each site and season (Table 2.1). Distance sampling was recorded
following the methods of Buckland et al. (2015). Sheep and guanaco densities were
estimated using modelling in DISTANCE (v.7.2; Thomas et al., 2010). Conventional
(CDS) and multiple covariate distance sampling (MCDS) models were tested, using
the site as stratum. Models estimating guanaco and sheep densities per site and
season were chosen based on lowest AIC (Akaike Information Criterion) values
(Burnham and Anderson 2004). Model fit was evaluated with a x2 test with a P-value
threshold of p<0.05. Conventional models were estimated using uniform, half-normal,
and hazard rate key functions, each with cosine and simple polynomial adjustment
series. MCDS included only the half-normal and hazard rate key functions without
adjustment terms (Thomas et al.,, 2010). Maximum observation distances were
truncated at 5% in automatic distance intervals and extreme distance values were

removed in manual distance intervals (Buckland et al., 2001).

To estimate the quantities of vegetation biomass available to guanaco and sheep at

each season at every study site, between three and five stops were made to collect
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vegetation samples every 500m along the same transects used to estimate density.
At each stop, a 20m square grid was set up, and three randomly placed 0.5x0.2m?
vegetation Daubenmire quadrats (Daubenmire, 1959) were clipped to ground level (to
simulate guanaco browsing) within it, collecting all above ground vegetation in the
guadrat. A total of 1909 vegetation samples were collected over the study campaign,
averaging 59.6 samples per site and season. Vegetation samples were oven dried at
60°C for 48h before weighing to determine dry biomass (Vaieretti et al., 2007).

Table 2.1 Survey effort (number of transects per each site/sampling season), total transect length per site, and

the approximate area covered through distance sampling to calculate guanaco and sheep densities at four study
sites in the Magallanes district of Patagonia.

Site Survey Effort Transects Length Area Covered

Cafiadon Grande Ranch System 4 9.5km 2228 ha
Serena Ranch 4 9.0km 1797 ha
Pali Aike National Park 3 9.6km 3607 ha
Torres del Paine National Park 4 9.6km 2826 ha

2.2.2.2 Behavioural Observations

Guanaco bite, step, and vigilance rates were measured at both non-shared and shared
areas with sheep over 3-6 consecutive days per site/season, from April 2018 to
February 2020. All observations were recorded during daylight hours and focal animal
observations (Altmann, 1974) were taken for an average of 9.65+2.15 focal individuals
per site/season, in 15 min long bouts (Lehner, 1979). A total of 309 individuals were
observed across field sampling campaigns, accounting for a total of 74.06 hours of
focal observations. Behavioural observations were recorded by the same two field
operators, with Observer 1 calling out behaviour displayed by the focal animal, and
Observer 2 recording data using the application Animal Observer (Caillaud, 2016) on
an iPad Mini 4 (Apple Inc., California, USA). Behaviours were categorised according
a pre-defined ethogram (Table 2.2). Observer 1 recorded the numbers of bites and
steps animals took during each focal period (Ruckstuhl et al., 2003), using handheld
clicker counters. Bites were classified as the grasping of vegetation with the

mouthparts, followed by a jerking movement of the head (Ruckstuhl et al., 2003).
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Table 2.2 Ethogram of behaviours displayed by guanaco. Cessation behaviour where the head was lifted above
shoulder height was considered as part of vigilant behaviour, with chewing below shoulder height considered

part of feeding.

Behaviour Description

Feeding Head lowered, bites taken from vegetation

Walking Steps taken by the animal, specifically while not feeding. Animal moving forward.

Vigilant Head raised above shoulder height, animal is looking in multiple directions

Running* Rapid movement of the animal forwards.

Agonistic* Aggressive behaviours, including chasing, biting, spitting at or ramming another
individual.

Prone* Lying down, either sleeping or at rest

Reproductive* Copulation

Maternal* A female guanaco interacting with a juvenile

Scratching* Any form of itching or self grooming

Rolling* Rolling/rubbing on the ground

Excretion* Defecation or urination

*Later grouped and categorised in statistical analyses as “Other Behaviours”

Steps were defined as the forward movement of either of the two front legs (Bruno and
Lovari, 1989; Ruckstuhl et al.,, 2003), even while feeding. Animals were only
considered to be walking while bites of vegetation were not simultaneously being
taken. Guanaco are unable to simultaneously forage and be vigilant, making the
behaviours mutually exclusive (Ruckstuhl et al., 2003), thus vigilant behaviour was
defined as a pause in feeding to raise the head above shoulder height (Frid, 1997).
Vigilance rates were calculated by counting the frequencies of this behaviour
throughout the focal sample (Fattorini et al., 2018). Rates were calculated by dividing
the frequency of each behaviour by the length of time of the focal sample.
Observations were made with 10x42 binoculars (Terra, Zeiss, Germany) and a 60x82
spotting scope (Prostaff 5, Nikon, Japan). Guanaco co-grazing pastures with sheep
were generally observed from further away (mean+SD: 298+119m) at shared vs non-
shared areas (182+115m). All focal observations occurred between 08:00 and 20:00
and only began once the focal animal was feeding, or resumed feeding in instances
where the observer's presence caused vigilance behaviour. Juvenile guanaco (<1
year old), were not included as focal individuals as they play no part in predator
detection and their activity budgets mirror their mothers’ (Iranzo et al., 2018). In

addition, scan sampling (Altmann, 1974; Bateson and Martin, 2021) was performed at
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the beginning of the focal period and subsequently every 5 min, until termination of the
focal animal session, again using the Animal Observer iPad application, which allowed
simultaneous scan and focal animal sampling. During scan samples, the behavioural
states of all animals within the same group as the focal individual was recorded by
Observer 2. Animals were arbitrarily considered within the same group when on the
same aspect of slope and no further than 100m of each other (Corti and Shackleton,
2002). Guanaco were categorised into three social groups (see Section 1.2.2): lone
males, bachelor herds, and maternal groups. Animals observed alone were assumed
to be lone males. Bachelor herds most commonly comprised small groups of males or
mixed sex groups but were defined as groups of adults lacking juveniles, whilst mixed
groups with any juveniles present were defined as maternal groups (Franklin, 1982;
Gonzalez et al., 2006).

2.2.3 Statistical Analyses

Normality of the residuals for bites, steps, and vigilance rates were checked and
proven through g-q plots. The relationships between covariates and the bite, step, and
vigilance rates of guanaco at shared vs non-shared sites, were estimated using linear
models (LM), including covariates such as estimated species’ densities and vegetation
availability, guanaco group sizes, group type, season, site, and habitat. We selected
the best fitting models based on the fulfilment of parsimony criteria, and the lowest
Akaike Information Criterion (AIC) value (Burnham and Anderson, 2004). Models
within a range of AAIC=2.0 were considered equivalent and were averaged together
(Richards, 2008; Thomas et al., 2010) using the statistical package muMIn (v.1.43.17;
Barton and Barton, 2014), with this model used to estimate respective behavioural

rates.

To determine the probabilities of guanaco foraging behaviours being exhibited, we
used Bayesian hierarchical multinomial logistic regression models (Koster and
McElreath, 2017). The three behaviours for which behavioural rates were measured,;
feeding, walking, and vigilance, were included as separate behavioural categories in
the model, with all non-foraging behaviours, such as maternal behaviour, were
grouped together as “Other” for analyses. Multinomial models were run using the same

covariates as were used to measure behaviour rates in LMs. Model outputs were
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compared with the Widely Applicable Information Criterion (WAIC; Watanabe, 2010).
Analyses of behaviour probabilities were performed with packages brms (v.2.15.0;
Barkner, 2017) rethinking (v.2.13.0; McElreath, 2016), RStan (v.2.21.2; Stan
Development Team, 2021), and chron (v.2.3.56; James and Hornik, 2020). Bayesian
hierarchical multinomial models were developed. and written in the STAN language
(Carpenter et al., 2017), adapting code by Koster and McElreath (2017). All Bayesian
models consisted of four chains, each having a minimum of 2000 iterations and 1000
burn-in samples, mixed successfully, converging to a minimum Rhat value of 1.0. All
statistical analyses were conducted in R (v.4.0.3; R Core Team, 2021). Guanaco and
sheep densities, as well as dry biomass availability estimates per site are presented

as the meanzstandard error.
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2.3 Results

2.3.1.Guanaco Densities

Guanaco mean densities did not differ between the national park sites (0.76+0.48
individuals ha ! for TPNP and 0.39+0.11 for PANP) and ranches (0.24+0.22 individuals
halin CAN and 0.06+0.03 in SER), although significant differences occurred between
both TPNP and PANP and Ranch SER (Table 2.3).

2.3.2 Vegetation Sampling

Mean vegetation dry biomass across all years was shown to be significantly higher at
ranch SER than all other sites (791.18+95.78 kg dm ha?), followed by TPNP
(481.48+54.76 kg dm hal), PANP (454.61+40.60 kg dm ha') and CAN (460.83+39.23
kg dm ha'l). Mean vegetation dry biomass across all years did not differ significantly
between the other three sites (Table 2.4).

2.3.3 Bite Rates as an Index of Foraging Intake

Guanaco focal individuals’ bite rates averaged 72.0+17.3 min-1, with a minimum of
14.0 and a maximum of 123.6 bites min! observed. Feeding did not differ between
shared and non-shared areas, although bite rates at non-shared areas generally
showed higher variability than at shared areas. The feeding proportion of the total
activity budget also did not differ between shared areas (74.1+21.7%) and in non-
shared areas (73.2+21.5%). The model chosen to estimate guanaco bite rates (Table
2.4) showed that bite rates were positively associated with sheep density (Table 2.5).
Guanaco bite rates showed a positive association with vegetation biomass availability
across all sites except for the shared area SER (Figure 2.2a.), where decreases in
bite rates decreased with increasing forage availability. Moreover, the interaction
between biomass availability and sheep density showed the same effects at each
ranch site (Figure 2.3). At ranch SER (Figure 2.3a), the model showed that guanaco
bite rates were unaffected by increasing vegetation biomass availabilities when sheep
densities were 0.0 (i.e., when sheep were absent at the ranch). However, as sheep

stocking densities increased, guanaco bite rates declined with increasing vegetation
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abundance, and were highest at lower vegetation abundances. Conversely, at ranch
CAN (Figure 2.3b), the model showed that at sheep densities of 0.0, guanaco bite
rates increased with increasing biomass availability. At high sheep stocking densities,
the relationship between bite rates and biomass availabilities became reversed;

guanaco bite rates declined with foraging vegetation abundance.

2.3.4 Step Rates as an Index of Selectivity

The step rates taken by guanaco during foraging bouts averaged 13.0+8.8 min-! with
a range between 1.2-47.2 minl. The averaged model used to explain step rates
(Table 2.7) included an interaction between the variables study site and biomass
availability, and the season of the year. Step rates were lowest at the shared area
SER. Observed step rates of guanaco showed decreases as vegetation biomass
estimates increased (Figure 2.2b). However, this did not occur at the shared area
(SER), where slight increases in the mean step rates were apparent when available
plant biomass increased (Figure 2.2b). Step rates in guanaco were relatively
consistent between the two non-shared areas, and more variable between shared
areas, with the lowest guanaco step rates recorded in the study having occurred at
SER and the highest at CAN.

2.3.5 Vigilance Behaviour

The mean number of vigilant postures (heads up mint) displayed across all focal
animals was 0.8+0.5 min! and ranged from 0.0-2.5 per minute. Vigilant activity did
not differ between shared and non-shared areas, at 12.2+12.4% and 11.9+9.7% of the
total activity budget, respectively. Guanaco vigilance rates (Table 2.5) were best
explained using a model that featured a combination of five covariates: site, guanaco
density, group type, available biomass, and the density of sheep, with no interactions
between them. Vigilance was mostly associated with the density of guanaco, whilst
vigilance rates were uninfluenced by sheep densities (Table 2.8). Vigilant behaviour
generally increased across all sites as the estimated vegetation availability increased
(Figure 2.2c). There were also significant differences in vigilance rates between
individual sites, with both TPNP and SER having higher vigilance rates than CAN.
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2.3.6 Variation in Group Activity Budgets

Feeding behaviour accounted for 73.7% of the activity budget. Vigilant behaviour was
the second most commonly observed behaviour, comprising 12.1% of focal samples,
followed by all other behaviour (7.6%) and walking (6.7%). The multinomial model with
the best fit used to assess the probabilities of group behaviours occurring, featured a
combination of the study site, guanaco and sheep density, available biomass, and the
number of individuals within the group, as well as interactions between them (Table
2.9).

The probability of guanaco feeding during scan samples was significantly higher than
any other behaviour, except at TPNP, where there was no difference in the probability
of foraging or vigilant behaviour of guanaco being observed. Between sites, the
probability of feeding at any time was typically higher at shared versus non-shared

sites, although this difference was not significant (Figure 2.4).

Increasing guanaco densities increased the probability of guanaco exhibiting other
behaviours activities (Table 2.10), while also showing small increases in the
probability of feeding. Guanaco at TPNP displayed higher probability of exhibiting
‘Other’ behaviours, and lower probability of feeding, than any other site. The probability
of guanacos exhibiting vigilance and walking was relatively similar across all sites, as
was vigilance, except at PANP, where the probability of this behaviour being displayed
was lower (Figure 2.4). The probability of guanaco engaging in ‘Other’ behaviours
was lower in non-shared areas (Figure 2.4). As biomass availability increased,
guanaco were more likely to display other activities within foraging budgets (Figure
2.5). However, guanaco at SER showed the lowest probabilities of displaying other
behaviours (Figure 2.4), despite this site having some of the largest amounts of
vegetation biomass availability (see Table 2.3).
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Table 2.3 Guanaco density estimates across four sites in the Magallanes district of Patagonia, southern
Chile, across all seasons from 2018 to 2020. Density of guanaco (individuals hat) (D), coefficient of

variation (CV), model degrees of freedom (DF), upper 95% confidence interval limit (UCI) and lower

95% confidence interval (LCI).

Site Field Campaign D Ccv DF LCI ucCl
Cafiadon Grande Autumn 2018 0.12 50.25 4.61 0.03 0.41
Cafiadon Grande Winter 2018 0.19 57.57 4.33 0.04 0.79
Cafiadén Grande Spring 2018 0.15 56.34 5.52 0.04 0.56
Cafadon Grande Summer 2019 0.02 26.86 6.07 0.01 0.03
Cafiaddn Grande Autumn 2019 0.71 65.37 4.37 0.14 3.53
Cafadon Grande Winter 2019 0.33 29.12 5.33 0.16 0.67
Cafiadén Grande Spring 2019 0.32 37.02 8.88 0.14 0.71
Cafiadon Grande Summer 2020 0.05 43.6 4.96 0.02 0.15
Serena Autumn 2018 0.09 40.56 9.65 0.04 0.22
Serena Winter 2018 0.09 33.52 18.35 0.05 0.18
Serena Spring 2018 0.01 38.10 7.29 0.00 0.03
Serena Summer 2019 0.06 52.81 9.07 0.02 0.17
Serena Autumn 2019 0.03 55.95 6.11 0.01 0.12
Serena Winter 2019 0.06 47.41 3.84 0.02 0.22
Serena Spring 2019 0.05 35.16 5.32 0.02 0.13
Serena Summer 2020 0.06 65.7 8.41 0.01 0.23
Pali Aike Autumn 2018 0.45 31.65 15.54 0.23 0.86
Pali Aike Winter 2018 0.29 33.62 7.53 0.14 0.62
Pali Aike Spring 2018 0.31 33.07 11.11 0.15 0.62
Pali Aike Summer 2019 0.37 27.1 32.99 0.21 0.63
Pali Aike Autumn 2019 0.64 34.68 39.36 0.32 1.27
Pali Aike Winter 2019 0.46 15.02 75.79 0.34 0.62
Pali Aike Spring 2019 0.27 18.09 46.13 0.19 0.38
Pali Aike Summer 2020 0.35 21.98 80.92 0.23 0.55
Torres del Paine Autumn 2018 1.07 38.07 15.19 0.49 2.35
Torres del Paine Winter 2018 0.57 55.71 7.49 0.17 1.92
Torres del Paine Spring 2018 0.48 24.15 24.5 0.29 0.78
Torres del Paine Summer 2019 1.22 30.63 67.19 0.67 221
Torres del Paine Autumn 2019 1.71 47.77 43.51 0.69 4.26
Torres del Paine Winter 2019 0.5 26.56 21.79 0.29 0.86
Torres del Paine Spring 2019 0.3 18.87 14.19 0.2 0.44
Torres del Paine Summer 2020 0.27 25.98 0.16 0.16 0.46
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Table 2.4 Dry vegetation biomass availability estimates over eight consecutive season campaigns
across four different field sites in the Magallanes district of Patagonia, Chile. Number of samples
collected (N), Dry Biomass availability estimate (BM), Standard Error (SE).

Season
Autumn Winter Spring Summer
Site Year N BM SE N BM SE N BM SE N BM SE
351.80 238.48 351.47
kg dm kg dm kg dm
2018 61 hat 27.7 66 hal 18.8 57 hat 194
647.52 512.29 700.58 557.89
Cafiadén kg dm kg dm kg dm kg dm
Grande 2019 66 hat 56.0 48 ha? 50.8 48 hat 785 57 hat 38.6
326.68
kg dm
2020 60 hal 24.1
850.19 920.00 465.13
kg dm kg dm kg dm
Serena 2018 54 hat 120.8 47 hat 173.5 54 hat 36.9
471.76 759.98 405.35 1189.09
kg dm kg dm kg dm kg dm
2019 50 hat 57.0 48 ha-1 91.6 51 hat 29.1 55 hal 101.5
1267.93
kg dm
2020 42 ha? 155.9
Pali Aike 357.14 268.12 480.43
National kg dm kg dm kg dm
Park 2018 63 hat 36.5 69 ha! 255 69 hat 32.9
452.42 471.10 643.28 501.51
kg dm kg dm kg dm kg dm
2019 67 hat 514 67 ha! 441 66 hat 76.1 57 hal 16.4
462.95
kg dm
2020 67 hal 41.9
Torres del
Paine 546.35 347.88 355.00
National kg dm kg dm kg dm
Park 2018 61 hat 62.0 60 hat 62.6 59 hat 29.3
274.07 345.28 554.98 646.42
kg dm kg dm kg dm kg dm
2019 57 ha? 47.8 58 hat 48.3 57 hat 68.1 56 hal 39.0
781.86
kg dm
2020 58 hal 81.0
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Table 2.5 Linear models evaluating the predicting variables of bite, step and vigilance rates of foraging
guanaco during 15-min focal samples from four separate study sites in southern Patagonia. Models within a
range of AAIC=2.0, highlighted in bold, were averaged to find the model with the best fit. Presented are the
Akaike’s information criterion (AIC), AIC value difference regarding the best model (AAIC), AIC weight (AICw)
and the degrees of freedom (df).

Models AlC AAIC  AlCw R2 Df
Bites
~ season*site + site*biomass + 2546.61 0.00 0.47 0.34 37

biomass*density_sheep + site*group_type +

season*density_guanaco + context + year + hour

~ season*site + site*biomass + 2548.47 1.86 0.17 0.34 38
biomass*density_sheep + site*group_type +

season*density_guanaco + context + year + hour +

group_number

~ season*site + site*biomass + biomass*density_sheep + 2549.27  2.66 0.14 0.34 36
site*group_type + season*density_guanaco + context +

year
~ season*site + site*biomass + site*group_type + 2549.9 3.29 0.10 034 41
context*site + season*density_guanaco + density_sheep +

year + hour

~ season*site + site*biomass + biomass*density_sheep + 2549.92  3.30 0.07 0.33 38
site*group_type + context*biomass +

season*density_guanaco + year

~ season*site + site*biomass + site*group_type + 2550.27 3.66 0.02 0.33 36
season*density_guanaco + density_sheep + context +

year + hour

~ season*site + site*biomass + site*group_type + 2553.76  7.15 0.02 032 35
season*density_guanaco + density_sheep + context +

year

Steps

step_rate ~ season + site*biomass + density_sheep 2212.86 0.00 0.30 0.08 11
step_rate ~ season + site*hiomass 2213.72 0.86 0.21 0.07 10

step_rate ~ season + site*bhiomass + density_sheep + 2214.29 142 0.13 0.08 12
group_number

step_rate ~ season + site*biomass + density_sheep + 221439 153 0.13 0.08 12
density_guanaco + site

step_rate ~ season + site*biomass + density_sheep + 221534 248 0.08 0.08 13
group_type + site

step_rate ~ season + site*hiomass + density_guanaco 221550 2.64 0.07 0.07 11
step_rate ~ season + site*hiomass + density_sheep + 221556 2.70 0.06 0.07 13
density_guanaco + site + hour

step_rate ~ site*biomass + density_sheep*season 2216.89 4.04 0.02 0.07 14
Vigilance

~ site + density_guanaco + group_type + biomass + 432.98 0.00 0.22 0.18 8
density_sheep

~ site + density_guanaco + group_type + biomass 433.24 0.27 0.20 017 7
~ site + density_guanaco + group_type*biomass 433.31 0.33 0.16 018 9
~ site + density_guanaco + group_type*biomass + 433.34 0.37 0.15 0.18 10
density_sheep

~ site + density_guanaco + group_type + biomass + 433.56 0.59 0.13 0.18 11
density_sheep + season

~ site + density_guanaco + group_type + biomass + 434.58 1.60 0.08 0.18 10
season

~ site + density_guanaco + group_type + biomass + 435.53 2.56 0.06 017 9
context
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Table 2.6 Parameter estimates for the averaged linear models evaluating the bite rates of foraging guanaco (as

an index of foraging intake) during 15-min focal samples from four separate study sites in southern Patagonia.

Presented are estimates, the standard error (SE) and lower (LCI) and upper confidence intervals of the averaged

model (UCI).

Bite Rates Model Coefficient Estimate SE LCI UCl
(Intercept) 18100 5583  7108.64 29091.01
SeasonAutumn -18.7 21.95 -61.86 24.47
SeasonSpring -40.37 22.37 -84.36 3.63
SeasonSummer 4.18 19.73 -34.63 42 .99
SitePaliAike 17.05 24.74 -31.60 65.70
SiteSerena 48.63 12.11 24.79 72.47
siteTorresdelPaine 10.24 41.79 -71.96 92.43
Biomass 0.07 0.04 -0.01 0.14
density_sheep 27.99 13.56 1.36 54.63
group_typeLoneMale -9.16 5.31 -19.61 1.28
group_typeMaternal -6.88 3.78 -14.31 0.56
habitatShrubland -7.42 3.75 -14.79 -0.04
habitatHumidMeadows 4.34 2.8 -1.17 9.86
density_guanaco 14.23 66.47 -116.55 145.01
Year -8.96 2.77 -14.41 -3.51
Hour 0.77 0.37 0.03 1.50
seasonAutumn:sitePaliAike -9.52 10.49 -30.16 11.12
seasonSpring:sitePaliAike 2.57 154 -27.75 32.88
seasonSummer:sitePaliAike 3.83 13.05 -21.86 29.51
seasonAutumn:siteSerena 5.58 18.95 -31.67 42.83
seasonSpring:siteSerena 41.26 17.31 7.22 75.29
seasonSummer:siteSerena 16.73 17.03 -16.76 50.21
seasonAutumn:siteTorresdelPaine -43.99 25.36 -93.88 5.90
seasonSpring:siteTorresdelPaine -12.71 22.44 -56.88 31.46
seasonSummer:siteTorresdelPaine -30.43 27.69 -84.92 24.06
sitePaliAike:biomass 0.02 0.04 -0.06 0.09
siteSerena:biomass -0.08 0.03 -0.13 -0.03
siteTorresdelPaine:biomass 0.04 0.05 -0.06 0.14
biomass:density_sheep -0.03 0.02 -0.06 0.00
sitePaliAike:group_typelLoneMale 18.96 10.66 -2.03 39.95
siteSerena:group_typeLoneMale 22.61 8.55 5.78 39.43
siteTorresdelPaine:group_typeLoneMale 16.14 7.67 1.04 31.25
sitePaliAike:group_typeMaternal 11.85 7.65 -3.21 26.90
siteSerena:group_typeMaternal 7.42 5.51 -3.43 18.26
siteTorresdelPaine:group_typeMaternal 16.88 5.6 5.85 27.91
seasonAutumn:density_guanaco 16.04 68.73 -119.15 151.23
seasonSpring:density_guanaco 70.51 78.39 -83.73 224.74
seasonSummer:density_guanaco 98 -28.55 67.48 -161.30 104.20
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Figure 2.2 The effects of biomass availability on the effects of a. bite rates b. step rates and c. vigilance rates of
foraging guanaco observed during 15 min focal samples, at shared (SER and CAN) and non-shared (TPNP and
PANP) sites with sheep in southern Patagonia. Biomass is shown in differing amounts of availability, as red (low—250
kg dm hat), blue (medium-500 kg dm ha) and green (high—750 kg dm hat). CAN, Cafladén Grande Ranch System;
PANP, Pali Aike National Park; SER, Serena Ranch; TPNP, Torres del Paine National Park. Plotted results show the
mean * confidence intervals.
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Figure 2.3 The effect of the interaction between estimated vegetation and sheep density on the effects of bite rates of
foraging guanaco observed during 15-min focal samples at shared sites with sheep in southern Patagonia, on ranch

Serena (a) and the Cafiadon Grande ranch system (b). Shaded polygon represents a 95% confidence interval.
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Table 2.7 Model average estimates for the selected linear model predicting step rates in

foraging guanaco from four separate study sites in southern Patagonia

Adjusted

Step Rates Model Coefficient  Estimate SE SE z value Pr(>|t])

(Intercept) 18.16 3.70 3.71 4.89 0.00
density_sheep -1.33 1.25 1.25 1.07 0.29
seasonAutumn 1.66 1.48 1.48 1.12 0.26
seasonSpring 5.70 1.57 1.59 3.62 0.00
seasonSummer 6.38 1.54 1.55 4.13 0.00
sitePaliAike -0.37 6.02 6.05 0.06 0.95
siteSerena -14.48 4.79 4.81 3.01 0.00
siteTorresdelPaine -0.68 5.02 5.04 0.14 0.89
Biomass -0.11 0.06 0.06 1.73 0.08
biomass_sitePaliAike -0.06 0.12 0.12 0.52 0.61
biomass_siteSerena 0.18 0.08 0.08 2.32 0.02
biomass_siteTorresdelPaine -0.05 0.09 0.09 0.53 0.59
group_number -0.01 0.04 0.04 0.25 0.80
density guanaco -0.25 1.08 1.08 0.23 0.82

Table 2.8 Model average estimates for the selected linear model predicting vigilance rates

in foraging guanaco from four separate study sites in southern Patagonia.

Vigilance Rates Model Adjusted

Coefficient Estimate SE SE zvalue Pr(>|t])
(Intercept) 0.24 0.15 0.15 1.61 0.11
sitePaliAike 0.11 0.13 0.13 0.82 0.41
siteSerena 0.34 0.11 0.11 3.10 0.00
siteTorresdelPaine 0.35 0.14 0.14 2.44 0.01
density _guanaco 0.26 0.10 0.10 2.53 0.01
density_sheep 0.05 0.06 0.06 0.75 0.45
group_typeLoneMale 0.29 0.17 0.17 1.68 0.09
group_typeMaternal 0.00 0.15 0.15 0.03 0.98
Biomass 0.00 0.00 0.00 1.82 0.07
biomass:group_typeLoneMale 0.00 0.00 0.00 0.19 0.85
biomess:group_typeMaternal 0.00 0.00 0.00 0.58 0.56
seasonAutumn 0.02 0.06 0.06 0.36 0.72
seasonSpring 0.03 0.06 0.06 0.43 0.67
seasonSummer 0.04 0.08 0.08 0.47 0.64
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Table 2.9 Multinomial hierarchical models evaluated probabilities of foraging behaviour in

guanaco at shared and non-shared sites with sheep in southern Patagonia. The selected model

is highlighted in bold. Presented are the Widely applicable information criterion (WAIC), WAIC
value difference regarding the best model (DWAIC) and the WAIC weight (WAICw).

WAIC seWAIC AWAIC WAICw

Models
~density_guanaco + site*n.individuos + 7885.71 226.95 0 0.22
density_sheep*biomass + (1 | ID)
~ density_guanaco + site*n.individuos + 7886.48 225.91 0.68 0.02
density_guanaco*biomass + (1 | ID)
~ density_guanaco + site*n.individuos + 7888.59 226.04 2.80 0.10
density_sheep + (1 | ID)

7927.79 226.17 41.99 0.04
~ density_guanaco + n.individuos +
density_sheep + biomass + (1 | ID)

7934.30 226.14 48.51 0.04
~ n.individuos + density_guanaco +
density_sheep + biomass + (1 | ID)

7937.62 227.51 51.88 0.00
~ density_guanaco + n.individuos +
density_sheep * biomass + site + (1 | ID)

7971.89 236.32 86.09 0.42
~ density_guanaco + density_sheep + season +
site + (1|ID)
~ site*season + (1]ID) 7982.04 238.09 90.62 0.00
~ density_guanaco + biomass + (1]ID) 7988.27 235.34 96.24 0.06
~ density_guanaco + density_sheep + biomass 7988.56 235.46  102.47 0.00
+ (1/ID)
~ density_guanaco + density_sheep + biomass 7990.67 104.88  102.77 0.00
+ site + (1|ID)
~ density_sheep + density_guanaco 7992.48 234.89 104.88 0.08
~ density_sheep + biomass + (1]ID) 7998.79 235.77 106.68 0.02
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Figure 2.4 The probability of guanaco exhibiting behaviour whilst foraging at any one time, as recorded in instantaneous scans during focal samples,
at shared (SER and CAN) and non-shared (TPNP and PANP) sites with sheep in southern Patagonia. CAN, Cafiadén Grande Ranch System; PANP,
Pali Aike National Park; SER, Serena Ranch; TPNP, Torres del Paine National Park. Data (n=1352 instantaneous scan samples) were computed using
a Bayesian hierarchical multinomial model, using ‘Other’ behaviour as a reference to compare with Vigilance, Eating, and Walking. Plotted results show

the mean * standard error.
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Figure 2.5 The probability of guanaco exhibiting behaviour at any one time, according to the biomass availabilities of foraging plant vegetation, as
recorded in instantaneous scans during focal samples, at shared (SER and CAN) and non-shared (TPNP and PANP) sites with sheep in southern
Patagonia. CAN, Cafiadon Grande Ranch System; PANP, Pali Aike National Park; SER, Serena Ranch; TPNP, Torres del Paine National Park. Data
(n=1352 instantaneous scan samples) were computed using a Bayesian hierarchical multinomial model, using ‘Other’ behaviour as a reference to

compare Vigilance, Eating, and Walking against. Plotted results show the mean * standard error.
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Table 2.10 Estimated coefficients for the selected multinomial hierarchical model evaluating the probability of
guanaco behaviours at shared and non-shared sites with sheep in southern Patagonia. Estimates, along with
estimate error (EE), upper and lower credibility intervals (ClI), potential scale reduction factor (Rhat) and bulk

and tail effective sample sizes (ESS) are shown.

Coefficient Estimate EE LCI UCI Rhat Bulk_ESS Tail_ESS
muvigilant_Intercept 1.69 0.12 148 148 1.00 1263 2334
muwalking_Intercept 2.55 0.2 218 218 1.00 1272 1733
mueating_Intercept 1.62 009 145 145 100 974 1939
Population-Level Effects
muvigilant_Intercept 1.7 092 -0.15 35 100 719 1288
muwalking_Intercept 0.57 142 -235 331 100 716 1439
mueating_Intercept 4.88 0.75 344 6.42 101 474 884
muvigilant_sitePaliAike 0.53 0.76 -0.96 2.05 1.00 957 1645
muvigilant_siteSerena 1.59 0.68 024 294 1.00 1215 1722
muvigilant_siteTorresdelPaine -0.31 0.71 -1.67 1.09 1.00 1026 1619
muvigilant_density_guanaco -1.41 0.42 -0.09 - 1.00 1173 1764
0.61
muvigilant_no.individuals -0.02 0.03 -0.07 0.03 1.01 1185 1761
muvigilant_density_sheep -1.01 0.64 -224 025 101 783 1477
muvigilant_biomass -0.39 0.08 -0.55 - 1.00 700 1175
0.22
muvigilant_sitePaliAike:no.individuals -0.03 0.05 -0.12 0.06 1.00 1251 2059
muvigilant_siteSerena:no.individuals -0.13 0.05 -0.23 - 1.00 1309 2101
0.03
muvigilant_siteTorresdelPaine:no.individuals  0.09 0.03 0.03 0.15 1.01 1071 1736
muvigilant_density_sheep:biomass 0.19 0.08 0.03 0.34 1.01 825 1706
muwalking_sitePaliAike -1.07 119 -328 135 100 811 1509
muwalking_siteSerena -0.86 1.14 -3.09 134 1.00 1061 1635
muwalking_siteTorresdelPaine -2.49 1.13 -466 - 1.00 775 1464
0.24
muwalking_density_guanaco -0.97 0.64 -2.23 0.28 1.00 1133 1804
muwalking_no.individuals -0.02 0.04 -0.112 0.06 1.01 1010 1549
muwalking_density_sheep -1.71 097 -357 0.21 100 726 1313
muwalking_biomass -0.34 0.13 -0.58 - 1.00 922 1788
0.09
muwalking_sitePaliAike:no.individuals 0.04 0.07 -0.09 0.18 1.00 1167 1392
muwalking_siteSerena:no.individuals 0 0.08 -0.16 0.17 1.00 1165 2243
muwalking_siteTorresdelPaine:no.individuals  0.18 0.05 0.00 0.48 1.01 1024 1187
muwalking_density _sheep:biomass 0.24 0.12 0.04 101 1.00 819 1168
mueating_sitePaliAike -1.16 0.63 -243 0.04 101 630 1033
mueating_siteSerena 0.25 0.58 -0.92 136 1.01 662 1450
mueating_siteTorresdelPaine -2.54 0.57 -3.71 - 1.00 716 1489
1.43
mueating_density_guanaco -0.15 0.34 -0.82 0.52 1.00 652 1171
mueating_no.individuals 0 0.02 -0.04 0.03 1.00 1019 1940
mueating_density_sheep:biomass -1.3 0.52 -230 -0.3 1.01 467 968
mueating_biomass -0.39 0.07 -0.52 - 1.00 560 1137
0.27
mueating_sitePaliAike:no.individuals 0.03 0.04 -0.04 0.11 1.00 988 1571
mueating_siteSerena:no.individuals -0.07 0.04 -0.15 0.01 1.01 785 1457
mueating_siteTorresdelPaine:no.individuals 0.12 0.02 0.08 0.17 1.00 1030 2023
0.22 0.06 010 0.34 1.01 513 1297

mueating_density _sheep:biomass
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2.4 Discussion

2.4.1 The Effect of Sheep on Guanaco Foraging Behaviour

While many studies have suggested competition between guanaco and sheep (i.e.,
Baldi et al., 2001; 2004; 2010; 2018; Marino et al., 2020; Pontigo et al., 2020; Corti et
al., 2022; Marino and Rodriguez, 2022), at the time of publication (Lancaster et al.,
2022), no study had previously examined potential competition between guanaco and
domestic sheep through the analysis of individual and group guanaco behaviours.

Guanaco bite rates averaged 72.0+17.3 min! across the entire study population and
duration. Although bite rates of foraging guanaco have not been measured before,
they appear considerably higher than the bite rates of other herbivores, including
bighorn sheep (39.1+0.75 min't; Ruckstuhl et al., 2003), oryx (Oryx gazelle; 46.8 min-
1. Ruckstuhl and Neuhaus, 2009). Bite rates of domestic livestock in Kenya were also
considerably lower, with cattle and donkeys exhibiting 36.0 and 31.1 bites per minute,
respectively (Odadi et al., 2011). Other herbivores have shown closer bite rates to
guanaco, including Thompson’s gazelle (69.95 bites min-t; Bradbury et al., 1996) and
domestic goats and sheep (72.45 and '61.2 bites mint, respectively; Gordon et al.,
1996). Interestingly, guanaco bite rates did not differ significantly to domestic sheep in
Patagonia, which averaged 102.9+23.1 min?t (Fernandez et al., 2021). Such might
suggest that high bite rate patterns are necessary for maintaining foraging intake on

steppe vegetation.

In line with initial predictions, guanaco bite rates increased with vegetation biomass
availability, at all sites except for ranch SER. However, the interaction between
vegetation biomass availability and sheep stocking density showed that the presence
of livestock at high densities changes the way in which guanaco forage, even when
foraging vegetation is abundant. Across both ranch sites, guanaco bite rates declined
with increasing vegetation biomass at high sheep stocking densities. Although bite
rates of guanaco at ranch SER did not increase with biomass availability when sheep
were modelled as absent, their bite rates still declined when sheep stocking densities

increased.

The bite rates of guanaco generally increased with vegetation biomass availability.
This is consistent with the results from similar studies for other wild ungulates,

including Alpine ibex (Capra ibex; Brivio et al., 2014), moose (Musante et al., 2010),
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oryx (Ruckstuhl and Neuhaus, 2009), reindeer (Rangifer tarandus; White et al., 2014),
and also in domestic species like sheep (Silva et al., 2020; Fernandez et al., 2021)
and cattle (Hilario et al., 2017). Additionally, Fraser and Gordon (1997) showed that
llamas and alpacas (Vicugna pacos), both South American camelids and domestic
relatives of the guanaco, maintain rumination and diet digestibility at the expense of
their bite rates, whereas Murray and Brown (1993) highlight topi (Damaliscus lunatus)
as able to maintain high bite rates when feeding selectively in areas of high biomass.
Ungulates may maximise their time spent feeding when high-quality foraging
vegetation is available, to ultimately minimise feeding behaviours across an entire day,
enabling more time for other behaviours. This has been shown in wood bison (Bison
bison athabascae), which use a time-minimising foraging strategy (Bergman et al.,
2000; 2001), as do elk (Wilmshurst et al., 1995) and argali (Ovis ammon; Rosenbaum
etal., 2019). Guanaco may maintain a similar feeding strategy to exploit all high-quality

foraging available resources, as and when available.

Despite this general finding, the results also showed that when coexisting with high
sheep stocking densities, guanaco forage differently. At higher sheep stocking
densities increased, guanaco bite rates declined as vegetation biomass became more
abundant. On Ranch SER, this inverse relationship switch was less severe than at
ranch CAN, likely due to the diverse range of habitats (numerous highly nutritious wet
meadows), that SER features, but are absent from CAN. High stocking densities of
domestic sheep can have destructive impacts on ground vegetation, through foraging
and trampling (Gill, 1992; Téth et al., 2018). This can cause reductions in vegetation,
increasing the likelihood of fragmentation of preferred plant species (Owen-Smith and
Novellie, 1982), degradation of soil quality (Del Valle et al., 1998; Golluscio et al.,
2009), and the replacement of palatable plant species with those of lower nutritional
quality (Huang et al., 2007), or those normally avoided by sheep and native grazers
(Cingolani et al., 2005). Shorter vegetation sizes typically correlate with smaller bites
taken by foraging ungulates and therefore lower intakes per bite. Foraging herbivores
can compensate for shorter swards of vegetation or reduced availabilities in biomass
(and thus reduced bite sizes) by increasing their bite rates (Spalinger and Hobbs,
1992; (Illius and Gordon, 1987; 1993; Ruckstuhl and Neuhaus, 2009), as a means of
maintaining or increasing, the overall intake rate (Hudson and Nietfield, 1985).

Therefore, a change in foraging strategy for guanaco makes sense, especially if sheep
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grazing (Cingolani, 1999; Cingolani et al., 2005), or competition with sheep (Baldi et
al., 2004; Oliva et al., 2019), reduces available vegetation biomass.

Pontigo et al. (2020) showed that the guanaco’s trophic niche is significantly reduced
in the presence of sheep, with guanaco selecting less preferable plant species of lower
nutritional value, at sites where sheep were present, including at ranch CAN, which
also featured in their study. Further, Baldi et al. (2001) suggested that high sheep
abundance limits the forage availability to sympatric guanaco, as the density of sheep
is related to the prevalence of key forage plants for both species. Our results also
support this claim and further suggest reductions in selectivity (step rates) when sheep
are present in high densities. This change in diet, arising from the presence of a
competitor, could potentially be considered a negative effect, with less palatable
vegetation often also resulting in detrimental changes to bite rates. For example, the
structure and thickness of vegetation can significantly affect the bite rates of ungulates,
as has been demonstrated in a number of African ungulate species (Murray and
Brown, 1993). A switch to foraging vegetation that is less palatable, spikier or thicker,
may cause ungulates to demonstrate longer cessation or food handling times,
reducing bite rates (Moquin et al., 2010; Mezzalira et al., 2014; Lovari et al., 2014;
Ferretti et al., 2015). This forced change in dietary niche (see Pontigo et al., 2020)
could explain some of the decreased bite rates observed in guanaco when vegetation
biomass is high. Additionally, both Raedeke (1979) and Baldi et al., (2001) reported
that guanaco feeding in habitats with an absence of livestock consume more grass
species. Conversely, when livestock are absent, both studes reported that guanaco
prioritise the consumption of shrub plant species, perhaps because tussock shrubs
rarely return after overgrazing by sheep has eliminated them (Cingolani, 1999;
Cingolani et al., 2005).

The same has been seen in livestock-ungulate systems in other habitats. Riginos et
al. (2012) showed that during the dry season, the presence of wild herbivores in Kenya
reduced the bite and increased the step rates of cattle. The authors suggested that
this is indicative of the livestock foraging less efficiently, travelling further (see 2.4.1.2)
before feeding, and taking fewer bites at each station (Ungar and Noy-Meir, 1988;
Spalinger and Hobbs, 1992; Bradbury et al., 1996) with weight gain in cattle also less

as a result of these changes (Riginos et al., 2012). Adjustments in bite rates may thus
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enable coexistence with competitors sharing the same foraging resources, as shown

in other competing species pairs (Brown et al., 2010; Feretti et al., 2015).

2.4.1.2. Step Rates

Guanaco step rates showed an opposite general pattern to bite rates, decreasing with
vegetation availability, again at all sites but not ranch SER. At this site, contrary to the
patterns seen at all other sites, the bite rates of guanaco were observed to decrease,
even with increasing vegetation abundance. Similarly, step rates of guanaco increased
with vegetation abundance, contrasting the patterns of guanaco step rates at all other

sites, suggesting more selective browsing is afforded at this site than at the others.

Increased fragmentation of vegetation as a result of trampling by high sheep densities
should also increase the numbers of steps taken by ungulates during feeding bouts
as they search for preferable forage (Owen-Smith and Novellie, 1982) and thus result
in a decrease in bite rates and time feeding (Dumont et al., 2002). The highest step
rates observed in guanaco were at a shared area (CAN), where the lowest vegetation
biomass availabilities were also recorded. However, guanaco at the other shared area
(SER), had the lowest mean step rates, most likely due to the large variation in habitat
types as well as the abundance of dense, humid meadows of high vegetation biomass
availability, that were absent from CAN. With such abundant quantities of favourable
vegetation, guanaco likely have to travel less between feeding sites and thus exhibit

lower step rates, as has been shown in Alpine ibex (Neuhaus and Ruckstuhl, 2002).

2.4.1.1. Vigilance Rates

The best model estimating guanaco vigilance did include sheep density as a predictor
variable, although vigilance seems more correlated with guanaco densities than
sheep. Contrary to initial predictions, vigilance activity in guanaco was significantly
higher at the non-shared site TPNP than at the shared area of CAN ranch, most likely
as a result of the high puma densities present in the park (Franklin et al., 1999).
Guanaco at CAN also exhibited lower levels of vigilant behaviour than the shared area
in Tierra del Fuego (SER). At this site, where puma are completely absent, vigilance
behaviour in guanaco is instead possibly more influenced by associated farming noise,

activities, ranch workers, dogs, and horse riding shepherds known locally as ‘gauchos’
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than livestock, as guanaco are negatively associated with human activity and areas
(Pedrana et al., 2010). Of the two shared areas, levels of farming activities and both
ranch workers, machinery, and farm dogs were more frequently encountered at ranch
SER than ranch CAN (A. Lancaster, pers. obs).

Guanaco observed within PANP (non-shared area) exhibited similarly low levels of
vigilance behaviour as the surrounding rangelands (CAN). Given the large territories
of puma (Franklin et al., 1999), predator densities are likely similar across both sites,
although the rugged landscape and abundance of shrub vegetation of PANP offers
more habitat for puma than CAN. This is important, as puma are ambush predators
and utilise vegetation to approach to get close to prey before initiating an attack (Smith
et al., 2020). Vigilant postures displayed by guanaco were positively associated with
guanaco density, yet uninfluenced by sheep densities. This in itself is noteworthy, as
competing species pairs often see the increased vigilance of one, or both species,
when the other is present, as shown. In areas of high animal densities and therefore
increased levels of conspecific vigilant activity, social group-living ungulates such as
guanaco often synchronise their behaviour with other members of the herd (Pays et
al., 2007), perhaps explaining this association.

2.4.1.4. Group Behaviour and Activity Budgets

Contrary to predictions, the probability of guanaco feeding was higher albeit not
significantly, in shared areas than in non-shared areas, whilst ‘Other’ behaviours had
a higher probability of occurring in non-shared areas. Results from the multinomial
model indicate higher mean probabilities of guanaco feeding at shared versus non-
shared areas, although this differed significantly only between TPNP vs. ranches, and
not for PANP. PANP’s proximity, similarity in habitat, vegetation, and likely similarity
in predation pressure (Iriarte et al., 1990) to CAN.

Resultantly, guanaco are likely forced to sacrifice ‘other’ behaviours, as well as reduce
selectivity and incorporate plant species of lower nutritional value into their diets, as
seen in oribi and cattle in South Africa (Stears and Shrader, 2020) and guanaco on
shared areas of the Patagonian steppe (Pontigo et al.,, 2020). Conversely ‘Other’
behaviours had a higher probability of being displayed by foraging guanaco in TPNP

than in any other site. Non-foraging behaviours were most commonly observed at
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larger guanaco densities and seldom occurred in shared areas (A. Lancaster pers.
obs.). The probability of guanaco displaying vigilant behaviour was lowest at the
shared area (CAN) and probably expected given this area featured the most flat, open
ground and the lowest amount of vegetation of all study areas (Marino and Baldi,
2008). It is also possible that at this shared area, the grazing pressure, or lower
biomasses of foraging vegetation, or the interaction between the two, results in the
probability that guanaco herd members feed at any one time. This focus on feeding
behaviour could be to maintain intake rates, at the cost of vigilance and other
behaviours, as in other ungulate pairs (see Kie et al., 1996). Consequently, guanaco
may sacrifice ‘Other’ behaviours, as well as reduce selectivity, to maintain foraging
intake, while incorporating normally less favourable plant species of lower nutritional
value into their diets, as seen in oribi and cattle in South Africa (Stears and Shrader,

2020) and guanaco on shared areas of the Patagonian steppe (Pontigo et al., 2020).

2.4.4 The Effect of Guanaco on Sheep Behaviour

As well as examining the effects of sheep on the foraging behaviours of guanaco an
accompanying companion study was run simultaneously with this one, where the bite
and step rates of the sheep co-grazing with guanaco was examined (see Fernandez
et al., 2021). As with guanaco, sheep bite rates generally increased with vegetation
biomass availability, although not in winter or spring. Sheep density had different
effects on bite rate according to the season. During spring, density was positively

related with bite rate, while it was negatively related during winter (Figure. 2.6).

The presence of guanaco was found to have no effect on sheep foraging behaviour.
Instead, behavioural changes in domestic sheep in Patagonia were attributed to the
high stocking densities at which sheep herds on the Patagonian steppe occur, and it
is more likely that any negative effect observed in sheep foraging behaviour is due to
intraspecific competition with other sheep, rather than interspecific competition with
guanaco (Fernandez et al., 2021) as seen in other steppe habitats with sheep farms
(Lin et al., 2011) and in other social ungulate herds (Mobeek et al., 2012; Kraai and
Shrader, 2018). We (see Fernandez et al., 2021) also hypothesised that sheep use a

time-minimising strategy (Bergman et al., 2001) in Chilean Patagonia, with domestic
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livestock on low quality rangelands showing larger movement (and thus higher step

rates) and thus a more selective foraging strategy (Pauler et al., 2020).
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Figure 2.6 Variation of bite rate (bites-mint). Bite rate values according to herd density in each season, in
conditions of lower food availability (red) and high food availability (blue). Shadowed areas indicate 95%

confidence intervals (from Fernandez et al., 2021).

2.4.5 Conclusion

While the mean proportion of feeding did not differ significantly between areas shared
with sheep and areas where sheep are absent, numerous authors have indicated that
bite rates offer a more robust observation than time feeding alone (Spalinger and
Hobbs, 1992; Provenza, 2003; Thompson Hobbs et al., 2003; Lovari et al., 2014;
Ferretti et al., 2015). Bite rates of guanaco were generally positively associated with

vegetation biomass availability, as seen in other ungulates species (Murray and
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Brown, 1993; Fraser and Gordon, 1997; Ruckstuhl and Neuhaus, 2009; Musante et
al., 2010; Brivio et al., 2014; Silva et al., 2020; Fernandez et al., 2021).

An exception to this rule was seen at the shared area in Tierra del Fuego (SER), where
bite rates were not associated with biomass availability. Ranches like this that feature
a wide range of large amounts of nutritional quality vegetation, and variety in habitat
types, may theoretically permit facilitation with guanaco by providing high amounts of
regrowth of favourable vegetation (Odadi et al.,, 2011). However, many ranches
throughout the Patagonian steppe do not have this diversity of vegetation, with far
fewer wet meadows than were seen at SER. At these sites, where foraging resources
are limited through grazing by sympatric sheep and guanaco, substantial criteria for
competition to occur between guanaco and sheep is met, implying a high probability
of competition.

The key finding that the interaction between sheep stocking densities and vegetation
biomass availability reveals considerable insight into the relationship between
guanaco and sheep. While guanaco bite rates are normally positively associated with
biomass availability, this relationship becomes negative at high sheep stocking
densities. This relationship was observed even at Ranch SER where no apparent
positive relationship between bite rates and available vegetation biomass was seen,
with bite rates declining with increased sheep stocking densities. While this inverse
relationship was not as extreme as at Ranch CAN, it would still indicate a switch in

foraging style when sheep are present in high densities.
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Chapter 3: Immunological and Biological
Validation of Cortisol and Testosterone
Enzyme-Immunoassays using a novel field-
friendly method to extract hormones in
locations with no access to traditional cold

storage in the field.

3.0 Summary

In Chapter 2, changes in foraging behaviour (bite rates) occurred when domestic
sheep stocking densities are high. Although this is likely indicative of competition, it
may not necessarily be an example of a negative effect (as required to conclude
competition), it serves as a ‘building block’ lending to the knowledge of competition
within this system. The next aim of this thesis was to build on this by examining
whether sheep presence affects guanaco physiology. to determine if competition
manifests physiologically, as well as through changes in behaviour. Using non-
invasive monitoring of steroid hormone metabolites, it is possible to observe a
‘snapshot’ of a species’ physiology and the quantification cortisol concentrations is
frequently used as a physiological proxy for measuring stress in animals. However,
this can become complicated when the use invasive methodologies subsequently
increases activity in the HPA axis during sample collection. For testosterone too,
invasive techniques may render an ‘incorrect’ snapshot of a species’ androgen levels,
with cortisol and testosterone concentrations frequently linked to, or correlated with
one another. To accurately quantify steroid concentrations, the methods of sample
collection, steroid extraction, and analysis must be robustly validated. Additionally,
researchers may face further challenges in the storage of non-invasively collected
samples, such as faeces, which typically needs to be kept frozen until analysis to avoid
rapid bacterial degradation. This may be especially challenging for study species
found in remote areas in which electricity and access to laboratory equipment are

limited or absent.

114



The aim of this chapter was to establish a novel method for extracting steroid
hormones from faecal samples of free-ranging guanaco in Chilean Patagonia, at field
sites or stations with no access to cold storage. This chapter demonstrates novel
methods to extract cortisol and testosterone from faecal samples and the
immunological validation of both cortisol and testosterone assays through the
demonstration of four key immunological validation criteria (specificity, accuracy,
precision, and sensitivity). Both assays were also biologically validated using separate
tests for cortisol and testosterone assays. Proof that the assays are now capable of
measuring key physiological differences allows for the quantification of excreted
cortisol and testosterone in guanaco, in areas where sheep are present and absent,
to determine whether interspecific competition may manifest in a species’ physiology
(see Chapter 4).
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3.1 Introduction
3.1.1 Wider Value of Assay Validation

Following extraction of hormones from the media, enzyme-immunoassays (EIAs) can
be used as a diagnostic tool to quantify the concentrations of specific hormone
analytes of interest. Before entering widespread use, it is essential to validate EIAs for
any species, although especially for those whose physiology has not been examined
extensively, or at all (Buchanan and Goldsmith, 2004; Touma and Palme, 2005). Even
for closely related species, hormone metabolism, excretion routes, bacterial
degradation of samples may differ significantly. A number of methods exist for
determining the concentrations of hormones from non-invasively collected faecal
samples from animals, although each method involves extensive amounts of
development and validation to ensure optimisation of the procedure (Mohle et al.,
2002; Gan and Patel, 2013; Palme, 2019).

3.1.1.1. Summary of the Enzyme-Immunoassay Procedure

ElAs employ an antibody’s binding specificity to a hormone analyte of interest, within
a sample (Parker, 1981), using microtiter plates coated with the antibody specific to
the analyte of interest. Commercially prepared steroid standard dilutions, along with
sample extracts (diluted as appropriate), are added to each well of the plate, followed
by a steroid conjugate that competes for the antibody sites with the target hormone of
interest (Porstmann and Kiessig, 1992). An incubation period follows, allowing the
labelled reagent to competitively bind to the antibodies on the plate before the plates
are washed to ensure that the unbound conjugate is removed. Addition of a substrate,
such as azino-bisethylbensothiazoline-6-sulfonic acid (ABTS), ensures enzymatic
reactions that produce quantifiable colour changes across plates, according to the
concentration of bound hormone present in each well. This can then be measured
using a spectrometer to assess each well’s optical density, determining the analyte of

interests’ concentrations per sample (Diamandis and Christopoulos, 1996).
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3.1.1.2. The Importance of Enzyme-Immunoassay Validations

The immunological reaction upon which EIAs are based is multifaceted, with the
analyte binding process complex, and able to be negatively affected by various factors,
including high temperatures, improper storage of analytes and associated chemicals,
and environmental debris (Reimers and Lamb, 1991). Furthermore, EIAs are highly
sensitive to any perturbations or disruption in the immediate environment or laboratory
(Gibbs and Kennebunk, 2001; Watson et al., 2013). Additionally, to precisely measure
the quantities or concentrations of an analyte, it must be assured that the sample
medium contains no additional contaminants that might otherwise interfere with and
cross-react with the samples. Many bodily secretions contain a complex mixture of
steroids that may each act as competitive binders, potentially interfering with the
binding of the actual analyte of interest to an antibody (Diamandis and Christopoulos,
1996). Using antibodies with a low cross-reactivity is thus critical in the validation of
ElAs (Reimers and Lamb, 1991).

Additionally, environmental variables affecting animals’ glucocorticoids and androgens
concentrations differ between contexts, requiring independent validations for each
species (Palme et al., 2005). Moreover, the metabolism of different hormones may
result in faecal metabolites sharing similar structures (Norman and Litwack, 1997),
meaning cross-reactivity with other hormone metabolites is possible, which may lead
to a misrepresentation of results. Therefore, it is crucial to validate assays both
immunologically and biologically, to assess the relevance and meaningfulness of
analyses (Heistermann et al., 2006; Goymann, 2012). Doing so means that any
limitations of the procedure can easily and successfully be determined, allowing the
efficacy of the method of hormone extraction to be identified (McCallister and Smith,
2001; Buchanan and Goldsmith, 2004). While a number of commercial assay ‘kits’ are
widely available, their usage also requires validation for any species, with differing
laboratory conditions, sample populations, sample sex, etc., all affecting the validity of
an assay, which researchers are required to prove before widespread use (Reimers
and Lamb, 1991; Palme, 2019). Assays developed in-house (as used in the present
research) are cheaper than assay kits and provide a key advantage in that they do not
limit researchers to the quantity and concentrations of available reagents, meaning
that the assay can be adjusted and modified as needed throughout the development

and validation process.
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3.1.2 Immunological Validation of EIAs

EIA performance must be frequently monitored to confirm they yield reliably measure
hormone content in samples (Watson et al., 2013). The immunological validation of an
assay requires the completion and demonstration of four fundamental tests for
recognised criteria (Reimers and Lamb, 1991; Diamandis and Christopoulos, 1996):
Precision, Specificity, Accuracy, and Sensitivity (Reimer et al.,1996; George et al.,
2014; Andreasson et al., 2015). These four criteria are discussed below and were used

throughout the validation and assessment for the assays described in this chapter.
3.1.2.1 Precision

The precision of an assay refers to the measure of the consistency of results under
repeated multiple times under identical experimental conditions. In short, precision is
ultimately the variability of the assay, with variation arising due human or random error.
This variability is articulated as the assay’s coefficients of variation (CVs) of a known

sample (quality controls) and can be assessed in two ways:

e Intra-assay variation — variation examined across an individual plate.

e Inter-assay variation — variation examined between all the plates of an assay.

It is paramount that both intra-assay and inter-assay CVs are shown when
demonstrating the validation of an assay (Reimers and Lamb, 1991), and most assays
do so using a combination of high and low controls from a pooled group of subsamples
of all collected samples (Diamandis and Christopoulos, 1996). While impossible to
completely eliminate random error, it can be minimised, and there exists a range of
‘cut-off points’ deemed appropriate. Intra-assay CVs <10% can be considered suitable
(see Thomsson et al., 2014), although some authors use lower cut off values (see
Wattanatorn et al., 1997). Inter-assay CVs <20% are generally considered valid. Inter-
assay CVs >20% suggest error in the assay, either through interference of a foreign
subject, or through user error (Diamandis and Christopoulos, 1996), although some
authors have demonstrated validations with CVs above this threshold (see Apple et
al., 2005).
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3.1.2.2. Specificity

Arguably, specificity is the most important of all four tests to prove, and thus is probably
the most frequently demonstrated in validation studies. Measuring and demonstrating
the specificity of an assay for validation proves the assay’s freedom from interference
by any analyte or substance, other than the one of interest (Reimers and Lamb, 1991,
Young, 2011). To test this, a parallelism is used to examine whether an analyte has
similar reactivity to the antibody employed, in both collected samples and
commercially prepared standards (Diamandis and Christopoulos, 1996). An absence
of parallelism indicates the probable interference of other compounds within samples,

affecting the ability of the analyte to bind to the incubated antibody (Young, 2011).

3.1.2.3. Accuracy

To assure its functionality, an assay is required to be quantitatively accurate, although
results that prove qualitatively accurate, while quantitatively inaccurate, may still
occasionally still prove useful and acceptable, if they reflect biologically relevant
hormone patterns (Reimers and Lamb, 1991). The accuracy of an assay is assessed
based on its ability to measure a known quantity of analyte as a reference (a measured
standard) and the subsequent agreement between this and the theoretical, or “true”,
guantitative value of that known substance (Diamandis and Christopoulos, 1996; Geng
et al., 2005). The quantitative ability of an assay can be determined following the
additions of an increasing amounts of the pure synthetic hormone of interest (X), which
are added to a given quantity of sample (containing Y amount of the sample’s analyte
of interest). This determines whether the assay is able to accurately measure both
amounts of the synthetic and sample hormone (X+Y). This is usually undertaken
through the assessment of spike-recovery (Geng et al., 2005) at various sample
dilutions to check their ability to react similarly with the analyte in differing conditions
(Diamandis and Christopoulos, 1996; Young, 2011). Assessing an assay’s accuracy
may often prove the most difficult of the four criterion tests, and consequently, many
studies fail to consider, demonstrate, or even mention this test (see Zapata et al., 2004;
Gregorio et al., 2019; Riveros et al., 2019).
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3.1.2.4. Sensitivity

The final requirement for the immunological validation of an assay is to cite the
sensitivity, or the limit of detection. This sensitivity is defined as the amount of the
measured analyte required to produce a significant change in the assays’ response,
citing the minimum detectable concentration of the analyte that is able to be separately
distinguished from no measured analyte (Diamandis and Christopoulos, 1996). It can
also be measured by observing the lowest possible, detectable amount of the analyte
within the working range of the assay (typically between 10-90% binding on the

standard curve).

3.1.3 Biological Validation of EIAs

While immunological validations demonstrate an assay’s ability to accurately and
reliably measure concentrations of a hormone of interest, it is also essential to
determine if an assay reflects biologically meaningful changes in hormonal
concentrations. Immunological validation should thus be complemented with biological
validation if an assay is to be considered able to accurately and reliably record the
metabolite of interest on an individual species basis (Palme, 2019). The biological
validation of an assay is determined by investigating whether the assay can detect
meaningful biological changes in hormone concentrations (Goymann, 2005; Touma
and Palme, 2005; Young, 2011).

There are a number of methods available to researchers with which they are able to
assess the biological validation of their assays, and the options available are
discussed in this section. Regardless of the method(s) chosen when carrying out the
biological validation of assays, it is paramount that researchers must consider the
biology and life history of the species in question (Touma and Palme, 2005; Palme,
2019), as well as considering the context of the subjects. For instance, in captive
animals, invasive measures are feasible, albeit ethically questionable, and samples
may be collected readily and repeatedly on demand, conditions that are rarely, if ever,

met for wild animals.
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3.1.3.1 Pharmacological Challenges
3.1.3.1.1 Pharmacological Challenges for Cortisol Assays

Several studies have provided biological validation of cortisol assays by administrating
ACTH. This stimulates the HPA axis to produce cortisol which circulates in the plasma
and is excreted in the faeces (Sheriff et al., 2011; Palme, 2019), with the assay
expected to measure an increase in levels of faecal cortisol following ACTH
administration. This method has been effective across species, including in South
American camelids (Arias et al., 2013), but it is invasive, requiring restraint and
venepuncture, making it unsuitable for free-ranging wildlife (Kleiman et al., 2010).
Similarly, dexamethasone (Dex), a synthetic steroid that reduces glucocorticoid levels
in the blood (and ideally in excreta), through negative feedback on the HPA axis, can
be used for assay validation (Smith et al., 1998; Touma and Palme, 2005). Dex has
been successfully applied to assay validations of ungulate species (Palme et al., 1999;

Dehnhard et al., 2001), but like ACTH, it is invasive and impractical for wild animals.

3.1.3.1.2 Pharmacological Challenges for Testosterone Assays

Similar pharmacological challenges exist for testosterone assays. The
pharmacological administration of gonadotropin release hormone (GnRH)
subsequently increases levels of circulating testosterone and concentrations of
testosterone in the faeces, which will be detected by an assay if it is biologically valid
(Edwards, 2013). This detection of increasing levels of testosterone in the faeces is

enough to biologically validate an assay.

3.1.3.2 Responses to Known Stressors (For Cortisol Assays)

For cortisol assays, alternative biological validation methods involve monitoring
glucocorticoid levels in response to known stressors, either natural (e.g., according to
extreme weather events or social disruption; Sapolsky, 1986; Kuo et al., 2011; Damm
et al., 2023) or introduced (e.g., translocation, transportation, or routine veterinary
checks; Dickens et al., 2009; Holmes et al., 2018; Gholib et al., 2020). GC levels are
expected to increase following the stressor and the assay should be able to detect
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this. This method has been shown to be effective for validating assays in a range of
species, including in South American camelids, by measuring levels of cortisol when
large groups have been mass corralled for shearing (see Carmanchahi et al., 2011;
Arias et al., 2013). However, for the current study, there were no known naturally

occurring stressful events around which we could monitor HPA function.

3.1.3.3. Physiological Contexts

For researchers investigating wildlife, invasive biological validation methods, such as
pharmacological challenges, may be impossible. Given the present study context, no
known naturally occurring stressful events during the field season could be monitored
reliably or predictably. Therefore, scientists looking to biologically validate assays may
rely on published work from the same or similar species documenting changes in
hormone levels according to specific patterns of known life history stages (Edwards et
al., 2022). If assay results reflect these known patterns, then an assay can be
considered biologically valid, and a number of options exist to researchers looking to

biologically validate assays.

3.1.3.3.1. Circadian variation

Basal circadian variation, experienced by many mammals, refers to the daily occurring
fluctuation patterns in glucocorticoids, with the basal peak occurring at the onset of the
circadian active phase (Spencer and Deak, 2017). Many hormones, including cortisol
follow strict circadian rhythms, and detailed human and animal studies show very
predictable diurnal patterns of circulation, with plasma cortisol levels peaking between
06:00 and 08:00 after waking, before steadily decreasing throughout the day (Van
Cauter, 1989; Heintz et al., 2011). Therefore, if an assay can quantify these daily
patterns, it may accurately reflect the natural processes of the hypothalamic-pituitary-
adrenal (HPA) axis activity and therefore demonstrate an assay’s ability to quantify
biologically meaningful levels of hormone concentrations. Many authors have
considered circadian variation when biologically validating assays for wildlife faecal
cortisol levels (see Braga Goncalves et al., 2016; Sipari et al., 2017; Damm et al.,

2024). However, evidence for regular, circadian patterns of physiology and behaviour
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in mammalian biology has largely been based on human and rodent studies, and is
not ubiquitous across all mammals (Hazlerigg and Tyler, 2019).

Mounting evidence actually suggests that large ungulates exhibit limited or weak
circadian variation mechanisms (Hazlerigg and Tyler, 2019), as has been shown in
elephants (Millspaugh and Washburn, 2004) reindeer (Lu et al., 2010), red deer
(Ensing et al., 2014), and also in domestic horses (Murphy et al., 2011). Other studies
have also showed that ungulates are instead acutely sensitive to changes in
photoperiod, i.e., their activity peaks follow actual changes in lighting, rather than in
anticipation of these changes (Stokkan et al., 2007; Ensing et al., 2014; Greesli et al.,
2020; Hoog, 2020). Thus, given the uncertainty of regular circadian variation in
ungulates, while time of defecation was recorded (and included in analyses in Chapter
4 as a precaution, in case it confounded cortisol levels), analyses of circadian variation
for levels of cortisol or testosterone excreted in the faeces was not considered as a

method for biological validation.

3.1.3.3.2. Cortisol Validation Contexts

Sex-specific differences in cortisol metabolism are well demonstrated throughout the
literature (Touma et al., 2003; Goymann, 2012). Female mammals are typically
expected to exhibit higher levels in cortisol than males (Reeder and Kramer, 2005) as
shown across various species (Van Lier et al., 2003; Von Holst, 1998; Myers et al.,
2010; Azevedo et al., 2019; Sandoval-Herrera et al., 2021). A number of ungulate
species also exhibit this pattern, with cortisol in female sheep (Van Lier et al., 2014),
Alpine ibex (Capra ibex; Prandi et al., 2018), African Elephants (Hambrecht et al.,
2021), Rocky Mountain goats (Oreamnos americanus; Dulude-de Broin et al., 2019)
and caribou (Rakic et al., 2023) all higher than in males of the same species. Sex
differences in cortisol have also been reported in camelid species, such as the
dromedary (Camelus dromedaries; Sid-Ahmed et al., 2013). In South American
camelid species, Arias et al. (2013) reported that while both male and female alpacas
and llamas responded to handling and shearing with a significant glucocorticoid
response, females had a more pronounced glucocorticoid response than males did.
In guanaco, too, Carmanchahi et al. (2011) also found that females had significantly

higher levels of cortisol than males.
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Scientists can take advantage of these key sex differences when conducting biological
validations: if assays can detect meaningful differences in cortisol between the sexes,
then this biologically validates the assay (Palme, 2019). This key biological feature
has been taken advantage of in many assay biological validations. Biological
validations conducted using sexual differences have been done so for Asiatic black
bears (Lafferty et al., 2015), coyote (Schell et al., 2017), pika (Waterhouse et al.,
2017), and ungulate species, including muskoxen (Di Francesco et al.,, 2017),
domestic horses (Comin et al., 2012) sheep (Van Lier et al., 2014), and forest musk
deer (Moschus berezovskii; He et al., 2014). Therefore, for the current study, biological
validation for the cortisol assay was assessed by examining levels of faecal cortisol
excreted by all females and all males (as performed on other biological validations of
South American Camelids (see Carmanchahi et al., 2011; Arias et al., 2013), with

females predicted to have significantly higher faecal cortisol levels than males.

3.1.3.3.3. Testosterone Validation Contexts

As discussed for the biological validation of cortisol, administered pharmacological
challenges were unsuitable for biological validation of the testosterone assay, So
again, biological validations were conducted based on key known biological
differences. While there is an assumed key generalisation that males frequently have
naturally higher levels of testosterone than females (Reeder and Kramer, 2005), the
sexual differences in the testosterone of ungulates have proven somewhat variable
from this rule. For instance, studies on red deer (Huber et al., 2003), reindeer (Rangifer
tarandus; Ashley et al., 2011) white rhinoceros (Ceratotherium simum), and black
rhinoceros (Brown et al., 2001), have all shown no differences between the sexes in
testosterone. One problem in assessing testosterone sex differences in wildlife is that
reproduction affects the testosterone levels of female ungulates. Pavitt et al. (2016)
showed that faecal testosterone content of female red deer increase as parturition
nears. Domestic livestock also see increased testosterone production during the later
stages of pregnancy (Gaiani et al., 1984; Silberzahn et al., 1984). Similarly, pregnant
South African giraffes were shown to have significant increases in testosterone
compared to non-pregnant females (Deacon et al., 2024). As the present study was
conducted during the latter end of the breeding season, when many guanaco mothers
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were either pregnant, or had recently given birth, sex differences were deemed
unsuitable for this validation test due to reproductive confounds. Indeed, the authors
of many previous biological validations of testosterone assays have chosen other tests
rather than examining sexual differences to biologically validate assays (Koren and
Geffen, 2009; Terwissen et al., 2014; Bryan et al., 2015; Burnett et al., 2017; Cattet et
al., 2017; Tennenhouse et al., 2017). This includes the biological validations in assays
for ungulate testosterone, including species such as impala (llius et al., 1983),
domestic horses (Boyer et al., 2007) and Himalayan tahr (Hemitragus jemlahicus;
Lovari et al., 2009).

One key physiological difference that researchers have frequently taken advantage of
for biological validation of testosterones is the differences between reproductive and
non-reproductive status males. Testosterone levels in social species is known to vary
between social ranking, with dominant individuals expected to exhibit higher
testosterone levels than subordinates (Muller and Wrangham, 2004; Chunwang et al.,
2004; Muehlenbein and Watts, 2010). In mammals with resource-defence polygyny
based mating systems (such as guanaco), harem-holding or dominant males typically
exhibit the highest levels of testosterone (Miller et al., 1987; llius et al., 1983; Klose et
al., 2009; Pappano and Beehner, 2014). Like many other polygynous ungulates,
guanacos have a have a resource-defence polygyny based mating system, comprised
of differing social units (see Chapter 1; Raedeke, 1979; Franklin, 1983; Ovejero et al.,
2013). In social ungulates, significantly higher levels of testosterone have been shown
in reproductive males, compared to non-reproductive subordinate males, as shown in
Pere David's deer (Elaphurus davidianus; Chunwang et al., 2004) bighorn sheep,
(Miller et al., 1987) and blackbuck (Antelope cervicapra; Rajagopal et al., 2018). Other
validations have also taken advantage of this fact, with testosterone assays
considered biologically valid if they are able to pick up on this key difference (Kamgang
et al., 2020; 2022). For the current study, biological validation for the testosterone
assay was thus assessed by examining levels of faecal testosterone excreted by
reproductive and non-reproductive males (as performed on other biological validations
of social ungulates) (llius et al.,, 1983; Miller et al., 1987; Chunwang et al., 2004;
Rajagopal et al., 2018; Kamgang et al., 2020; 2022), with reproductive males predicted

to have significantly higher faecal testosterone levels than males.
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3.1.5 Previous Studies on Guanaco Assay Validations

The majority of studies that have previously examined guanaco physiology have
focused on the species’ physiological responses to their corralling, handling, and
shearing (Ovejero et al., 2013; Ovejero-Aguilar et al., 2016; Taraborelli et al., 2017).
Frequent observations in these studies note that stressors increased guanaco cortisol
levels, which in turn increases the number of aggressive behaviours seen, including
spitting, squealing, biting, and kicking (Cavalcanti and Knowlton, 1998; Zapata et al.,
2004; Taraborelli et al., 2011; Riveros et al., 2019). The majority of previous studies
on guanaco have largely featured incomplete immunological validations (see Table
3.1), with many studies failing to mention one, or in some cases, any, of the four
validation tests. Only one physiological validation study conducted on the species to
date (Marozzi et al., 2020) has successfully demonstrated all four validation criteria
doing so for the reproductive hormones; oestradiol, progesterone, conjugated
oestrogens, and pregnanediol glucuronides. Additionally, the majority of the studies
have conducted these analyses using commercially available RIA kits (the majority
using the cortisol IM-1841-Immunotech; Beckman Coulter Company, Prague, Czech

Republic).

Previous studies on guanaco physiology have used a variety of methods for
conducting biological validations, although the majority have used known stress
testing, taking advantage of corralling events where guanaco have been captured for
live shearing of their wool (Ovejero et al., 2013; Taraborelli et al.,, 2011; 2017,
Carmanchahi et al., 2011; Zapata et al., 2004). Others have measured differences
between different stages of gestation (Riveros et al., 2019; Marozzi et al., 2020), while
Panebianco (2019) measured the differences between males of differing aggression.
As the study took place over a single week during the breeding season, ad-libitum
faecal sampling could not be correlated with any specific individuals or their
behaviours, and so there was no way to examine the differences between individuals
for aggressiveness, or during different reproductive stages of females. There was also
no known stress event to ‘piggy back’ from, and so biological validations were chosen
in lines with previous validation studies, as described in Sections 3.1.3.3.2. and

3.1.3.3.3. for cortisol and testosterone, respectively.
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Table 3.1. A summary of validation criteria demonstrated for previous validation studies of guanaco (Lama guanicoe) of various hormone types. Shown are the different validation tests proven in

each study, method of biological validation, and breakdown of the assay type that was used in analyses.

Study Author Year Hormone Sample Assay Type Specificity Accuracy Precision (Coefficient Sensitivity Method of Biological
Number Citation Assessed Type (Mean Recovery of Variation %) Quoted Validation
*+ S.E %)
Intra- Inter-
Assay Assay
Variation  Variation
1 Ovejero etal.,, 2013 Cortisol Plasma RIA KIT Demonstrated None 35 8.8 None Known Stress Test
(Handling)
1 Ovejero etal.,, 2013 Corticosterone  Plasma RIA KIT Demonstrated  None 7.5 2.4 None Known Stress Test
(Handling)
2 Taraborelliet 2011 Cortisol Plasma RIA KIT None None <5.8 None 3.62 ng/ml Known Stress Test
al., (Handling)
3 Carmanchahi 2011 Cortisol Plasma RIA KIT Described? None 3.5 6.8 0.01 ng/ml Known Stress Test
etal., (Shearing)
4 Ovejero- 2016 Cortisol Faeces RIA - KIT Described® None 6.5 11.2 3.075 ng/ml None
Aguilar et al.,
4 Ovejero- 2016 Testosterone Faeces RIA-KIT Described® None 9.5 134 0.025 ng/ml None
Aguilar et al.,
5 Taraborelliet 2017 Cortisol Plasma Same assay None None 5.8 None 3.62 ng/ml Known Stress Test
al., as Study 2 (Handling)
6 Zapata et al., 2004 Cortisol Plasma RIA None None 7.5 11.56 None Known Stress Test
(Transport)
7 Riveros etal., 2019 Cortisol Plasma EIAKIT None None Quoted as a range*© 0.0004 ng/ml  Changes during gestation
8 Gregorio et 2019 Cortisol Faeces Same assay None None 5.8 None 3.62 ng/mi Known Stress Test
al., as Study 2 (Handling)
9 Zapataetal.,, 2002 Cortisol Plasma Assay not described None
10 Panebianco 2019 Cortisol Faeces RIA Demonstrated  None <10 <15 Male Aggressiveness
10 Panebianco 2019 Testosterone Faeces RIA Demonstrated  None <10 <15 Male Aggressiveness
11 Marozzi etal., 2020 Estradiol Plasma EIAKIT Demonstrated 91.43+5.13 % <7 None 0.011 ng/ml Changes during gestation
11 Marozzi etal., 2020 Progesterone Plasma EIAKIT Demonstrated 81.9+2.71% <7 None 0.045 ng/ml Changes during gestation
11 Marozzi etal., 2020 Conjugated Faeces In-House Demonstrated  85.74 + 3.99 % <12 14.8% 0.008 ng/ml Changes during gestation
estrogens EIA
11 Marozzi etal., 2020 Pregnanediol Faeces In-House Demonstrated  88.35 + 4.88% <12 11.4 1.954 ng/ml Changes during gestation
Glucuronides EIA

2“Initially, serial dilutions of extracted samples were run in parallel with the unextracted samples from the same animal in the same assay. As no significant differences were observed between extracted and unextracted
samples, no extraction was performed afterwards.” ® “all samples were assayed in triplicate (extraction efficiency test) and duplicate (binding and parallelism test)" “intra-assay and inter-assay precision was 39.73—
1036.00 nmol/L and 44.14-1053.38 nmol/L, respectively.”
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3.1.4 Novel Method for Guanaco Hormone Monitoring

Ultimately, the advantages associated with faecal sampling are particularly relevant
for assessing the hormone metabolites of large, free-ranging mammals, which is why
faeces was chosen as a medium to analyse testosterone and cortisol concentrations
in wild guanaco in Chilean Patagonia for this research. Guanaco make ideal models
to test physiological concepts for a number of reasons. Firstly, faecal samples can be
collected from guanaco in the field with relative ease after the observer notes
defecation (Ganswindt et al., 2010b), facilitating non-invasive collection of samples.
Additionally, the social units of guanaco allow for examination of the effects of
intraspecific competition, with the species experiencing different amounts of
intraspecific male-male agonisms. Guanaco are dung midden-using species (Marino,
2018) and this behaviour offers opportunity to retrieve faecal samples periodically and
predictably, without disrupting the individual’s behaviour, after the animal has moved
on. While studying such species still relies on the opportunistic observation of
individuals using middens to defecate, it makes the timing and location of defecation

events more predictable, facilitating the collection of faeces afterwards.

3.1.2.4.1 Field Extraction

Firstly, hormone extraction must be completed from the chosen medium (faeces,
saliva, urine, etc.,). This typically involves the addition of an alcohol to homogenised
samples, to attain fatty substrates specific to the chosen species and sample type
(Palme, 2019). Bacterial activity can affect FGMs, and so traditional methods of
extraction of faecal sample storage require associated reagents that must be kept
refrigerated (Kinoshita 2021). Typically, samples are frozen immediately after
collection, either by using liquid nitrogen, by deep-freezing (Dan et al., 1989), or by
transferring samples immediately to freezing facilities after collection, where they are
stored at -20°C (Huber et al., 2003; Rehbinder and Hau, 2006). However, liquid
nitrogen may be difficult to source in host countries (Khan et al., 2002; Nizeyi et al.,
2011), especially in the field. Its use also adds another dimension in that the number
of samples able to be collected becomes limited by the number of canisters taken to
the field (Whitten et al., 1998). In situations or contexts where freezing facilities or cold

storage are unavailable at research stations in remote field sites, or where liquid
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nitrogen is unavailable, such as when conducting the present study on guanaco,
alternative methods of sample storage must be established and validated to ensure
minimal bacterial degradation of hormone metabolite concentrations in faecal samples
while also yielding quantifiable concentrations of hormone metabolites in future
assays. This requires the establishment of a temporary laboratory at the field site’s
research station, which can vary in difficulty according to the specific accommodation
and equipment available (Ziegler and Wittwer, 2005; Van Belle et al., 2009).

3.1.2.4.2 Use of Solid Phase Extraction Cartridges

Novel field-friendly methods of hormone extraction are of growing importance to
researchers examining the physiology of wild species (Kinoshita, 2021; Postiglione et
al., 2021). One method of in-field processing of faecal samples involves storing the
faecal homogenate on Solid Phase Extraction (SPE) of steroids onto cartridges (Van
Belle et al., 2009). This already generates one huge benefit in that cartridges are
durable and small, meaning many samples can be transported without the required
bulky containers or shipping units for frozen faecal samples, or extracts stored in
alcohol. Many airlines refuse to carry samples containing more than 24% alcohol, with
such items considered as class Ill flammable substances (Ziegler and Wittwer, 2005).
The presence of faecal matter may be enough to put off transport personnel or other
officials (A. Lancaster pers. obs.), and this can be avoided with the use of SPE
cartridges, which are readily available. The cartridge’s outer capsule is made from
moisture-proof polypropylene, preventing microbial activity, minimising the risk of
introducing high levels of variation, and reducing the chances of hormonal degradation
or contamination (Gholib et al., 2018; Badawy et al., 2022). Furthermore, this outer
capsule isolates extracted hormones from the surrounding environment and
microorganisms, making them ideal for fieldwork extraction (Shutt et al., 2012;
Kalbitzer and Heistermann, 2013) and allowing storage at ambient temperature,

without a freezer.

The main advantage of hormone analyses using SPE cartridges is that the time gap
between sample collection and analysis can be closed (Badawy et al., 2022). In
comparison to frozen extracts, Kalbitzer and Heistermann (2013) showed that

hormone metabolites stored on SPE cartridges were stable for up to 50 weeks from
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extraction, even when stored at high temperatures (30°C), meaning that analyses are
not required to be conducted as soon as possible after collection. Further, SPE
cartridges can offer recoveries as high as 86% for cortisol and 70% for testosterone,
according to Ziegler and Wittwer (2005). A number of studies have demonstrated
successful validations using SPE cartridges across a range of species, including
amphibians (Holmes et al., 2018), primates (Van Belle et al., 2009; Weltring et al.,
2012; Gholib et al., 2018) and ungulates (Morden et al., 2011; Edwards et al., 2014;
Dulude-de Broin et al., 2019), all of which led to the realisation of this option for use in
extractions of faecal samples from guanaco, which often co-occur with sheep on
ranches far from population centres (and any nearby laboratory).

3.1.6 Aims

The aim of the chapter was to immunologically and biologically validate both cortisol
and testosterone assays, to reliably quantify levels of the two hormones in the faeces
of guanaco. The specific aims of this chapter were; (1) to develop a novel method of
extraction of hormones from guanaco field samples at a field station with limited
electricity and no cold storage access for sample storage. As part of this, we aimed to
immunologically validate in-house EIAs to quantify levels of excreted cortisol and
testosterone in the faeces first (1a) on faecal samples from captive guanaco from a
farm in the UK. Following pre-fieldwork trials and establishment of the novel method
into a suitable fieldwork protocol, we aimed to (1b) immunologically validate in-house
ElAs for cortisol and testosterone for the faecal samples of free-ranging guanaco in
Chilean Patagonia. This was followed up with the aim of biologically validating the
assay for cortisol (1c) by examining sex differences and testosterone (1d) by

examining differences in reproductive status between males.

3.1.6 Predictions

For the biological validation of the cortisol assay (1c), it was predicted that:

(1) Female guanaco would exhibit higher levels of cortisol than males, as has been
shown in validations of other ungulate assays (Arias et al., 2013), including guanaco
(Carmanchabhi et al., 2011).
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For biological validation of the testosterone assay, it was predicted that:

(2) The assays would distinguish between reproductive maternal group males and
non-reproductive bachelor males, with reproductive males having higher levels of
testosterone than non-reproductive bachelor makes, as shown in other polygynous
ungulate species (llius et al., 1983; Miller et al., 1987; Chunwang et al., 2004,
Rajagopal et al., 2018).
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3.2 Methodology
3.2.1 Pre-Fieldwork Trial Protocol

3.2.1.1 Pre-Fieldwork Trial Subjects

Faeces were collected from two adult male guanaco housed in shared stables at White
Peak Alpaca Farm, Cheshire, United Kingdom (53° 18' 54.83" N, -2° 16' 27.59" E).
The guanaco were stabled with a mix of other llamas and alpacas, although they were
separated from their stable mates on the night prior to collection to ensure that faeces
collected were solely from the guanaco. Faeces from both males were collected at
approximately 08:00, in their entirety and mixed together as one collective pool, stored
immediately in a freezer at -20°C until collection by researchers. Guanaco were fed
on a mixture of hay and supplemented food and were housed on either straw or
shavings bedding. Both males had access to fresh grass in a connected open pasture,
as well as hay and water at all times. Unlike wild guanaco, those at White Peak Alpaca

Farm frequently took part in tourist activities such as being walked on halters.

3.2.1.2 Pre-Fieldwork Trial EIA Procedures and Immunological Validation

For this study, Prevail C18 Solid Phase Extraction cartridges (Alltech Associates Inc.,
Deerfield, IL, USA), were chosen for storage of extracted faecal hormone metabolites.
All methods of extraction used in the trial procedure used all of the portable field
equipment and were exactly the same as those described in the field methods
procedure. A representative pool of samples was created from the extracts obtained
from faecal samples of the captive guanaco (see Section 3.2.1.1) (n=2). During trials,
the optimal sample weight and extraction volume to use in the field were determined:
1 subsample of 1.0g was extracted in 8mL solvent (hereafter 1.0g treatment) and 1
subsample of 0.5g was extracted in 4mL of solvent (hereafter 0.5g treatment). All
immunological validation on the two subsamples described above was conducted in
pre-fieldwork trials solely for cortisol, and these assays were carried out on a
representative pool of samples from the two captive guanaco. Due to laboratory
closure (see COVID-19 Disclaimer), the immunological parameters able to be
assessed included only specificity (through a demonstration of parallelism) and
precision (intra- and inter-assay CVs). For the same reasons, no validation for

testosterone was able to be performed. The field extraction method was realised and
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performed adapting the elution methods of other relevant studies (Van Belle et al.,
2009; George et al., 2014; Holmes et al., 2018).

3.2.2 Fieldwork Protocol

3.2.2.1 Subjects and Field Sites

Samples were collected from free-ranging, wild guanaco at two of the previously
described field sites: Pali Aike National Park (PANP) (52°6'36.0" S, 69°42'39.6" W)
and the surrounding ranch lands of the Cafiadon Grande ranch system (CAN)
(52°8'13.2"S, 52°8'13.2" S) (Figure 3.1). For more information regarding the specific
characteristics of each site, see Chapter 2 or Lancaster et al. (2022). Faecal samples
were collected from guanaco from all social group types, from both sexes, and of all
ages. A representative pool of samples was created from the extracts obtained from
these faecal samples of individual wild guanaco (n=38), of all ages, social groups, and
both sexes, across the two study sites. The pool consisted of 50uL aliquots taken from
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Figure 3.1 Approximate locations of guanaco faecal samples collected (+1m) for endocrine

analysis. Green polygon shows the boundaries of Pali Aike National Park.
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each of the 38 extracted samples and mixed together for use in extraction (see Section
3.2.3.1). All immunological validation tests were carried out on this pool of samples.

3.2.2.2 Collection and Pre-Extraction Storage of Guanaco Faecal Samples

Fresh faecal samples were collected opportunistically during February 2020, across
all hours of the working day, from 08:00 to 21:00. Upon witnessing a defecation event,
the time of defecation, age category and sex of the individual were recorded. Sex was
determined, where possible by the presence or absence of testicles, using a pair of
10x42 binoculars from a minimum distance of fifty metres away, to avoid disturbing
animals. As most defecation events were witnessed from the rear of the animal, sex
was successfully recorded for 74.90% of all samples taken. Those individuals for
whom sex was unable to be confirmed were marked as ‘unknown’ (Gelman and Hill,
2006). Age groups were considered as two categories: adults or juveniles, with
individuals below two years of age considered juvenile (Marino, 2018). Juveniles were
distinguished from adults by their smaller size and scruffy pelage (Wilson and Franklin,
1985).

Samples were only located and collected once the individual had left the surrounding
area (>15m away from the defecation site), typically approximately 3-4 minutes after
the initial event occurred. The entirety of the faecal sample was collected by hand
using separate pairs of disposable gloves for each sample, to avoid cross
contamination, before being placed into a large zip-lock-sealed plastic bag. Where
dung was deposited on top of communal dung middens, fresh faecal samples were
discernible from the rest of the guanaco dung pile by colouration; older faecal pellets
appearing much drier and darker in colour than fresh dung (Marino, 2018), as well as
cold to the touch. Individual sample bags were labelled with the details above, the total
number of any adult or juvenile guanacos in the social group, GPS location, proximity
to a dung pile, as well as a unique code for that individual. The social group type of
the individual from which a sample was collected was also recorded. Maternal groups
were defined as any group of mixed aged guanaco where juveniles were also present.
Bachelor groups consisted of small groups of guanaco, with no juveniles present. Lone
males were defined as single adult male guanaco, with no other individuals present

within view (Ortega and Franklin, 1995). Bagged samples were stored inside portable
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coolers (Portable cool boxes (COLEMAN, 30 Quarts, LXWxH - 31.2x45.7x39.6cm)
containing 3-4 reusable ice packs (Unknown Brand, LxWxH, approximately
16.5x10.9x3.0cm), approximately 10 minutes after collection, until returning to the field
station, where sample cool boxes were immediately stored within the cool room
(approximately 1-4°C) until processing. The fieldwork team typically returned to the
field station at 21:00 each evening, although sometimes earlier, meaning that
depending on the time when samples were collected, this could be a maximum of 13
hours after collection (for samples collected at 08:00). Upon return to the field station,

extraction of samples was conducted immediately.

3.2.2.3 Field Station Laboratory

For the purpose of the study, a temporary laboratory was established at the field
station. This field station (52°11'40.0" S, 69°13'52.0") consisted of a small farmhouse
with limited electricity and no access to a freezer or refrigerator. Heating was provided
in the form of a central gas stove. A ‘cold room’ was set up in the room furthest from
the indoor heater, with the door to this entrance closed at all times when not in use,
and all windows in the room kept open overnight. This created approximate ambient
temperatures within the room between 3°C at night and 8°C during the day. Portable
cool boxes and reusable ice packs were kept in this room for the duration of the field
study for storage of perishable foodstuffs and subsequently, extracted faecal samples
once food had been consumed. SPE cartridges, pipettes, pipette tips, portable
weighing scales, sample tubes, and bags, were all provided by the University of
Chester. Additional field laboratory equipment consisted of a portable centrifuge
(4YANG, China), and portable vortex (Grant-bio Type PV-1, England), all of which
were transported to Chile in checked suitcase luggage. Distilled water, 100%
methanol, and 80% ethanol were acquired and provided by the Universidad de
Magallanes and transported to the field with the rest of the equipment. These were

stored in the cold room until cartridge priming and extraction.

3.2.2.4 Sample Processing and Cartridge Priming

135



As no means of freezing faecal samples was available at this study site, extraction
had to be conducted on the same evening that samples were collected, to minimise
bacterial activity and subsequent degradation of hormone metabolites (Millspaugh et
al., 2002; 2003; Millspaugh and Washburn, 2004). Hormones were extracted from wet
faeces (i.e., no drying of faeces took place before subsamples were taken), as per the
methods described in previous field-friendly studies (see Strier et al., 1999; Ziegler &
Wittwer, 2005; Van Belle et al., 2009; Santymire et al., 2010; Palme et al., 2013).

Prior to extraction, cartridges were pre-primed ready for storage of hormones 20 min
before loading faecal samples by passing 5mL of 100% methanol (CH3OH) through
the cartridge at a rate of 45 secs for 5mL using a 10 mL hand pipette (Holmes et al.,
2018). The same was then done with 5mL of 100% dH20 at the same rate as for
methanol, taking care to avoid pumping air through the cartridge. Vegetation, such as
small seeds and grass stems, was removed from the faecal samples (Nugraha et al.,
2017), prior to homogenisation of the entire sample to ensure an even distribution of
faecal metabolites (Fiel et al., 1999; Setchell et al., 2008; Postiglione et al., 2022). As
guanaco faeces consists of many small pellets, homogenisation was performed by
mixing the entirety of the sample, within the bag, and thoroughly mixing it together. A
1.0g subsample of each faecal sample, taken from the middle of the homogenised
faecal bolus (Ganswindt et al., 2002), was measured out in plastic weighing boats on
the portable balance, before being suspended in a test tube containing 8mL of a
distilled water:ethanol (20:80 dH20:C2HeO). This was thoroughly mixed, using a
portable vortex for 10 minutes. Batches of 3-6 samples were prepared at a time (with
the help of a research team member to speed up the process) before mixing test tubes
on the vortex. Samples were centrifuged for 10 min at the maximum speed of 4000rpm
on a portable centrifuge. After centrifuging, the faecal material was concentrated at
the bottom of the tube, so 8mL of the supernatant from each sample was loaded onto
the previously primed SPE cartridges (Alltech Associates Inc., Deerfield, IL) by
passing it through the cartridge at the same rate as priming materials, with the rest of
the faecal material discarded. Following this, 8mL of dH20, the same volume as sample
supernatant, was fed through the cartridges at the same rate of 45 secs per 5mL (72
secs for 8mL liquid). Finally, two sharp blasts of air were forced through the cartridge

to ensure that no excess water remained within the cartridge.
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The outside of the SPE cartridges were dried of excess liquid (Koren et al., 2012),
labelled, and bagged individually, before being stored in a portable cooler in the cold
room. Each bag also contained a marked label on a piece of paper, ensuring no
confusion should ink be lost from the cartridge during handling or in transit. The field
extraction process is shown visually in Figure 3.2. The whole process took
approximately 45 mins for a batch of 3 samples, although the amount of time varied
depending on how much help was available from the research team. SPE cartridges
were transported, at the end of each day of data collection, in portable cooler boxes
from the field station to the laboratory at the Universidad de Magallanes
(approximately 3.5hr trip), where they were stored at -18 °C until shipment to the UK

for analyses at the University of Chester’s Endocrinology Laboratory. SPE cartridges
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Figure 3.2 The steps involved in the methodology of field extraction of hormone metabolites from guanaco
faecal samples. 1. Faecal samples are collected, with the entirety of the sample bagged, collected, and stored
in cool boxes until extraction the same day at the field research station. 2. Vegetation matter such as stems
and seeds removed. 3. Entirety of the sample is thoroughly homogenised before a 1.0g subsample was taken.
4. The subsample is suspended in a test tube containing 8 mL of a distilled water:ethanol solvent. 5. Portable
vortex shakes sample tubes in batches for a period of 10 min. 6. Sample tubes are spun in the portable
centrifuge at the maximum speed for a further 10 min. 7. Following centrifuging, 8 mL of the supernatant from
each sample was fed through its own pre-primed Solid Phase Extraction cartridge at a rate of 72 secs per 8
ml. The process is repeated using 100% distilled water to wash through the SPE cartridge, ensuring that no
impurities are left behind. Two blasts of air are sharply pressed through to finish sample loading ensuring that
no excess water remains within the cartridge. 8. Cartridges are dried, labelled, and individually bagged, ready

for elution and subsequent endocrine analysis.
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were imported to the UK from Chile under license from the UK Animal and Plant Health
Agency (Authorisation Number: ITIMP19.1612). The discarded faecal material was left
on-site, thus eliminating the need to transport or dispose of any potentially hazardous
or infectious material, as recommended by other researchers (see Ziegler and Wittwer,
2005).

3.2.3 Laboratory Protocol

3.2.3.1 Solvent Elution and Extraction from Cartridges

All solvent extractions were conducted through in-house elution at the University of
Chester’s endocrine research laboratory. Samples were eluted from SPE cartridges
using 5mL (C4HsO2) ethyl acetate. This was again performed at a rate of 45 secs for
5mL (Holmes et al., 2018), through the cartridge into a labelled, clean test tube. The
solvent was evaporated off under compressed oxygen-free nitrogen gas (Nz), using a
heating module (Pierce Reacti-ThermTM, Model 18780, Rockford, lllinois, USA) within
a fume cupboard, while simultaneously warming test tubes to 37°C for 30 min,
adapting elution methods of relevant studies (Van Belle et al., 2009; George et al.,
2014; Holmes et al., 2018). The remaining solute residue was resuspended in 400uL
of 0.1M EIA phosphate buffered saline (PBS) (EIA PBS: 5.42g NaH2PO4H20, 8.669g
Na2HPO4 [Anhydrous], 8.7g NaCl, 1.0g Bovine Serum Albumin (BSA) [RIA Grade
Albumin Bovine], 1L dH20, with the pH adjusted to 7.0), following methods described
in George et al. (2014) and Holmes et al. (2018). To ensure thorough mixing, samples
were vortexed at 1600 rpm for 2.5 min using a laboratory vortex (CLIFTON CM-1
Cyclone Vortex Mixer), before being shaken for 30 min. Sample extractions were

stored at -18 °C until assays were conducted.

3.2.4 EIA for Cortisol

3.2.4.1 Immunological Validation — Cortisol EIA

All immunological validation for cortisol assays was carried out on the sample pool
described in Section 3.2.2.1. The immunological parameters assessed included the
aforementioned specificity, accuracy, precision, and sensitivity (Reimers and Lamb,
1991). To assess specificity of the cortisol assay, halved dilutions of a pool of guanaco

faecal extracts (10 serial dilutions running from neat to 1:512) were run in conjunction
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with serial dilutions of stock cortisol (Cat No. C-106 1MI, Merck, UK) standards (n=10,
range 39.06pg/mL to 20,000pg/mL) and the extent to which the lines were parallel
assessed using ANCOVA. Accuracy of the assay was evaluated by quantifying the
percentage recovery of known increasing amounts of synthetic cortisol (10,000pg/ml,
5000pg/ml and 2500pg/ml), added to a known quantity of cortisol in the representative
guanaco faecal pool diluted 1:6 from the representative pool (690.39 pg/ml 72.0%
binding B/Bo). To assess the precision of the cortisol assay, three quality-control
samples were also included on every assay, also run in duplicate, (a low-quality control
at around 12.5% binding, a mid-quality control at 25% and a high-quality control at
around 50% binding). Precision of the assay was determined by assessing the intra-
and inter-plate CVs of the cortisol concentration of these quality controls. Intra-assay
precision was computed by separately averaging the CVs for all duplicate quality
controls (low, mid, and high) on each plate. Inter-assay precision was computed
through computing the CVs of the concentration of quality controls across all sample
plates (n=4) (Hanneman et al., 2011). The cortisol assay’s sensitivity was quoted as
the lowest standard concentration measurable within the parallel portion of the

standard curve (Doss et al., 2023).

3.2.4.2 Cortisol EIA Procedure

The immunoassay performed for cortisol was a modified version an in-house assay
described by Smith and French (1997), using microtiter plates with 96 hydrophilic wells
(Maxisorp, NUNC™), Plates were coated the day prior to conducting assays using a
polyclonal antibody (R486/6 Anti-cortisol 03-06-07) raised against a steroid bovine
albumin in rabbits (Munro and Stabenfeldt, 1984). R486/6 was chosen for use in
assays due to its high cross-reactivity with cortisol and low cross-reactivity with other

steroids (Table 3.2) that may be present in samples (Ziegler et al., 1995).

Table 3.2 Cross-reactivity of R486/6 Anti-cortisol against various relevant hormone metabolites
Adapted from Ziegler et al. (1995).

Hormone Metabolite Cross-Reactivity (%)
Prednisolone 96.0
Prednisone 66.0
Cortisone 60.0
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Corticosterone 2.5

Cholesterol <1.0
Dihydroandrosterone <1.0
Deoxycorticosterone <1.0
Estradiol <1.0
Progesterone <1.0
Testosterone <1.0

R486/6 anti-cortisol was diluted to 1:10,000 in 0.05M coating buffer (2.93g Na2HCOs,
1.59g NA2CO3 and 1L dH20, with the pH adjusted to 9.6). Plate coating consisted of
adding the antibody dilution to 94 of the wells (50uL per well), with the remaining two
wells treated with 50puL ddH20 as a control for non-antibody binding (non-specific
binding; NSB). Plates were covered, sealed and incubated at 4°C for 16—-18 hours,
allowing the antibody to bind to the wells.

Plates were washed four times, twice in each direction, and emptied of any excess un-
bound antibody to minimise potential drift. Plates were washed with an EIA wash
solution: (5mL Tween 20 (0.5%), 87.7g NaCl [1.5M], 1L ddH20, at 350uL per well),
using a Dynex Digital Microplate Washer (Ultrawash Plus, Dynex Technologies Inc,
Virginia, USA). Following this, 50uL EIA PBS (5.42g NaH2PO4H20, 8.66g Na2HPO4
[Anhydrous], 8.7g NaCl, 1.0g Bovine Serum Albumin (BSA) [RIA Grade Albumin
Bovine], 1L dH20, with the pH adjusted to 7.0), was hand pipetted into all appropriate
wells using a multi-channel pipette, before adding 50uL of cortisol standards (Cat No.
C-106 1MI, Merck UK) in serial (halving) dilutions (n=10, ranging 20,000-39.06pg/mL).
Then, 50uL samples were added as relevant. All samples and standards were

assayed in duplicates.

Competition for binding sites with the samples was established with the addition of
50uL Horseradish Peroxide (HRP) conjugate, diluted to 1:100,000 in PBS added to
plates before plates were sealed and incubated at room temperature, in the dark.
Plates were sealed with a roller, rather than by manual application, minimising the
potential for user error or drift. Following incubation, plates were washed four times,
(twice in each direction) prior to adding 125uL EIA Azino-bisethylbensothiazoline-6-
sulfonic acid (ABTS) [40M; 2,2' AZINO-bis o(3-Ethylbenzthmoline-6-Sulfonic Acid)],
12.5mL EIA citrate buffer [0.05M, with pH adjusted to 4.0: 9.61g Citric Acid
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[Anhydrous], 1L ddH20, diammonium salt, 0.329g ABTS, 15mL ddH20, with pH
adjusted to 6.0], and 40ul EIA H202 [2.0%, 0.5M, 500pL H202 (30%) 8M, 7.5mL
ddH20). Plates were sealed with a fresh cover and placed on a Titramax 100 shaker
(Heidolph Instruments Gmbh & Co, Schwabach, Germany) for 15 min to allow
sufficient optical density (1.0) to develop. Plate well optical densities were measured
with a spectrophotometer (BioTek ELx808), using a wavelength of 405nm (Holmes et
al., 2016) .

3.2.5 EIA for Testosterone

3.2.5.1 Immunological Validation — Testosterone EIA

The same collective faecal pool of samples (as described in Section 3.2.2.1) was used
to immunologically validate the testosterone EIA. The immunological parameters
assessed included the specificity, accuracy, precision, and sensitivity (Reimers and
Lamb, 1991; Diamandis and Christopoulos, 1996).

To assess the specificity of the testosterone EIA for guanaco, the range of the
testosterone concentrations present within individual samples was established by
creating a serial dilution of the representative guanaco faecal pool. The extent to which
the displacement curve slopes, produced by serial (halving) dilutions (neat to 1:512)
of the representative pool were not significantly different (parallel) to those produced
by halving standard dilutions (Cat No. T-037-1 Fisher) (n=10 concentrations, range
58.5-30,000pg/mL), was assessed. Accuracy of the assay was evaluated by
guantifying the percentage recovery of known decreasing amounts of synthetic
testosterone (3750pg/mL, 1875pg/mL, 937.5pg/mL, and 468.75pg/mL) added to a
known quantity of testosterone in the representative guanaco faecal pool diluted 1:70
from the representative pool (185.36pg/mL 63.0% binding B/Bo). Precision of the
assay was determined by assessing the intra- and inter-plate CVs of the testosterone
concentration of these quality controls across all sample plates (n=5). Intra- and inter-
plate precision was computed through averaging of the CVs (Hanneman et al., 2011).
The testosterone assay’s sensitivity was quoted as the lowest measurable standard

concentration measurable within the parallel portion of the standard curve.
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3.2.5.2 Testosterone EIA Procedure

The assay for testosterone was conducted using the polyclonal antibody (Polyclonal
R156/7 Anti-testosterone 7-29-05) also raised against a steroid bovine albumin in
rabbits (Munro and Stabenfeldt, 1984). R156/7 anti-testosterone was chosen due to
its complete cross-reactivity with testosterone and low reactivity with other hormones
(Table 3.3).

Table 3.3 Cross-reactivity of R156/7 Anti-testosterone against various relevant hormone
metabolites Adapted from Dloniak et al. (2004).

Hormone Metabolite Cross-Reactivity (%)
Testosterone 100.0
Dihydrotestosterone 57.4
Androstenedione <0.3

Androsterone <0.1

B -estradiol <0.1
Dihydroepiandrosterone <0.1

Progesterone <0.1

R156/7 anti-testosterone was added in a dilution of 1:10,000 in coating buffer.
Testosterone HRP was added in a 1:10,000 dilution of EIA PBS. The stock
testosterone standard (n=10, range 30,000pg/mL to 58.5pg/mL) of 100ug/mL, stored
at 4°C was used to make up 10 testosterone standards, in halving dilutions from
15,000pg/mL—29.29pg/mL. Samples and standards were added in duplicate.
Following initial analysis of plates for both assays, any samples outside of the
parameters of the standard curve (i.e. all those samples for which B/Bo >90% or <10%
binding occurred), were re-run again as repeats, after extract dilutions were adjusted
accordingly. Likewise, if the CV between sample duplicates was above 10.0%,
samples were re-run on subsequent plate(s) at the same dilution as the original (Di
Franchesco et al., 2021; Edwards et al., 2022).
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3.2.6 Statistical Analyses

Mean levels from the duplicate samples for cortisol and testosterone values were log
transformed for analysis since normality and variance testing revealed that the data
was not normally distributed and lacked homogeneity (French et al., 2022; Doss et al.,
2023), for each of the three male types, and sex. The content (pg) of cortisol and
testosterone present within samples was calculated using GraphPad Prism (v.10.0)
for Windows (GraphPad Software, Boston, Massachusetts, USA). Parallelism
(specificity) of standards and cortisol and testosterone, as well as the extent to which
the lines were parallel, were assessed using analysis of covariance (ANCOVA)
(Rutherford 2001). Parallelism was only run once for the pre-field work trials and the
field work samples (limitations discussed in Section 3.4.3). To assess the accuracy of
both assays, the observed and expected levels of added exogenous hormones
(cortisol and testosterone) were compared using linear regressions, with recovery of
the hormone computed as mean percentage+standard error (SE) (Geng et al., 2005).
This was performed once at the low and mid base dilution. The assay results for both

hormones are expressed as pg/g of wet faeces.

The cortisol assay was biologically validated by demonstrating the ability to distinguish
between the immunoreactive concentrations of cortisol of all adult males and all adult
female guanaco, with juveniles excluded from analyses. Biological validation of the
cortisol assay was assessed through an independent t-test on the log-transformed
cortisol data between adult male and female guanaco (Carmanchahi et al., 2011).
The testosterone assay was biologically validated by demonstrating the ability to
distinguish between reproductive stages of males, in terms of the immunoreactive
concentrations of testosterone in reproductive males and non-reproductive bachelor
males (Pauvitt et al., 2015; Kamgang et al., 2020; 2022). Reproductive male guanacos
were defined as adult males in maternal groups, i.e., the single adult male in control
of a group of females and offspring (Ortega and Franklin, 1995). Lone males were
excluded from this group, as there was no way to know for certain that they were
actually reproductively active. Male guanacos in bachelor groups were considered
non-reproductive. Biological validations of testosterone were assessed through
independent t-tests on the log-transformed testosterone data, comparing the faecal
testosterone concentrations of reproductive vs. non-reproductive males (Kamgang et

al., 2022). Results were considered statistically significant if p<0.05 (Doss et al., 2023).
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3.3 Results
3.3.1 Pre-Fieldwork Trials

ANCOVA analysis showed no significant difference between the averaged slopes of
the serial dilutions of the guanaco faecal pool and the cortisol standards for both the
1.0g (F1,0=2.725, p=0.133) and 0.5g subsample treatment (F1,0=3.286, p=0.103)
suggesting parallelism over 20.0%-70.0% of the standard curve for both treatments
(Figure 3.3).

The goodness of fit was higher in the 1.0g (R?=0.88) than the 0.5g treatment (R>=0.78)
(Zar, 1999). Consequently, the 1.0g extracted in 8mL solvent treatment was selected
for use in the field extraction procedure. All CVs (both intra-and inter-assay CVs) in
the preliminary trials were <8% and sensitivity (lowest standard measurable) of the

preliminary trials was recorded as 625pg/mL.
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Figure 3.3 The parallel displacement curves between dilutions of commercial cortisol standard (log transformed)
and captive guanaco faecal samples (trialling subsample quantities) for the pre-fieldwork trials. Both treatment

methods were trialled across a single plate. All optical densities were measured at a wavelength of 405nm.
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3.3.2 Immunological Validation of Cortisol EIA Using Field-Collected
Faecal Samples
The slopes of the guanaco faecal pool serial dilutions and the prepared cortisol

standards did not differ significantly from each other (ANCOVA, F1,4=0.73, p=0.44),
suggesting parallelism over 29.7-75.6% of the standard curve (Figure 3.4).
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Figure 3.4 The parallel displacement curves between dilutions of the commercial cortisol standard (log

transformed) and representative pool of extracts from free-living guanaco faecal samples (n=38). Parallelism

was conducted across a single plate. All optical densities were measured at a wavelength of 405nm.

Recovery of cortisol standards, which was added to the low, medium, and high
concentrations of the faecal pools, was recorded as 96.05%+12.66%. The linear
regression showed that the recovery of cortisol was significant (equation: Y=0.9744*X
-237.1, (R?=0.98, F1,3 = 230.4, p<0.001) showing the high concordance between the
cortisol added and recovered (Figure 3.5). Intra-assay CVs for the low-, mid- and high-
guality controls averaged 6.26%, 8.41%, and 5.92% respectively (n=5). The inter-
assay coefficients of variation for the low-, mid- and high-quality control pools was
11.78%, 14.60%, and 15.34% (n=5). The minimum detectable amount of cortisol was
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recorded as 625.0pg/mL. All samples analysed for cortisol did not fall below the

sensitivity of the assay.
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Figure 3.5 Linear regression of the recovery of cortisol added versus that recovered, during the testing of the
assay’s accuracy. Accuracy was conducted across a single plate using extracts from a representative pool of
extracts from free-living guanaco faecal samples (n=38). All optical densities were measured at a wavelength
of 405nm.
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3.3.3 Immunological Validation of Testosterone EIA
3.3.3.1 Specificity

ANCOVA analysis showed that the slopes of the serial dilutions of the guanaco faecal
pools and the serial dilutions of the commercially prepared testosterone standards did
not differ significantly from each other (F1,6=0.14, p=0.72) suggesting parallelism over
20—-80% of the standard curve (Figure 3.6. Recovery of testosterone standards, which
was added to the low, medium, and high concentrations of the faecal pools, was
recorded as 122.54%+13.78%. The linear regression for assessment of accuracy was
significant (equation: Y=0.891*X+0.00 (R?=0.99, F15 =312.8, p<0.001) showing the
high concordance between the testosterone added and recovered (Figure 3.7). Intra-
assay CVs for the low- mid- and high- quality controls averaged 6.12%, 8.45% and
8.80% respectively (n=4). The inter-assay coefficients of variation for the low-, mid-
and high-quality control pools was 9.19%, 23.29% and 12.41% (n=4), respectively.
The minimum detectable amount of testosterone was recorded as 58.59pg/mL. All

samples analysed for testosterone did not fall below the sensitivity of the assay.
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Figure 3.6 The parallel displacement curves between dilutions of commercial testosterone standards and the
representative pool of extracts from free-living guanaco faecal samples (n=31). Parallelism was conducted

across a single plate. All optical densities were measured at a wavelength of 405nm.
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Figure 3.7 Linear regression showing the recovery of testosterone added vs. that recovered during the testing of
the assay’s accuracy. Accuracy was conducted across a single plate using extracts from a representative pool of
extracts from free-living guanaco faecal samples (n=38). All optical densities were measured at a wavelength of
405nm.
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3.4.1. Biological Validation

3.4.1.1. Cortisol

The independent t-test revealed a significant difference between adult guanaco males

(collectively) and adult females (Figure 3.8) for levels for faecal cortisol levels (t(24.63)

=-2.07, p=0.049).
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Figure 3.8 Differences in the faecal cortisol metabolite concentrations of guanaco between females (n=13) and males

(n=18) across two sites in Chilean Patagonia. Data is presented as the mean + standard error.
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3.4.1.2. Testosterone

The independent t-test revealed a significant difference between reproductive and
non-reproductive guanaco males for faecal testosterone levels (t(24.63)=3.18,
p=0.007).
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Figure 3.9 Differences in the faecal cortisol metabolite concentrations between reproductive (n=6) and non-reproductive

males (n=4) of guanaco across two sites in Chilean Patagonia. Data is presented as the mean * standard error.
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3.4 Discussion

3.4.1 Validation of the Novel Method

The EIAs described throughout this chapter, developed to measure the faecal
hormone metabolites in guanaco, were successfully biologically and immunologically
validated in this study, making this the first study to extract and quantify faecal cortisol
and testosterone in free-ranging wild guanaco in Chilean Patagonia. This allows for
measurements of hormone concentrations in the guanaco, facilitating new exploration
of the species’ physiology in relation to different biological and environmental
variables, including potential competition with domestic sheep (see Chapter 4). This
method and subsequent results contribute to the growing knowledge and application
of field-friendly methods, allowing future research to be conducted in remote field sites,

facilitating the hormone analyses of more remote or inaccessible wildlife populations.

3.4.1.1 Proving Immunological Validation Criteria

All four of the criteria are required together to prove the immunological validation and
reliability of an assay (Jeffcoate, 1981; Reimers and Lamb, 1991; Diamandis and
Christopoulos, 1996; McCallister and Smith, 2001; McCallister et al., 2004). Here,
demonstrated through the four tests, is the first immunological validation of an in-
house EIA for cortisol and testosterone in guanaco faecal samples. Various studies in
the literature, both for cortisol and testosterone, have cited individual test criteria by
themselves, or in combination with others (but not all four together), and still claimed
immunological validation. Below, the criteria tests described in the in-house assays

are compared to other validation studies.

3.4.1.1.1 Specificity

Specificity was demonstrated in the assays measuring both hormones of interest in
guanaco faecal samples. Specificity is probably the most commonly cited of the four
tests in validation studies, as demonstrated by showing parallelism between standards
and sample pool dilutions (Reimers and Lamb, 1991; Diamandis and Christopoulos,

1996). It is rare that studies claiming validation of an assay do not include some
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demonstration of this parallelism, whether through graphing the parallel displacement
curves, citing the statistical tests to show they do not differ significantly, or both.
However, some studies still claim validation of an assay without any particular
demonstration, or even mention of parallelism. Bechshgft et al., (2011) do not mention
the words “specificity”, “validation” or “parallelism” throughout their validation of an
assay measuring hormone metabolites in polar bears (Ursus maritimus), quoting only
their intra- and inter-plate assay precision. Similarly, Koren et al. (2002) do not mention
any of the four criteria for immunological validation in their validation of rock hyrax

(Procavia capensis) hair samples for measurement of glucocorticoid metabolites.

Many studies demonstrate parallelism alone, or without other tests, while still
considering it sufficient to show full immunological validation of an assay. They do so
without consideration, or mention of other tests such as sensitivity or accuracy. A
recent study by Kothmann et al. (2022) claimed validation of their multiple assays for
faecal glucocorticoid, progesterone, and androgen metabolites in white rhinoceros
solely through stating that each individual “assay was biochemically validated for use
with these samples by calculating parallelism of a dilution curve of a pooled sample to
a standard curve for each assay”, although no graphical or statistical presentation of
any immunological validation tests were shown. Unlike these studies, successful

parallelism was demonstrated for both guanaco faecal cortisol and testosterone EIAs.

3.4.1.1.2 Accuracy

The accuracy of assays validated in this chapter was confirmed for both cortisol and
testosterone. Typical acceptable recovery of exogenous hormone is considered
between 90-110% (Jeffcoate, 1981; Diamandis and Christopoulos, 1996), with the
recovery of the known concentrations of cortisol in guanaco faecal samples to
standard concentrations was recorded as 96.05+12.66%. On the other hand,
testosterone recovery was computed as 122.63+13.79%. Although the recovery for
testosterone is on the higher end of recovery statistics typically published in the
literature, the accuracy was demonstrated to be consistently high across the entire
binding range of the standard curve. Additionally, a large variation in accuracy is

accepted throughout the literature.
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Vera et al. (2011) reported a value of 122% in assays measuring Talas’ tuco tuco
(Ctenomys talarum) exogenous testosterone recovery. Similarly, a study by Edwards
et al. (2022) reported exogenous cortisol recovery even higher, at 133£18% in the
faeces of captive fruit bats. Chacon Pérez et al. (2004) also showed recovery of
126.5% in their EIA measuring salivary cortisol of cattle (Bos taurus). Di Francesco et
al. (2021) validated an EIA for measuring the glucocorticoids in faecal samples from
muskoxen (Ovibos moschatus), an arctic ungulate species, reporting a recovery of
117.6£2.4% of exogenous cortisol (accuracy). While all these figures for recovery
might be considered high, their assays demonstrated all other validation tests
adequately, as well as being able to quantify biologically meaningful levels of their
respective analyte concentrations. Additionally, all of the authors of these studies
considered their values acceptable. Conversely, lower figures of recovery of
exogenous hormone are also report, outside of the advised 90-110% range. Kumar et
al. (2021) reported accuracy of 83.1+11.42% for recovery in an assay assessing faecal
testosterone in captive pygmy hogs (Porcula salvania). The same lead author reported
a recovery of 81.24+2.84% for progesterone in faecal extracts of mouse deer
(Moschiola indica; Kumar et al., 2022). Recovery values of just 84.3+3.2% were
reported when assessing the plasma progesterone in Mouflon (Ovis gmelini musimon,;
Santiago-Moreno et al., 1999). Lower still was reported in a study examining the
plasma hormones in lizard species, with recoveries of 74.6+0.01% for testosterone
and 68.9+0.013% for corticosterone, reported by Thaker et al. (2009). Schell et al.
(2016) simply report their recovery values as >90%, while not listing exact figures.
Bleke (2022) reported the accuracy of an assay measuring testosterone in pronghorn
(Antilocapra americana) faecal samples as 116.2%, without citing the normally
provided estimates of standard error. This variability in reported accuracy shows that
accuracy values that were reported in this chapter for both cortisol and testosterone,

are well within the accepted standard of validations reported throughout the literature.

Of the four validation criteria tests, accuracy is perhaps the one that is the most difficult
to conduct, and, perhaps owing to this fact, is the test that is the most frequently
omitted from studies’ validation. Many validation studies fail to mention it at all. For
example, Stocker et al. (2023) disclose no examination of accuracy in their study
describing the validation of an EIA to measure salivary cortisol content in two monkey

species. Similarly, Madeira Buti et al. (2018), while reporting the results of their test

153



for precision, do not refer to accuracy or recovery at all in their validation measuring
hormone metabolites in primate saliva, and neither do other authors, including Ninnes
et al. (2010) and Yamanashi et al. (2013). The same can be seen in several validations
of EIAs for ungulate species using faecal samples as the chosen matrix, with many
authors failing to report accuracy or include any mention of its required examinations

associated with this test (e.g., Bashaw et al., 2016; Kamgang et al., 2022).

3.4.1.1.3 Precision

Generally acceptable precision was reported in the present study chapter for both
assays. Like accuracy, the acceptance range for intra- and inter-assay CV values also
varies widely across the literature, as well as in accordance with different guidelines.
CV values <20% for both intra- and inter-assay are considered acceptable in assay
guidance published by Jani et al. (2016). Meanwhile, intra-assay CVs between 15—
20% are considered acceptable in guidance for industry by the U.S. Food and Drug
Administration (FDA, 2001), whereas the guidelines of commercially prepared ELISA
kits frequently recommend maximum CV values of 20% (O'Connell et al. 1993).
However, CVs >20% have been presented and seemingly accepted in some assay

validations in human serum studies (Kjelgaard-Hansen et al., 2003; Apple et al., 2005).

A number of studies validating assays measuring the hormone content of mammalian
faecal samples have reported relatively ‘high’ CVs, yet still successfully demonstrated
immunological and biological validation. For example, Edwards et al. (2022) reported
particularly high inter-assay CV values of 19.47% in an assay examining the cortisol
metabolites in the faecal samples of Livingstone’s fruit bats (Pteropus livingstonii).
While these CV values are relatively high, the authors still successfully demonstrated
successful validation in all three remaining criteria tests, showing the assay’s ability to
guantify meaningful measures of cortisol metabolites in the faecal samples of their
study species, and demonstrated all four of the tests, as well as biological validation,
showing the meaningfulness of their accuracy and study. Likewise, Ninnes et al.
(2010) reported inter-assay CVs of 19.6% in their EIAs for assessing testosterone
concentrations in the faecal samples of Adelie penguins (Pygoscelis adeliae) and
compared these values to serum values to demonstrate the validity of the assays
ability to detect meaningful concentrations of analyte.
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Other studies have shown even higher imprecision. Inter-assay variation was reported
as 40.4% by Lattin et al. (2011), for an assay measuring the corticosterone content in
bird feathers. High imprecision has been observed in the literature using commercial
EIA kits (despite the aforementioned recommended cut-off of 20%; O'Connell et al.,
1993) measuring acute phase proteins (ACPSs); i.e., 29% inter-assay CV (Kjelgaard-
Hansen et al., 2003) and 26.1% for canine studies (Martinez-Subiela et al., 2003). In
assays assessing ACPs in other ungulate species, inter-assay CVs as high as 32%
were reported in ibex (Pastor et al., 2019) and 39% in pigs (Tecles et al., 2007). While
these studies quantified different analytes of interest than the hormones described in
this chapter, again, this shows the variety in accepted levels of variation when
validating an EIA, across disciplines. Once more, this variability in precision
demonstrates the acceptability of the CV values presented for the EIAs described in
this chapter, are well within the accepted standard of validations reported throughout
the literature. Other authors have reported a range, rather than the exact values of
their inter- and intra-assay CVs. Thomsson et al. (2014), in their validation of an assay
to measure salivary cortisol of domestic pigs (Sus scrofa domesticus), quote a range
of 5.9-14.8% for their inter-assay CVs without giving exact figures. The authors
considered inter-assay CVs >15% for inter-assay variation, with intra-assay CVs
>10%, to be adequate according to the best practice guidance the authors cite (see
US Food and Drug Administration (2001), as cited in Thomsson et al. 2014). A more
recent validation study by Stocker et al. (2023) also do not quote exact values,
although the range of values reported was much smaller 13.1-15.6% for their inter-
assay CVs. Shutt et al. (2012) reported mean CV values ranging from 9.6-25.2% in
their validation of a faecal glucocorticoid assay for lowland gorillas (Gorilla gorilla

gorilla).

Validation studies conducted on ungulate faecal samples are frequently characterised
by relatively high CV values. The inter-assay CVs for an EIA measuring hormones in
faecal samples of bighorn sheep were reported as 13% and 16% in an assay used for
pregnancy detection by Borjesson et al (1996). In a validation by Pereira et al. (2005),
control samples had inter-assay variation of 16.8% in an EIA examining faecal
testosterone metabolite concentrations in Pampas deer (Ozotoceros bezoarticus
bezoarticus). CVs of 19.5% were reported by Hadinger et al. (2015) in assays for

faecal samples of chamois, and in an earlier study on the same species, Thaller (2007)
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reported CVs as high as 34%. Bleke et al. (2021), who assessed multiple assays for
measuring various hormone metabolites in faecal samples of pronghorn (Antilocapra
americana), also reported high inter-assay variations; 28.7% for an assay measuring
progesterone, and 21.6% in a cortisol assay. Some studies quote no intra-assay
variation at all (e.g., Brown et al., 2011; Oliveira et al., 2011). Occasionally the reasons
for this are eluded to, such as in Steyrer et al. (2021), where an inter-assay imprecision
study was unable to be performed as reagents were unavailable. Again, this goes to
show the wide acceptance of CV values, and that those cited in our study, while

admittedly high, are still within the range of accepted values in the reported literature.

The high CVs reported in validation studies on ungulate species may be due to the
‘dirtiness’ of ungulate faecal samples (Palme, 2005). Ungulates consume large
amounts of vegetation, which may still be present in small quantities in faecal samples.
Even when care is taken to remove vegetation from faeces, small items such as seeds
or stem fragments may persist, even after centrifugation. Minute quantities of either
can potentially interfere in later optical density readings on the spectrophotometer
(Palme, 2005; Lepschy et al., 2007), as shown in faecal samples from domestic
ungulates (El-Bahr et al., 2005). Additionally, the faecal extracts from guanaco in the
current work were dark green in colour (A. Lancaster pers. obs.). This is a noteworthy
point, as the enzymatic reaction produced with the addition of ABTS (see Section
3.1.3) also presents colour changes in shades of green. It is possible that this clash of
similar pigments led to some kind of interference in subsequent optical density
readings (Griffiths et al., 2011). Samples could potentially be re-vortexed to try and
counter this; however, this still risks the temperature of the samples rising, in turn

increasing the potential for drift and interference by bacterial activity.

3.4.2 Biological Validation of the Novel Method

3.4.2.1. Cortisol Assay

In line with initial predictions — guanaco females had significantly higher levels of faecal
cortisol than males, proving the biological validation of the cortisol assay. Biological
validations have been conducted in the same way for wildlife for a long time. Female
mouse lemur (Microcebus murinus; Perret and Predine, 1984) and clouded leopards
(Neofelis nebulosi; Wielebnowski et al.,, 2002) both had significantly higher
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glucocorticoid levels than males of the same species. Other biological validations
conducted on assays for measuring glucocorticoids of ungulate species have also
used this exploration of differences between the sexes. For instance, the
demonstration of sexual differences in cortisol (females having significantly higher
levels than males) has been used in biological validations of cortisol assay for musk
deer (He et al., 2014), mountain goats (Oreamnos americanus; Dulude-de Broin et al.,
2019) and alpine ibex (Prandi et al., 2018).

However, some studies measuring the sexual differences in cortisol assays, have
shown no differences between the sexes (Zenth et al., 2022; Santamaria et al., 2023),
or lower cortisol values in females than in males (Sperou et al., 2017), against the
typical ‘rule’ that females exhibit higher cortisol than males (Reeder and Kramer,
2005). This also applies to the study of cortisol levels in ungulate species. For
example, higher cortisol levels were found in male rather than female addax antelope
(Addax nasomaculatus; (Damian et al., 2024) and roe deer (Dziki-Michalska et al.,
2024). Other ungulate studies have shown no sex differences in faecal cortisol levels,
for instance in spotted deer (Axis axis) and blackbuck (Nikhil, 2020), Appenine
chamois (Hadinger et al., 2015), red deer (Caslini et al., 2016), goral (Naemorhedus

griseus) (Khonmee et al., 2014), and domestic horses (Lellakova et al., 2022).

In previous studies on guanaco, despite having the data for male and female guanaco
FGM concentrations, some studies did not examine any sex differences (see Tarobelli
et al., 2011; 2017). Other examinations of sexual differences in glucocorticoids of the
guanaco have yielded mixed results. Carmanchahi et al. (2011) found that females
had significantly higher levels of cortisol than males in plasma samples taken from
sheared guanaco, although the authors noted that many of the female guanaco were
in the later stages of pregnancy. Contrarily, Ovejero-Aguilar et al. (2016), found no
significant differences in guanaco sexes between seasons. Additionally, while another
study found no significant guanaco sex differences in FGM concentrations, sex, as
well as season, were found to be the best predictors of FGMs (Gregorio et al., 2019).
While the cortisol assay of the present study appears to be biologically valid, picking
up key differences between the sexes of guanaco, such studies highlight the caution
that must be applied when drawing conclusions about biological validations based on

a single measurement.
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3.4.2.2. Testosterone Assay

Following initial predictions, the testosterone assay was biologically validated by
showing significant differences in testosterone levels between harem holding
reproductive and non-reproductive bachelor group males. This result is consistent with
other social ungulates with a resource-defence-based polygynous mating system. In
Przewalskis horses (Equus ferus przewalskii), harem-holding stallions had
significantly higher levels of testosterone, than bachelor males (Schwarzenberger et
al., 2004). Pére David’s deer stags holding harems also exhibited higher testosterone
levels than bachelor males (Chunwang et al., 2004), as do dominant male blackbuck
(Rajagopal et al., 2018), bison (Bison bison bison; Mooring et al., 2004) white-tailed
deer (Odocoileus virginianus; Miller et al., 1987), impala (llius et al., 1983), pudu (Puda
puda), white rhinoceros (Rachlow et al., 1998), and both plains and Grevy’s zebra (E.
burchelli and E. grevyi; Chaudhuri and Ginsberg, 1990). Other social mammals with
similar mating strategies have also shown this pattern for harem-holding males to have
higher testosterone levels than bachelors, including gelada baboons (Cercopithecus
gelada; Pappano and Beehner, 2014), greater sac-winged bats (Saccopteryx
bilineata; Greiner et al., 2011), and Weddell seals (Leptonychotes weddelli; Bartsh et
al., 1992).

As with the cortisol biological validation ‘rule’, there have been studies on ungulates
that have shown exceptions. In Chinese water deer, no differences were in
testosterone were found between territorial and non-territorial males (Mauget et al.,
2007). Similarly, no correlations were observed between testosterone concentrations
and social rank of male mouflon (Pelletier et al., 2003).

While for guanaco, this result aligns with Ovejero et al., (2013), who also found
differences between guanaco male social units. However, in a similar study,
Panebianco (2019) found no differences between faecal testosterone metabolite
concentrations and social unit, although sample sizes in this study were very small
(n=5). The testosterone profiles of guanaco in the present study were most likely
affected by the reproductive season, with seasonal increases in androgen levels
associated with key physiological and morphological changes (Panebianco, 2019).

Such has been reported in various ungulate species, including Pére David's deer (Li
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et al., 2001), goral (Naemorhedus griseus; Khonmee et al., 2014), bison (Mooring et
al., 2004) and Chinese water deer (Hydropotes inermis; Mauget et al., 2007).

3.4.3 Limitations of the Novel Field Method

Despite the ability of the novel method to measure cortisol and testosterone in the
faecal samples of guanaco that reflect known biological patterns, there remain a

number of limitations to be discussed from this study.

3.4.3.1 Sample Collection Issues

While challenging, the small number of samples collected per day (<10) facilitated their
extraction the same evening. However, this was still a heavy work component to
complete in tandem with the late hours associated with biological fieldwork. As such,
the method may prove unsuitable for smaller working teams, especially when
collecting large numbers of samples per working day (Palme, 2019). Additionally,
faecal sampling occurred over just one week, during the breeding season, and thus
only a temporal ‘snapshot’ of guanaco endocrinology profiles was provided. Other
researchers also frequently demonstrate smaller sample sizes in preliminary field
methods. Postiglione et al. (2022) showed various means of drying faecal samples
using a total of just 40 samples (n=10 for each method of sample drying). Bechshgft
etal. (2011) also had a low number of samples (n=17), despite their 12 years of sample
collection. Kinoshita (2021) feature just three separate samples in their demonstration
of parallelism when describing a new ‘field-friendly method’ for analysing hormone
content in snow leopards (Panthera uncia) faeces. Due to the nature of faecal sample
collection, samples are not always attainable readily and so oftentimes, researchers
have to work with what they have. Even with large, conspicuous, midden-using social

herbivores such as guanaco, defecation events are still difficult to predict temporally.

Samples contaminated with soil, or that had been trodden on and crushed were not
included for sampling (Lange et al., 2002; Dulude-de Broin, 2019). It remains possible
that samples were contaminated with urine. Samples from individuals that were
observed to urinate at the same time as defecating were not included within the study,
although it is possible that this behaviour was missed, as faeces were often collected

opportunistically upon witnessing an initial defecation event. Another unknown lies in
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the potential contamination of faeces with other faeces. Guanaco are a dung midden-
using species (Marino, 2018). Even while homogenising the entire sample, and taking
a subsample, it is possible that hormone metabolites in the faeces of one individual
contaminate another where they touch together on middens, although the effects of

this kind of contamination are unknown.

A major limitation occurred in the delay of samples getting to the UK and being stopped
in customs for an extended amount of time (see COVID-19 Disclaimer). Due to the
ongoing COVID-19 pandemic at the time of sampling, samples remained frozen for
approximately 14 months before shipment to the UK from Chile. Customs clearance
was heavily backlogged during this time, and it took samples 13 days to clear customs
at London Heathrow International Airport and re-enter cold storage in freezers at the
University of Chester. The effects of this freeze-thawing action on hormone content
within SPE cartridge storage are unknown.

3.4.3.2. Assay Development Issues
3.4.3.2.1. Immunological Validation

A limitation of note in the assay development was that the limited quantity of faecal
sample extracts only enabled one examination of each validation test; parallelism and
accuracy for each assay. Parallelism and accuracy were demonstrated once for both
assays (during training development, assays were performed to practice the
techniques associated with each validation test using expendable (unrelated)
samples). However, as the tests for both were carried out across just a single plate,
this can be considered a limitation. Obviously, further repeats of key validation tests
across multiple independent assay plates would strengthen confidence in the results,
which, if yielding consistent outcomes, increases the overall validity of the data and
minimises the risk of error (Kaur et al., 2016; O’Mara et al., 2020). Additionally, the
use of a single plate in specificity and accuracy testing may impair the ability to assess
the assay through statistical measures. Standard deviation, error margins, and p-
values all require replication to provide meaningful insights into the variability and
overall reliability of the assay (Strike, 2014). Without repeating these validation tests

on multiple plates, findings, and thus conclusions derived from them, may be
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statistically underpowered, leading to potential misinterpretation of the assay’s
performance (Findlay et al., 2000; Strike, 2014).

Other studies have also carried out key immunological validation criteria testing on just
a single plate. Like the present study, Smith et al., (2016) carried out parallelism and
accuracy once, on only a single plate each, as did Koren et al. (2006). Both Davis et
al. (2005) and Price et al. (2019) performed accuracy testing once on a single plate
although did perform specificity testing across four and two plates, respectively. As
discussed, some studies do not actually test for accuracy or specificity (Koren et al.
2002; Ninnes et al. 2010; Yamanashi et al., 2013). Even those that do, do not always
disclose the number of repeats or plates on which specificity and accuracy testing was
carried out (see Gort-Esteve et al., 2024). Unfortunately, due to the nature of wildlife
endocrinology, sample number or volume is often limited hence limiting options for
repeatability during validation. However, as individual variation is high, performing
assays on only one plate may fail to capture the full variability inherent in the
population, and so it is important that this be acknowledged when considering

limitations for future work to take account for this.

3.4.3.2.1. Biological Validations

Ideally, future biological validations of the cortisol assay would assess faecal levels
before and after a known stressful event, but such an event did not happen during our
field season, with sampling occurring only over the course of a week. Sex-specific
differences in hormone metabolism, excretion, or stress response may also occur
between species, with biological validations recommended to choose a method that
can be tested for the entire population, as well as separately for each sex (Neuman
Lee and French, 2017; Palme, 2019).

Although known stress testing and administration of pharmacological challenges are
incompatible with non-invasive sampling methods, they appear the most robust ways
to demonstrate biological validation, allowing for the exact time of the ‘stressor’ to be
controlled (Palme, 2019). Researchers working on wildlife, for whom such methods
are inappropriate, unethical, or unsafe, may simply have to settle for biological
validation based on known physiological patterns reported in the literature patterns

that, or similar species. As discussed, such results must still be taken with caution,
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given the wide variation that exists, and the large number of cases that ‘go against’

general rules and patterns, even between similar, or the same species.

Biological validations conducted over multiple field seasons may allow for better
conclusions, for example, comparing the hormone content of faecal samples before
and after the breeding season, when both cortisol and testosterone levels are naturally
at their highest. Such measures may provide better biological validations than just one
measure between different groups, such as between sexes, which as discussed, can

be highly variable both between and within different species.

3.4.3.3. Conclusion and Other Considerations

In conclusion, the results of this study provide the first robust immunological and
biological validation of methods to extract and measure cortisol and testosterone in
the faeces of guanaco and quantify them in using an in-house-developed enzyme-
immunoassay in a field environment that lacked traditional cold storage facilities or
equipment (i.e., liquid nitrogen or freezers). Potential future research priorities with
guanaco faecal samples could include the validation of assays for other steroid
hormones, such as oestrogen. The use of physiological assessments in species pairs
suspected of competing may vyield useful insight into how interspecific competition
manifests, and this approach was adopted and described for the case study of

guanaco and sheep in Patagonia in Chapter 4.
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Chapter 4: The role of Conservation
Physiology in Examining Interspecific
Competition: Examining the effects of

Domestic Sheep Presence on the Faecal
Cortisol and Testosterone Concentrations of

Guanaco (Lama guanicoe)

4.0 Summary

When assessing the competitive interactions between wild ungulate species and
livestock, studies have largely focused on dietary, habitat, niche, or spatial overlaps.
Yet, there remain other ways that competition might manifest through, able to be
examined that might also provide insight into competitive interactions of wild ungulate-
livestock pairs. Although not immediately obvious, the use of conservation physiology
to assess interspecific competition is still a relatively new concept, but has shown
success in some systems. Previous studies examining competition between wild
guanaco and domestic sheep have assessed dietary, spatial, or niche overlaps (and
now, in Chapter 2, behavioural change as a result of competitor densities). However,
guanaco physiology has never been assessed for the effects of interspecific
competition with sheep. This Chapter’s aim was to build on the work of behaviour by
using the immunologically and biologically validated assays (described in Chapter 3)
to assess the effects of domestic sheep presence on the faecal cortisol and
testosterone levels of free-living guanaco in Chilean Patagonia. While beneficial in the
short term, chronically elevated levels of cortisol or testosterone may have detrimental
impacts on the fitness and welfare of an individual. If sheep presence affects either
the cortisol or testosterone levels of guanaco, this could potentially be interpreted as
a negative effect and add another layer of evidence to the likelihood of competition
between the two species, as well as show that competition between the two is not just
linked to observable physical manifestations. Results showed that levels of cortisol
and testosterone in guanaco faecal samples were not predicted by site (presence or
absence of sheep), and no significant differences were seen between the sites for both
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hormones. Instead, cortisol content was predicted mainly by the number of juveniles
present in a group. The social group of an individual was shown to have an effect on
guanaco faecal testosterone content. These results indicate the likelihood that the

presence of sheep does not negatively affect guanaco physiology.
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4.1 Introduction

4.1.1 The Physiology of Competition

4.1.1.1 Introduction to the Physiological Effects of Interspecific Competitors

Examinations of cortisol and testosterone are particularly useful for examining the
effects of competition in the social environment, with both hormones responsive to
challenges in the biotic environment, or the anticipation of those challenges (Creel et
al., 2013; Dantzer and Newman, 2022). The biotic environment involves a large
number of social interactions between an individual and hetero- or conspecifics.
Frequently described in the literature, for example, are the physiological effects of
predator-prey interactions (e.g., Hubbs et al., 2000; Creel et al., 2009; Dulude-de Broin
et al., 2022) or intraspecific interactions (e.g., Abbott et al., 2003; Rangel-Negrin et al.,
2011; de la Pefa et al., 2020). Competitive interspecific interactions have received
comparatively less research attention than intraspecific interactions (Dantzer and
Newman, 2022), despite widely accepted notions that interspecific competition is
essential for regulating ecosystems’ community structures (Schoener, 1983; Chase et
al., 2002; Valeix et al., 2007; Chesson and Kuang, 2008, but see Dantzer and
Newman, 2022).

4.1.1.2 Effects of Interspecific Competitors on Glucocorticoids

The effect of the social environment on wildlife species’ physiology has centred mainly
around the examination of glucocorticoid concentrations (Dantzer and Newman,
2022). Where the effects of interspecific competition on glucocorticoid concentrations
have been investigated, the results have varied largely across species. In carnivores
species, European wildcat (Felis sylvestris), whose habitat overlaps with competing
red fox (Vulpes vulpes), exhibit no changes in faecal cortisol metabolites between
areas of low and high fox densities (Pifieiro et al., 2015). Similarly, San Joaquin kit
foxes (Vulpes macrotis mutica) showed no differences in faecal cortisol concentrations
between coyote- (Canis latrans) dense shrubland and coyote-sparse grassland
habitats (Nelson, 2005), and spotted hyena showed no elevations in FGM
concentrations in the presence of lions (Van Meter et al., 2009). Lafferty et al., (2015)

showed in hair samples from black bears (Ursus americanus) that cortisol content did

165



not differ between areas of varying densities of sympatric grizzly bears (Ursos arctos),
which compete with black bears for access to salmon spawning grounds (Belant et al.,
2006). These results are perhaps surprising considering for all these cases, the
competitor species involved will directly displace or even kill the other species, yet

changes in glucocorticoid levels consistently do not occur.

Importantly, specific contexts matter. In species with expanded home ranges, or that
have been anthropogenically introduced to an area (or both), changes in
glucocorticoids are more commonly observed. For example, native Eurasian red
squirrels (Sciurus vulgaris) commonly exhibit high FGM concentrations when co-
occurring with invasive grey squirrels (Sciurus carolinensis). When experimental
reduction of grey squirrels was conducted, the FGMs in the red squirrels were lowered
(Santicchia et al., 2018; 2022). European wildcats sharing territory with competitors in
golden jackals (Canis aureus) also showed elevated cortisol levels in hair samples
(Filacorda et al., 2021). Similarly, native Australian lace monitors (Varanus varius), in
areas with red fox, an introduced, interspecific competitor, were observed to have a
significantly higher glucocorticoid response (Jessop et al., 2015). In recent years,
anthropogenic expansion in India has forced tiger (Pantheratigra) populations to move
into new areas, where the now overlap with leopards (Panthera pardus). This was also
found to bear a significant physiological cost to the subordinate species, with resource
competition from dominant tigers resulting in elevated levels of FGMs in leopards
(Patel et al., 2023).

In ungulates, significant increases in FGMs have also been observed in species where
range expansions of a competitor species have led to overlap in habitat or territory.
Hunninck et al. (2020) suggested that increased FGMs in impala in areas where
human disturbance levels were higher were because of increased livestock densities.
Chamois showed elevated FGM levels in the summer when red deer and domestic
sheep and goats were abundant (Formenti et al., 2018). In the Himalayas, bharal
(Pseudois nayaur) show higher levels of FGMs in samples collected from areas where
co-grazing occurs, compared to where they graze separately from livestock (lyer et
al.,, 2022). Roe deer FGMs were significantly affected by the interaction between
livestock presence and habitat quality when living in areas shared by cattle
(Horcajada-Sanchez et al., 2019).
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A recent study by Franchini et al. (2023) found a significant effect of sympatric red
deer, but not wild boar (Sus scrofa), on the cortisol levels of roe deer. Spong et al.
(2020) found no elevations in cortisol of moose suspected to compete with red deer in
Sweden, despite prior evidence having shown diet displacement of moose by red deer
(Nichols and Spong, 2014). Such examples highlight the variability in results from
conservation endocrinology to study interspecific competition.

In addition to livestock presence, various other potential stressors, that are
synonymous with farming and ranching management, may also affect wildlife species’
physiological responses. Farm machinery, habitat clearance, and building works may
negatively affect wildlife FGMs (George et al., 2014), and farming areas are often
associated with higher exposure of environmental pollutants or contaminants and
parasite infestations (Pottinger, 2003; Oskam et al., 2004; Chapman et al., 2006;
Katiyatiya et al., 2014), with the latter already been observed at the Cafiadon Grande
ranch system (CAN) (Corti et al., 2022). Such confounding variables could confuse,
rather than clarify the effects of farms or livestock on physiology of wildlife, if
conclusions are drawn simplistically. National parks or reserves provide sanctuaries
for wildlife, where disturbance caused by farming can be removed (as for guanaco
throughout Chilean Patagonia). Wildlife species are frequently observed to have
higher FGMs in national park areas. For example, FGMs of maned wolves
(Chrysocyon brachyurus) were significantly higher on farmland than a bordering
national park (Spercoski et al., 2012). In ungulates, FGM concentrations of pampas
deer (Ozotoceros bezoarticus) were higher on neighbouring farmland than in samples
located inside a neighbouring national reserve (Pereira et al., 2006). Bryan et al.
(2015) found that wolves in an area that experiences heavy hunting pressure had both
higher cortisol and testosterone concentrations than wolves in boreal forest sites
where hunting pressure was substantially less. The authors posited this increase in
FGM concentrations as a reflection of social instability. It is feasible that human activity
and persecution on ranch sites such as CAN (Lancaster et al., 2022) could also disrupt
the social behaviour of guanaco, or at least discourage them from being reproductively
active there. Although difficult to control for, the impact of human disturbance on
cortisol levels may confound and exacerbate any physiological impact that sheep

could have.
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4.1.1.3 Effects of Interspecific Competitors on Testosterone

Possibly because interspecific and environmental variables are broadly assumed to
not correlate with changes in androgen concentrations (Wingfield et al., 1990; Taillon
and Coté, 2008; Sapolewski, 2012), few studies have been conducted on the effects
of competitors on testosterone levels. Yet, if relationships exist between cortisol and
testosterone (see Section 4.1.2; Smith and French, 1997a; Saltzman et al., 1998), the
supposed effects of interspecific (if any) on cortisol should also be exhibited in
testosterone. Non-mammal study species have only ever been the subject of these
studies, with many results suggesting reproductive interference by competitors. Native
green treefrogs (Hyla cinerea) exposed to experimental playback calls of invasive
Cuban treefrogs (Osteopilus septentrionalis) also exhibited declines in testosterone.
Similarly, in two competing warbler species, the species with higher testosterone
levels outcompeted and replaced the other where they occur sympatrically (Owen-
Ashley and Butler, 2004).

Aggression in many animals, including ungulates, is mediated by testosterone
(Shargal et al., 2007; Arteaga et al., 2008), and it is well known that increased
androgen levels are associated with elevated aggression in adult individuals
(Dzieweczynski et al., 2006). However, this relationship remains unexplored for
heterospecific interactions or aggression in ungulates, mostly being previously
explored in fish species. In salmonids, the introduction of brown trout (Salmo trutta)
and rainbow trout (Oncorhynchus mykiss) resulted in physiological effects of native
Atlantic salmon (Salmo salar) in semi-natural streams in Canada. Interspecific
competition between these species resulted in reduced aggression, dominance, and
growth, while also increasing the concentrations of cortisol in Atlantic salmon (Van
Zwol, 2011). Dusky gregory damselfish (Stegastes nigricans) aggressively defend
food resources against various competitors of different species, yet while the species
displays elevated territorial aggression against both intra- and interspecific intruders,
the presence of neither elicited significant increases in testosterone concentrations
(Vullioud et al., 2013). However, when subjects were treated with an androgen
receptor blocker, males but not females, displayed decreased levels of aggression
towards both intra- and interspecific intruders (Vullioud et al., 2013), showing some
link between testosterone and aggression to interspecific competitors. In cleaner

wrasse (Labroides dimidiatus), females experimentally treated with testosterone
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injections were observed to increase both the number of intraspecific and interspecific
interactions (Soares et al., 2019). Such studies serve to show the range of approaches
used to examine interspecific interactions, even though historically, changes in

testosterone are rarely linked with this form of competition.

Increasing evidence suggests ungulates experience direct interspecific agonisms
more than previously thought (Latham, 1999; Lagendijk et al., 2015; Feretti et al.,
2020; Takada et al., 2023), and interspecific competition in ungulates is frequently
linked with changes in testosterone, yet no studies have attempted to quantify the
effects of competition on testosterone levels, or vice versa. One notable example of
such a link that is commonly assumed between interspecific aggression and
testosterone exists in male African and Asian elephants (Elephus maximus).
Elephants experience a period known as musth, during which they experience
secretions from the temporal gland and significantly higher levels of testosterone than
normal (Jainudeen et al., 1972; Poole and Moss, 1981; Poole, 1987; 1989; Ganswindt
et al., 2010a). Such elephants display extremely heightened aggression against both
conspecifics (Prusty and Singh, 1995; Wanghongsa et al., 2006) and other species
including rhinoceros (Berger and Cunningham, 1998; Slotow et al., 2001) and livestock
(Thouless, 1994; Gadd, 2005). Despite the importance that physiology plays in this
key life stage of male elephants, no assessment of either hormone has been examined
with consideration of the interspecific competition element, despite the fact that
elephants are frequently described as competing with both cattle (Young et al., 2005;
Hibert et al., 2010) and rhinoceros (Landman et al., 2013; Prinsloo, 2017). Thus, it is
important to consider the effects of testosterone and reproductive biology of species
to understand how they respond to interspecific competition as well as revisit

previously established concepts (Dawkins, 1996; Dantzer and Newman, 2022).

4.1.2 Relationship Between Cortisol and Testosterone

The relationship directly between cortisol and testosterone is not frequently examined
in the literature. Given that cortisol levels are modified by reproductive steroids (Smith
and French, 1997a; Saltzman et al., 1998), assessing the relationship between the
two may provide valuable insight into a species’ physiology. The generally assumed

negative correlation between the two hormones is likely founded on the results of
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human and rodent-based studies (i.e., it is widely reported that glucocorticoids supress
levels of testosterone; Bambino and Hsueh, 1981; Lance et al., 1986; Brownlee et al.,
2005; Popma et al., 2007).

Results on other wildlife species have shown trends that deviate from the assumed
negative relationship. Positive relationships between cortisol and testosterone have
been observed in numerous mammal species, including primates like capuchin
monkeys (Cebus apella nigritus; Lynch et al., 2002), bonobos (Pan paniscus; Dittami
et al., 2008), mandrills (Mandrillus sphinx; Setchell et al., 2010), and various whale
species (Hunt et al., 2018). In ungulates too, observations of the relationship between
cortisol and testosterone have commonly been positive (see Howland et al., 1985;
Mooring et al., 2006; Fattorini et al., 2018; de la Pena et al., 2021), although exceptions
showing a negative relationship, or none at all, do exist (Bartos et al., 2010; Pavitt et
al., 2016; Medill et al., 2023), again highlighting the variation in results of physiological

studies.

Medill et al. (2023) showed negative correlations between cortisol and testosterone in
the hair samples of dominant breeding stallions, whereas non-breeding subordinate
bachelors exhibited positive correlations between the two hormones. Given this
finding, the authors recommended assessing the relationship separately between
males of differing reproductive status. Given the established differences between
reproductive harem-holding guanaco males and non-reproductive bachelor males (as
used for the biological validation of the Testosterone assay in Chapter 3), the research
examined this relationship across reproductive statuses of all three male types (lone
males, non-reproductive bachelor males, and maternal group males). Only Ovejero-
Aguilar et al. (2016) have previously assessed the relationship between the two
hormones in guanaco, also finding a positive relationship between testosterone and

cortisol.

4.1.3 Aims and Predictions

The aims of this study were to examine whether the presence of sheep, across two
neighbouring sites where sheep are present and absent, has an effect on the faecal

(1) cortisol and (2) testosterone levels of individual wild guanaco. The study also aimed
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to (3) examine whether there was any relationship between cortisol and testosterone
for guanaco. This was also examined in males of the three different life history stages:
(lone males, non-reproductive bachelor males, and maternal group males). Finally (4)
cofounding individual and social variables, such as the sex, age-sex class, group size,
and the time of collection were included in models to estimate their effects on the
cortisol and testosterone concentrations in guanaco faecal samples, are also

examined for differences between sites.

4.1.3.2 Predictions

Little work examining the effects of competitors on physiology has been conducted on
ungulate pairs suspected of competition, and no study has ever examined this aspect
relating to the androgen or glucocorticoid concentrations for the guanaco-sheep
pairing. Overgrazing and removal of favourable vegetation by sheep (Cingolani 1999;
et al.,, 2005) could have physiological repercussions for guanaco with diet quality
affecting various faecal hormone metabolites, including cortisol and testosterone
(Wasser et al., 1993; Taillon and C6té, 2008; Anderwald et al., 2021). Additionally, the
limited studies that have compared the effects of livestock on wild ungulate FGMs
have shown increased FGM concentrations when livestock are present (Formenti et
al., 2018; Horcajada-Sanchez et al., 2019; lyer et al., 2022).

Following this, it was predicted that:

(1) Site (presence or absence of sheep) will have an effect on the faecal cortisol
content of adult guanaco, with prior research showing differences between national
parks and bordering farmland, as shown in other species (see Spercoski et al., 2012;
George et al., 2014). Additionally, with sheep present at one site but not the other, it
was predicted that cortisol in guanaco samples on sites shared with sheep would be
higher than samples where they were absent, assuming a competitive effect is present
between this species pair (as indicated by Baldi et al., 2001; 2004; 2010; 2018; Marino
et al., 2020; Pontigo et al., 2020; Marino and Rodriguez, 2022).

(2) Site (presence or absence of sheep) would not significantly predict guanaco

testosterone, and that testosterone levels would instead be affected by social variables
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such as the Age-Sex class, in line with both of the Challenge Hypotheses (Wingfield
et al., 1987; 1990; Goymann et al., 2019; Moore et al., 2020).

(3a) Guanaco would exhibit a positive relationship between testosterone and cortisol,
as seen in other ungulates (Fattorini et al., 2018; de la Pena et al., 2021), including a

previous assessment of guanaco (Ovejero-Aguilar et al., 2016)

(3b) This positive relationship between testosterone and cortisol would differ across
the types of male, with negative relationships between the hormones assumed for non-

reproductive bachelor males (Medill et al., 2023).

(4) Other confounding variables, such as time of collection (circadian variation), sex,
age-sex class (social group), group size, group composition (number of adults and

juveniles) would all also predict levels of faecal cortisol and testosterone metabolites.
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4.2 Methodology
4.2.1 Fieldwork Protocol

4.2.1.1 Subjects and Field Sites

The study was conducted following the field protocol described in Section 3.2.2.
Sampling was conducted across two close proximity sites located close to the Chile-
Argentine border, within the Chilean Magellan and Antarctic regions on the North
Western side of the Strait of Magellanes: Pali Aike National Park (PANP) (52°6'36.0"
S, 69°42'39.6" W) and the neighbouring series of local sheep ranches of the
surrounding Cafadon Grande ranch system (CAN) (52°8'13.2"S, 52°8'13.2" S) (see
Figure 3.1 in Section 3.2.2.1). For more information regarding the specific
characteristics of each site (see Section 2.2.1; Lancaster et al., 2022). Faecal
sampling was conducted during the Spring season of 2020, co-occurring with fieldwork
sampling for behavioural observations (see Chapter 2). As faecal sampling occurred
opportunistically, faecal samples were collected from guanaco from all social group

types, from both sexes, and of all ages.

4.2.1.2 Sample Collection

Samples were collected opportunistically upon witnessing any guanaco defecation
event. Those samples collected within the boundaries of the PANP were marked as
“Park” samples (sheep absent), with those outside of it denoted as “Ranch” (sheep
present) samples, which were marked as such when collected from any region within
the Cafiadon Grande ranch system. Faecal sampling was conducted using the same
protocol as described in Chapter 3. While it was not possible to identify every
individual in the study, individuals were assigned a group ID number, with individuals
from the same group observed defecating assigned the same group ID, to distinguish

between the groups sampled.

4.2.1.3 Hormone Extraction and Assay Procedures

Hormones were extracted from guanaco faecal samples on the same night of
collection. EIAs for measuring cortisol and testosterone metabolites in guanaco faecal

samples were performed and immunologically validated as described in Chapter 3.
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4.2.2 Statistical Analyses

To initially assess differences in cortisol and testosterone between the two sites, an
independent t-test was performed on the cortisol data of all adults between sites, as
an initial exploratory method to examine differences between the two sites. Linear
mixed-effect models (LMM), estimated using Restricted Maximum Likelihood and
nloptwrap optimiser (Corbeil and Searle, 1976), were fitted to evaluate the relationship
between faecal cortisol and testosterone concentrations, and various potentially
confounding environmental and social variables (Gregorio et al., 2019). As females
were only recorded in maternal groups, sex and social group were merged together to
form an age-sex class variable (Cizauskas et al., 2015; Olson and Van Deelen, 2024),
consisting of females (in maternal groups), non-reproductive bachelor group males,
lone males, and maternal group territorial males. Analysis was only carried out on
guanaco able to be sexed. Cortisol and testosterone data was log-transformed, as it
did not follow a normal distribution and lacked homogeneity of variance (Setchell et
al., 2010; French et al., 2022).

All statistical analysis was conducted using RStudio (v.3.6.3; R Core Team, 2023)
using the Ime4 (v.1.1-33; Bates et al., 2009) and MuMin (v.1.47.5; Barton and Barton,
2015) packages. The group ID of the individual that a sample was taken from was set
as a fixed random variable for all models. The hour of collection (from 08:00-19:00)
was included as a variable during model selection when examining the relationship
between faecal concentrations of both cortisol and testosterone (Edwards et al., 2022).
All model selection was based on the Akaike Information Criterion (AIC), considering
models with the lowest AIC values as those having the best fit. Models within a range
of AAIC=2.0 were considered equivalent and were averaged together (Richards, 2008;
Thomas et al., 2010) using the statistical package muMin (v.1.43.17; Barton and
Barton, 2014), with this model used to predict hormone content in faecal samples.
Standardised parameters were obtained by fitting the model to a standardised version
of the dataset. A linear regression was used to examine the relationship between
faecal concentrations of log transformed cortisol and testosterone (Setchell et al.,
2010). The relationships between the hormones were also examined according to the

male types, following the work and recommendations of Medill et al. (2023).
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4.3 Results

4.3.1 The Effect of Sheep on Guanaco Cortisol and Testosterone
Concentrations

4.3.1.1 Sheep Presence on Faecal Cortisol Content

Initial exploratory analyses using the independent t-test revealed no significant
differences in the cortisol metabolite concentrations in guanaco faecal samples
between the park (sheep absent) and ranch (sheep present) sites for cortisol
(t(12.90)= -0.61, p=0.55) (Figure 4.1). The best-fitting LMM was used to predict the
log cortisol content of faecal samples, did not include site (sheep presence or
absence) as a predictor variable (Table 4.1). This model featured the number of
juveniles and adults present, and total group number, as predictor variables, (with
positive effects of all three) and included the Group ID as a random effect (Table 4.2).
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e

Figure 4.1 The faecal cortisol metabolite concentrations in faecal samples of free-living adult
guanaco at two sites: Pali Aike National Park (Sheep Absent) (n=21) and the surrounding ranches
of the Cafladon Grande Ranch system (Sheep Present) (n=10) in Chilean Patagonia. Data shown

is the mean * standard error.
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Table 4.1 Parameter estimates for linear mixed effect models fitted to estimate log cortisol content estimates for faecal samples collected from guanaco in Pali Aike National Park
and the surrounding ranch lands. The model highlighted in bold indicates those averaged together to find the best fitting model. Variables corresponded to the sex of the individual,
the number of juveniles or adults present, the social group type, whether an individual was observed to use a communal dung pile or not, and the total number of animals in the
group. The Random variable (1] Group_ID) corresponds to the identity of the group from which each individual was observed from. Models’ intercept (int), degrees of freedom (df),

Akaike Information Criterion value (AIC), differences in AIC value between models (AAIC), AIC weight (AICw) and marginal R? values of each model are shown.

Model Number Cortisol Models (Int) Df AIC AAIC AlCw

1 ~ Number of Juveniles + (1| Group_ID) 6.59 4 72.40 0.00 0.41
2 ~ Number of Adults + (1| Group_ID) 6.55 4 74.01 1.60 0.18
3 ~ Total Group Number + (1| Group_ID) 6.52 4 74.26 1.86 0.16
4 ~ Number of Juveniles + Site + (1| Group_ID) 6.59 g 75.83 3.42 0.07
5 ~ Number of Juveniles + Dung Pile Usage + (1| Group_ID) 6.65 5 76.20 3.79 0.06
6 ~ Sex + (1| Group_ID) 6.85 3 77.16 4.76 0.04
7 ~1+ (1] Group_ID)* 6.57 5 77.40 5.00 0.03
8 ~ Number of Adults + Age-Sex Class + (1| Group_ID) 6.57 5 77.40 5.00 0.03
9 ~ Number of Adults + Site + (1| Group_ID) 7.05 4 79.23 6.82 0.01

* Null model with no fixed variables added

Table 4.2 Chosen Model average parameters of log cortisol content of guanaco in Pali Aike National Park and the surrounding ranch lands. Variables correspond to the Estimate,
Standard Error (SE), and the Lower and Upper 95% Confidence Intervals.

Parameter Estimate SE Lower 95 Upper 95
(Intercept) 6.58 0.19 5.21 7.25
Number of Juveniles 0.10 0.07 -0.05 0.27
Number of Adults 0.06 0.05 -0.05 0.16
Total Group Number 0.04 0.03 -0.02 0.11
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4.3.2 Sheep Presence on Faecal Testosterone Content

An independent t-test revealed no significant differences in the testosterone metabolite
concentrations in guanaco faecal samples between the park (sheep absent) and ranch
(sheep present) sites for testosterone (t(12.92)=-0.89, p=0.39) (Figure 4.2).
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Figure 4.2 The faecal cortisol metabolite concentrations in faecal samples of free-living adult
guanaco at two sites: Pali Aike National Park (Sheep Absent) (n=21) and the surrounding ranches
of the Cafiadon Grande Ranch system (Sheep Present) (n=10) in Chilean Patagonia. Data shown

is the mean + standard error.

The best-fitting LMM used to explain log testosterone content of guanaco faecal
samples, did not include site (sheep presence or absence) as a predictor variable.
Instead, the best LMM consisted of just the Age-Sex Class and Group ID as a random
variable (Table 4.3). This model's (Table 4.4) total explanatory power was substantial,

with the part related to the fixed effects alone (marginal R?) equal to 0.30. The effects
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Table 4.3 Linear mixed effect models fitted to estimate log testosterone content estimates for faecal samples collected from guanaco in Pali Aike National Park and the
surrounding ranch lands. The model highlighted in bold indicates the selected model. Variables corresponded to the sex of the individual, the number of juveniles or
adults present, the social group type, whether an individual was observed to use a communal dung pile or not, and the total number of animals in the group. The Random
variable (1] Group_ID) corresponds to the identity of the group from which each individual was observed from. Models’ intercept (int), degrees of freedom (df), Akaike

Information Criterion value (AIC), differences in AIC value between models (AAIC), AIC weight (AICw) and marginal R? values of each model are shown.

Model Number Cortisol Models (Int) Df AIC AAIC AlCw
1 ~ Age-Sex Class + (1| Group_ID) 7.12 6 78.35 0.00 0.33
2 ~ Age-Sex Class + Number of Juveniles + (1] Group_ID) 7.12 7 80.46 2.11 0.12
3 ~ Age-Sex Class + Number of Adults + (1| Group_ID) 7.48 7 80.80 2.45 0.10
4 ~ 1+ (1] Group_ID)* 7.85 3 80.85 2.50 0.10
5 ~ Number of Adults + (1 | Group_id) 8.03 4 80.97 2.63 0.09
6 ~ Age-Sex Class + Site + (1 | Group_id) 6.87 7 81.04 2.70 0.09
7 ~ Number of Juveniles 7.80 4 81.19 2.85 0.08
8 ~ Age-Sex Class + Group Number + (1 | Group_id) 7.34 7 81.95 3.60 0.06
9 ~ Site 7.79 4 83.74 5.39 0.02

* Null model with no fixed variables added

Table 4.4 Chosen Model parameters of log testosterone content of guanaco in Pali Aike National Park and the surrounding ranch lands. Variables correspond to the

estimate, standard error (SE), and the Lower and Upper 95% Confidence Intervals.

Parameter Estimate SE Lower 95 Upper 95
Bachelors 7.12 0.34 6.41 7.83
Females 7.73 0.20 7.32 8.16
Lone Males 7.95 0.24 7.45 8.46
Maternal Group Males 8.63 0.26 8.08 9.19
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of Age-Sex Class (Females) and Age-Sex Class (Lone Males) were statistically non-
significant but positive (t(25)=1.53, p=0.139 and t(25)=1.97, p=0.060, respectively).
However, the effect of Age-Sex Class (maternal group males) was statistically

significant and positive (t(25)=3.45, p=0.002) (see Figure 4.3).

8.0

Log Testosterone (pg/g)

7.0

Bachelor Males Females (Maternal Groups) Lone Males Maternal Group Males

Age-Sex Class

Figure 4.3 Differences in testosterone metabolite concentrations in faecal samples of different Age-Sex
Classes of free-living adult guanaco at Pali Aike National Park and the surrounding Cafiadon Grande ranch
system in Chilean Patagonia. Age-Sex classes consisted of Bachelor Group Males (n=4), Females in
Maternal Groups (n=14), Lone Males (n=8) and Maternal Group Males (n=6). Data shown is the mean +

standard error.

4.3.4 Relationship Between Cortisol and Testosterone

The linear regression revealed a significant, positive relationship between the log
cortisol and log testosterone across all adult guanaco samples (R?=0.34, F1,290 = 16.77,
p<0.001) (Figure 4.4a). All three male types exhibited positive relationships between

log testosterone and cortisol (Figure 4.4b).
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Figure 4.4 The relationship between cortisol and testosterone metabolite concentrations (log transformed) in faecal samples between a. the entire population of adults and
b. different male types of free-living guanaco at Pali Aike National Park and the surrounding Cafiadon Grande ranch system in Chilean Patagonia. Depicted is the relationship
between hormones for Bachelor Males (n=4), Lone Males (n=8), and Maternal Group Males (n=6). The red solid line shows the average across of all adults within the

population. Standard deviation around the mean of guanaco from both sites (all samples) is shown in the grey polygon.
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4.3.3 Other Potential Confounding Variables

There was no effect of the time of collection (i.e., circadian variation) on the faecal
metabolite concentrations in adult guanaco samples for either cortisol or testosterone.
This was confirmed across the whole population through a Pearson’s correlation,
which revealed no significant association between the time of collection and either
cortisol (r = -0.06, t(43) = -0.44, p=0.66) or testosterone (r=0.05, t(43) = -0.32, p=0.74)
in guanaco faecal samples. Additionally, hour of collection was included in models
both as a continuous and quadratic variable, but neither was shown to have no effect

on cortisol or testosterone content.

As shown in the biological validation of the cortisol assay in Section 3.4.1.1, cortisol
concentrations were significantly higher in females than males. Testosterone
concentrations of guanaco in males were higher on average than females, although

not significantly (Figure 4.5). Despite these differences, the best model did not include
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Figure 4.5 The testosterone metabolite concentrations in faecal samples of adult female (n=13) and
male (n=18) free-living guanaco at two sites: Pali Aike National Park (Sheep Absent) and the

surrounding ranches of the Cafiadon Grande Ranch system (Sheep Present) in Chilean Patagonia.

Data shown is the mean + standard error.

181



sex as a predictor variable to estimate either cortisol or testosterone content (Table
4.1 and Table 4.2).

Males in maternal groups had significantly higher levels of cortisol than both non-
reproductive bachelor and lone males. Lone males showed significantly higher levels

of faecal cortisol metabolites than non-reproductive bachelor males (Figure 4.6).
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Figure 4.6 Differences between cortisol metabolite concentrations in faecal samples between different
male types of free-living guanaco at Pali Aike National Park and the surrounding Cafiadon Grande ranch
system in Chilean Patagonia. Depicted are the differences between Bachelor Males (n=4), Lone Males

(n=8), and Maternal Group Males (n=6). Data shown is the mean * standard error.

As shown in the biological validation in Section 3.4.1.2, males in maternal groups had
significantly higher levels of faecal testosterone metabolites than non-reproductive
bachelor males. Lone males also showed significantly higher levels of faecal
testosterone metabolites than non-reproductive bachelor males. No significant
difference in faecal testosterone metabolites was observed between lone males and

maternal group males (Figure 4.7).
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Figure 4.7 Differences between testosterone metabolite concentrations in faecal samples between different
male types of free-living guanaco at Pali Aike National Park and the surrounding Cafiadon Grande ranch
system in Chilean Patagonia. Depicted are the differences between Bachelor Males (n=4), Lone Males

(n=8), and Maternal Group Males (n=6). Data shown is the mean * standard error.

Although sample sizes were small, considerable differences also existed in the male
groups across sites. Maternal males on ranch sites of CAN (sheep present) had
significantly higher levels of both cortisol (Figure 4.8) and testosterone (Figure 4.9)
than any other male type, across both sites, including from maternal group males at
the national park site (sheep absent). At park sites, both lone and maternal group
males had significantly higher levels of cortisol and testosterone than bachelor males.
On ranches, maternal males, but not lone males, had significantly higher levels of both

hormones than bachelors.
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Figure 4.8 Differences between cortisol metabolite concentrations in faecal samples between Bachelor Males

on parks (n=1) vs. ranches (n=3), Lone Males on parks (n=6) vs. ranches (n=2), and Maternal Group Males

on parks (n=4) vs. ranches (n=2).of free-living guanaco at Pali Aike National Park (Sheep Absent) and the

surrounding Cafladon Grande ranch system (Sheep Present) in Chilean Patagonia. Data shown is the mean

+ standard error.
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Figure 4.9 Differences between testosterone metabolite concentrations in faecal samples between Bachelor

Males on parks (n=1) vs. ranches (n=3), Lone Males on parks (n=6) vs. ranches (n=2), and Maternal Group

Males on parks (n=4) vs. ranches (n=2) of free-living guanaco at Pali Aike National Park (Sheep Absent) and

the surrounding Cafladon Grande ranch system (Sheep Present) in Chilean Patagonia. Data shown is the

mean and the standard error of adult male guanaco at each site.
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4.4 Discussion

4.4.1 No Effect of Sheep on Guanaco Cortisol or Testosterone

Concentrations

Contrarily to initial predictions, the best model showed that site (sheep absent vs.
sheep present) did not predict the cortisol concentrations in guanaco faecal samples,
which were best explained by the number of adults and juveniles present, and the total
group size. Conversely, but in line with initial predictions, the best model showed that
site (sheep presence or absence) did not predict the testosterone concentrations in
guanaco faecal samples, rather being best explained by the Age-Sex Class (Social
Group) from which the individual sampled belong.

This result was interpreted as showing that the presence of domestic sheep at this site
appears to not affect the physiology of guanaco, even though, as highlighted
throughout this thesis, a large amount of evidence indicates competition between the
two species. Further study over differing sites, such as ranch SER and over more field
seasons, for more individuals, would be imperative before concluding any effect or
not. The stress response to certain stressors can decrease as an animal becomes
habituated to that stressor’s exposure (Grissom and Bhatnagar, 2009; Rankin et al.,
2009; Koolhaas et al., 2011); therefore, it is possible that the presence of sheep does
not elicit, or at least no longer elicits, any physiological reaction in guanaco. Future
experiments to test this may examine guanaco populations that have not been
previously exposed to sheep farming, although given the large amount of land
dedicated to sheep ranching in the Americas, this may be a difficult task, and so other
methodologies may be more suitable for testing competition than those based on

conservation physiology.

The results of this study conflict with some studies for ungulates, where livestock
presence has been shown to cause significant increases in the FGMs of ungulate
species that overlap with livestock, (e.g., bharal with goats and sheep; lyer et al., 2022,
and roe deer with cattle; Horcajada-Sanchez et al., 2019). Multi-season vegetation
sampling, as described in Chapter 2, showed significantly higher vegetation
biomasses at PANP (462.95+41.90kg/ha) than at CAN (326.68+24.10kg/ha) during
the season which faecal sampling occurred. As discussed in Section 1.3.2.4, diet can

affect the FGM concentrations in ungulates, and limitations in foraging resources is
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one of the prerequisites for competition to occur (Prins, 1989; Stears and Shrader,
2020). However, notably, sheep densities were lower (0.59 individuals/ha) in the
Summer season than in previous seasons (Spring 2019: 2.59 individuals/ha and
Winter 2019: 1.69 individuals/ha), as observed by Fernandez et al. (2021). Guanaco
densities were also low during this season at CAN (0.05 individuals/ha), compared to
PANP (0.35 individuals/ha; Lancaster et al., 2022). The low density of animals, both
sheep and guanaco, on CAN could explain why, even when occurring sympatrically,
guanaco FGMs were not affected. At low densities, each species is able to select its
preferred foraging resources (Fretwell, 1970; Rosenzweig, 1981), thus reducing the
amount of competition compared to limiting seasons like Winter. Further sampling over
subsequent limiting seasons and/or seasons with increased livestock densities would
be advisable. Additionally, while time and funding constraints did not allow us to
assess the physiological profiles of sheep, it would be interesting to assess whether
cortisol and testosterone levels are impacted by guanaco. Such assessments also
hold both economic and welfare value: high glucocorticoid levels may affect the body
condition of sheep, and sheep suffering from chronic stress may see reductions in
body weight, wool, and meat quality (Hamada et al., 1987; Dwyer and Bornett, 2004;
Gao et al., 2008).

Regarding the anthropogenic effect of livestock farms, Pérez-Ortega and Hendry
(2023), found that human disturbance does not cause consistent increases in levels
of FGMs in free-ranging vertebrates. While the authors did not consider the effects of
farming or livestock, they found no evidence that habitat degradation or ecotourism
result in any increases in FGMs, but that living in unprotected areas (where human
disturbance was higher) did. African elephants living in areas with livestock and
humans did not show increased FGM concentrations, compared to elephants in
protected areas where livestock is absent (Ahlering et al., 2013). Other species have
also exhibited no differences in FGM concentrations between disturbed areas and
national parks or protected areas, including giraffe (Marealle et al., 2020), forest
elephants (Loxodonta africana cyclotis; Munsha-South et al., 2008), and wild felids
(Mesa-Cruz et al., 2016). Given the largescale variation between studies, the question
is raised as to the suitability of using conservation physiology as a means to assess

competition.
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4.4.2 Relationship Between Cortisol and Testosterone in Guanaco

Faecal Samples

In line with initial predictions, statistical analyses revealed a significant positive
relationship between cortisol and testosterone in faecal samples of guanaco. The
positive correlation between cortisol and testosterone described in this study follows
the relationship reported previously for guanaco (Ovejero-Aguilar et al., 2016), as well
as for other ungulate species, including bison (Bison bison; Mooring et al., 2006), red
deer (de la Pena et al., 2021), pygmy goat (Capra hircus; Howland et al., 1985), white
tailed deer (McCoy and Ditchkoff, 2012), and chamois (Fattorini et al., 2018). de la
Pena et al. (2021) found a positive relationship between faecal cortisol and
testosterone metabolites in male Iberian red deer, although the authors noted this
relationship was significantly stronger in populations where intra-sexual competition
for mates was high. The current study was conducted during the guanaco breeding
season, when intra-sexual competition between guanaco is high. Ongoing chronic
stress can result in a decrease in the levels of testosterone, which may be at minimum
partially driven by an increase in cortisol levels following the appearance or impact of
a stressor (Mehta et al., 2008). Thus, the relationship between cortisol and
testosterone may partially be a result of testosterone-induced behaviour, rather than
a specific physiological link between androgens and glucocorticoids (McCoy and
Ditchkoff, 2012).

Like the work described by Medill et al. (2023), our sample sizes were relatively small,
however, the relationship for all three male types was positive and no switch in
relationship was apparent when individual male types were plotted. Males in maternal
groups showed the strongest relationship between the two hormones, followed by lone
males and then bachelor males. Some ungulate species have shown contradictory or
conflicting patterns, which may occur due to seasonal differences between studies, or
other confounding factors within the study. While Barto$ et al. (2010) showed a
negative relationship between red deer cortisol and testosterone, Pavitt et al. (2016)
showed no significant relationship between the two hormone groups in their study
population of the same species. Such differences may shed doubt on the use of

physiological assessments, given the high variability in results, even between species.
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4.4.3. The Effects of Other Confounding Variables On Guanaco

Hormone Concentrations

4.4.3.1. The Effect of Group Size on Cortisol

The best model (after averaging) used to estimate cortisol included the total group
number, the number of juveniles, and the number of adults present within the group
as predictor variables of cortisol content. The relationship between cortisol and all

three was positive, with cortisol increasing as the total group size increased.

The typically assumed ‘dilution effect’ suggests that animals existing in larger groups
may experience less predation risk, and thus less physiological stress because of
enhanced safety from predators, with the presence of more individuals providing social
buffering, theoretically reducing individual stress responses (Creel, 2001; Mend| and
Held, 2001; Masucci et al., 2016). This perceived safety in numbers would therefore
reflected in the low cortisol levels of animals in large groups, compared to animals in
smaller groups or alone (Kikusui et al., 2006). Despite this sound theory, numerous
evidence supports the contrary and many studies have shown no relationship between
cortisol and group sizes. In primate species, Red colobus (Procolobus rufomitratus;
Snaith et al., 2008) exhibited no correlation between group size and cortisol in faecal
samples, as do howler monkeys (Alouatta pigra; Behie et al., 2010) and tamarins
(Saguinus bicolor; Price et al., 2019). Similarly, in ungulates, the FGMs of Przewalski’'s

gazelles were not significantly associated with increasing group size (Liu et al., 2020).

Asian elephant FGMs are negatively correlated with group size but positively
correlated with the number of juveniles in the group (Pokharel et al., 2019). Positive
correlations between cortisol and the number of juveniles in a group appears more
common within the literature. In domestic pigs, cortisol concentrations were positively
associated with larger numbers of juveniles (Roelofs et al., 2019) with the same
pattern also shown in wild ungulates, for impala (Chizzola et al., 2018) and zebra
(Fourie, 2012). Female ungulates with young are more susceptible to predation than
other adults, as offspring are not as able as adults to detect incoming predators, or
escape from them (Liley and Creel, 2008; Fattorini and Feretti, 2019). Consequently,
ungulate mothers invest more time in vigilant activity than conspecifics without young,
to better protect themselves and their offspring (Liu et al., 2020), at the expense of
foraging, a mutually exclusive behaviour (Lancaster et al., 2022). Gingery et al., (2021)
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speculated that diet, through caloric intake, can influence the capabilities of milk
production in white-tailed deer, resulting in increased cortisol concentrations. Besides
the increased cortisol levels associated with lactation and the reproductive season,
animals in poor environments or with limited access to nutritious forage may also
experience higher cortisol levels than those with adequate diets. Ungulates occurring
in seasonal environments frequently synchronise these energetically costly behaviour
periods with periods of maximum forage productivity and the phenology of preferred
dietary plant taxa (Parker et al., 2009; Kerby and Post, 2013; Stoner et al., 2016;
Srivastava et al., 2021).

Changes in glucocorticoid levels in ungulates are also expected to differ in relation to
reproduction (Luna et al., 2020), a biological process that entails heavy physiological
costs. Faecal sampling in this study was carried out towards the end of the breeding
season, when most of the females of reproductive age had already given birth and
had juveniles with them. Nursing was commonly seen in guanaco across both PANP
and CAN (A. Lancaster pers. observation). Lactation is an energetically expensive
physiological state, during which basal glucocorticoid levels are typically higher than
normal in mammals (Alekseeva et al., 2020; Stead et al., 2022). Additionally,
increased investment in reproductive and maternal behaviours, such as offspring
guarding, are associated with increased levels of glucocorticoids in several species
(Reeder and Kramer, 2005; Brunton et al., 2008; Fattorini et al., 2018; Alekseeva et
al., 2020).

Still, variation exists even between species. In sheep, the cortisol concentrations
decreased with increasing group size, although the authors noted that the cortisol
response varied, specifically among individuals (Michelena et al., 2012). Alon et al.
(2021) observed the opposite pattern in sheep, with increasing group numbers causing
increases in cortisol. In ring tailed lemurs, Pride (2005) described significant effects of
group size on cortisol, whereas Rudolph et al. (2019) found no correlation between
the two in the same species. In captive meerkats (Suricata suricatta), FGM
concentrations declined as group size increased (Scott et al., 2017), yet wild
populations have reflected opposite patterns, with cortisol increasing with group size
(Santema, 2013). This difference may be attributed to increased intraspecific

competition for resources in wild populations that are not present in captive
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populations, with stable nutritional statuses enabled in captive populations, regardless
of their dominance status (Scott et al., 2017).

4.4.3.2.The Effect of Sex and Age-Sex Classes (Social Groups)...
4.4.3.2.1... On Cortisol

The best-fitting model found did not include sex as a predicting variable to estimate
cortisol concentrations in guanaco faecal samples. Across the entire population of
adults, females exhibited significantly higher cortisol concentrations than males.
Despite this, the highest recorded cortisol levels throughout the study were observed
in maternal group males on the ranch site. Iteroparous mammal males typically
experience higher basal, or stress-induced, cortisol levels than females in the breeding
season (Boonstra et al., 2001) with the same reported in previous assessments for
guanaco (Ovejero-Aguilar et al., 2016; Luna et al., 2020). Males on ranch sites may
have exhibited significantly higher cortisol levels than other males due to their fixed
location within a more stressful environment. Although inferences drawn from this

should be received with caution, given the low sample numbers (Medill et al., 2023).

The magnitude of physiological responses to stressors may vary between sexes
(Hadinger et al., 2015; Neuman Lee and French, 2017). For example, heightened
sensitivity to environmental stressors was seen for female, but not male baboons
(Papio anubis) during drought conditions (Fardi, 2013). In ungulates, roan antelope
FGM concentrations are correlated with environmental variables (temperature and
precipitation) during the dry season, for females, but not for males (Kamgang et al.,
2022). Such studies reflect evidence that faecal cortisol levels may be sex-specific,
and may complicate predictions of cortisol content. Differences between sexes may
be caused by sex-specific metabolism or physiological differences between males and
females may also occur. For instance, different sexes may excrete differing levels of
other metabolites that can potentially cross-react with an antibody used in an assay
(Goymann, 2005)

Despite general patterns that occur between sexes (females typically exhibiting higher
cortisol than males; Reeder and Kramer, 2005), sex may actually be less of an

important predictor of FGMs than variables relating to the social environment.
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McKenzie et al. (2003) found no effect of sex on cortisol levels in tammar wallaby
(Macropus eugenii). In ungulate species, Potratz et al. (2019) found no effect of sex
on cortisol levels in white-tailed deer. The cortisol levels of bison seemingly are
consistently found to be uninfluenced by sex. Instead, multiple authors have
suggested FGMs are instead linked to age, group size, dominance rank, and access
to females, but also interactions between them (Mooring et al., 2006; Klich et al., 2021,
Ramos et al., 2022). However, in direct opposition to this study, Gregorio et al. (2019)
found sex to be a significant predictor of cortisol in guanaco but found no differences
between cortisol in guanaco males and females. Age-sex class (social group) was not
included as a predictor variable in the best model for estimations of cortisol metabolite
concentrations in guanaco faecal samples. In elephants, social group type was also
found not to influence predicted FGMs (Oduor et al., 2020), and no significant
differences in cortisol levels were seen between male red deer of different social
groups or dominance levels (Barto$ et al., 1998). Clearly work is needed to disentangle
the relationships between sexes, specifically for each species assessed, including

guanaco.

4.4.3.2.1... On Testosterone

The best-fitting model to estimate testosterone content of guanaco faecal samples
also did not include the sex of an individual as a predictor variable. The highest levels
of testosterone recorded throughout the study were observed in maternal group males
(again on ranch sites). However, guanaco females, exhibited no significant differences

in testosterone levels than males, across the adult population.

Other variations of testosterone in female ungulates have been linked with interactions
between female conspecifics of a herd, and testosterone has been consistently shown
to elevate social ranking in female ungulates (Bouissou, 1983). For example, high
testosterone in Nubian Ibex (Capra nubiana) females was found to be associated with
increased conspecific aggressions in early and mid-lactation, and was recorded in the
highest concentrations in the highest fertile ranking females (Shargal et al., 2008).
Given the evidence that maternal groups of guanaco are based on female hierarchies
(Correa et al., 2013), testosterone may be more important for understanding

relationships between females of this species than previously thought. In the current
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study, data on guanaco female social ranks, or even the specific number of females
per group, was not attainable within the methodology; however, future research may
benefit from examining the relationship between cortisol and testosterone in relation

to female social rank and numbers.

Testosterone in male ungulates is frequently positively associated with the onset of
the breeding season as a result of increased male-male competition and/or territory
establishment (Creel, 2001; 2005). Elevated testosterone levels occur during the
rutting period, and this trend has been observed in many ungulate species, including
Bison (Mooring et al., 2004), chamois (Corlani and Bassato, 2014), bighorn sheep
(Pelletier et al., 2003), and blue wildebeest (Malungo et al., 2023). While also included
as a measure for biological validation (see Chapter 3), as suggested by Ovejero-
Aguilar et al. (2016), testosterone metabolite concentrations in guanaco faecal
samples were best predicted by the Age-Sex class of the individual they were collected

from, lending strength to the method of biological validation chosen.

Concurrent with the results of the present study, Ovejero et al. (2013) reported similar
testosterone concentrations values between lone males and maternal males,
attributing this to the lack of any established social hierarchy between lone males.
Guanaco male fighting activity increases significantly during the breeding season
(Wilson and Franklin, 1985; Lucherini, 1996), during which this study took place, and
fights between maternal group males and rivals were commonly witnessed during the
fieldwork component of this thesis (A. Lancaster personal observation). Winning fights
in mammals has been shown to not only elevate testosterone levels (Sachser and
Prove 1984; Jennings and Gammell, 2013), but may also increase the ability to win
fights again in the future (Oyegbile and Marler, 2005; Oliveira et al., 2009). Maternal
group males are frequently challenged by lone males over their territories and
resources (see Section 1.2.2 for more details), and successful defenders of territories,
i.e., consistent winners, may have higher testosterone levels than their adversaries. If
as would be expected in maternal group males currently holding harems and

favourable territory.

4.4.3.3 Circadian Variation
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Circadian variation was assessed in guanaco for both testosterone and cortisol,
although, the time of day that the faecal sample was collected had no correlation with
or effect on either hormone metabolites in guanaco, matching other studies on the
time of day on cortisol in guanaco (Taraborelli et al.,, 2017). While the effect of
photoperiod has not been assessed for cortisol and testosterone release in guanaco,
the species has been shown to follow an endogenous circannual rhythm in plasma
concentrations of prolactin (Correa et al., 2020). Additionally, Correa et al., (2024)
recently showed that melatonin concentrations in guanaco were lower on long days
than short days, whereas other hormone concentrations, including FSH, LH, and 17§3-
estradiol, were higher on long days. Circadian variation of hormones may remain
important for species where strong effects have already been seen, such as in
primates (McCallister et al., 2004), and as the time of collection of faecal samples is
easy to record, is something worth including in analyses regardless, as for some
species it may improve estimations in statistical modelling as a predicting variable
(Touma et al., 2003; Ventrella et al., 2020; Edwards, 2022).

4.4.6 Conclusion

In conclusion, the results of this study showed no physiological impact of sheep on
guanaco, suggesting that interspecific competition between the two does not result in
any changes to the individual's basal cortisol or testosterone levels. Instead, predictor
variables associated with the social environment may be of better use in future, for

both exploratory analyses and in biological validations of assays.

It is important that any future physiological studies on the effects of competitors are
carried out over consecutive seasons. Seasonal changes in cortisol concentrations
are something that have been consistently recorded throughout mammal species
(French et al., 2010; Hogan et al., 2012; Marcilla et al., 2012), including ungulates
such as chamois (Dalmau et al., 2007), plains zebra, and springbok (Antidorcas
marsupialis; Cizauskas et al., 2015) and it is highly probable that the specific season
affects the cortisol production of the guanaco sampled throughout this study, given
that species with a well-defined breeding season may be especially prone to such
patterns (Hogan et al., 2012). Testosterone in ungulate species also undergoes

seasonal variation. For example, free-ranging male African buffalo (Syncerus caffer)
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regularly experience seasonal changes in testosterone (Brown et al., 1991), as do
white-tailed deer (Gomes et al., 2021), reindeer (Whitehead and MacEwan, 1973), and
ibex (Santiago-Moreno et al., 2012). In guanaco, Gregorio et al. (2019) showed
marked increases in the FGMs across both sexes from winter into summer. The author
hypothesised this occurred due to the onset of the reproductive season, triggering
gestation and lactation in females and more frequent behavioural displays in males,
both of which elevate cortisol levels (Gregorio et al. 2019). Similarly, Ovejero-Aguilar
et al. (2016) showed male guanaco also undergoes seasonal variation in both
testosterone and cortisol. Additionally, the abundance of foraging vegetation in
Patagonia occurs seasonally (see Table 2.3), and so the degree of competition in a
species pair will also likely follow this pattern, with increased competition in limiting
seasons, like Winter. As such, sampling over multiple seasons is required for further
comparison, if conclusions about long-term fitness (resultant of physiological
changes), from interspecific competition, are to be drawn for guanaco and sheep.

Despite this, widescale variation in results, even between species, exists. Therein lies
a key problem with assessments of competition physiology. Where general patterns
and inferences are surmised, there still appears to always be exceptions to the rule.
The widescale variation, among species in terms of their hormones or fithess
relationships can be attributed to various individual or demographic (sex, age,
population density), social (dominance rank, group size, number of juveniles present,
age-sex classes/social groups), or environmental (interspecific competition, predation,
resource availability, parasitism) factors, which also differ considerably between sites
and contexts, making conclusions difficult (Ovejero-Aguilar et al., 2016). Even within
individual species, consistencies have been demonstrated, raising some doubts about
the results of physiological studies, given that even slight variations in ecological

context may result in vastly different endocrine profiles.
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Chapter 5: Summary and Conclusion

5.0 Summary of Key Results

The main objective of this thesis was to examine if competition with sheep manifests
in behavioural and physiological responses by guanaco. Such examinations may shed
insight into the mechanisms of competition between this species pair, in order to
properly understand relationships between them and aid future conservation
management. In Chapter 2 guanaco foraging behaviour seemingly changes when
domestic sheep are present in high densities. Guanaco bite rates generally increased
with foraging vegetation availability, yet at increased livestock stocking densities, and
thus, competitive grazing pressure, the inverse of this was seen, with bite rates
declining with vegetation availability. Following this, Chapters 3 and 4 then sought to
determine whether sheep presence effects guanaco physiology. However, this
appears not to be the case, with guanaco faecal cortisol concentrations chiefly
predicted by the group size and composition (humber of juveniles and adults present).
Likewise, guanaco faecal testosterone concentrations were not predicted by sheep
presence or absence, and instead were more related to the different social groups of
guanaco. In conjunction with existing literature evidence, this thesis contributes to the
growing body of research aiming to understand guanaco-sheep relationships.

However, some questions remain:

Firstly, although the switch in bite rate patterns when sheep densities are high might
suggest competition, could there be potential for this to indicate facilitation, or even

resource partitioning, between the two species?

Secondly, given the strong likelihood of interspecific competition between guanaco
and sheep, why was no effect found on their physiology? Stemming from this, should
physiological measures be used to assess competition, given the large variation in

existing results?

| conclude the thesis with a discussion of these points, as well as general remarks,
comments, and recommendations for the future of guanaco-sheep management in

Patagonia.

195



5.1 Alternative Hypotheses For The Foraging Relationship

Between Guanaco And Sheep

As explored throughout the thesis, a vast amount of prior research already asserts
competition between guanaco and sheep in Patagonia (see Baldi et al., 2001; 2004;
2010; 2018; Oliva et al., 2019; 2020; Marino et al., 2020; Pontigo et al., 2020; Corti et
al., 2022; Marino and Rodriguez, 2022), and so the relationship between the two
species has traditionally been viewed through the lens of competition for resources.
Yet, is it possible that the relationship between guanaco and sheep be facilitative

rather than competitive, or could resource partitioning occur between the two species?

There are situations where both competition and facilitation may occur within the same
system, with different weights, dependant on the resource availability (Nichols, 2012).
Positive interactions have previously been observed between domestic livestock
(cattle) and wild ungulate species in Kenya, where resource facilitation is known to
occur (Odadi et al., 2011). During wet seasons, where foraging resources naturally
increase in abundance, the presence of wild ungulates enhances food quality
resources for livestock, causing them to gain body mass (Riginos et al.,, 2012;
Augustine and Springer, 2013). However, during the dry season, the interaction turns
negative, leading to competition and resulting in livestock losing body mass (du Toit,
2011; Odadi et al., 2011). The same has been proposed in ungulate systems in Nepal,
where during the monsoonal growing season, large megaherbivores facilitate smaller
deer species, while the smaller and more selective deer species outcompete the larger

ones during the dry season, when food is scarcer (Wegge et al., 2006).

Facilitation may be enabled between guanaco and sheep in ranches with a variety of
habitat types, abundant favourable vegetation, and seasonal, continuous or rotational
grazing systems, or combinations of these factors (Lancaster et al., 2022). These
conditions can encourage the regrowth of desirable vegetation, enabling both species
to access adequate forage, as observed in other ungulate systems (Odadi et al.,
2011). As discussed in Chapter 2, the ranch site (SER; sheep present) in Tierra del
Fuego is rich in both typical Patagonian steppe vegetation, as well as nutritious
vegetation, such as cultivated grasses provided specifically for livestock rearing. In
areas like this, with diverse habitats and abundant vegetation, and thus ample foraging
resources, the presence of sheep could enhance the availability of high-quality forage
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for guanacos (Lancaster et al., 2022). Moderate levels of sheep grazing can cause
regrowth of palatable or nutritious plant species, even on the Patagonian steppe
(Onatibia and Aguiar, 2019), benefitting both species, although such assumptions of
facilitation do not account for the effects of trampling and nutrient recycling by grazing
animals (Watkin and Clements, 1978). In such contexts, it is possible that guanaco
adjust their foraging behaviour to capitalise on the improved forage availability
created by sheep grazing, which would suggest something more akin to a facilitative

relationship, rather than strict competition.

Previous studies have shown high overlaps in dietary overlap between guanacos and
sheep (Baldi et al., 2004; Pontigo et al., 2020). Raedeke (1979) concluded that
guanaco can only coexist with sheep in Tierra del Fuego by occupying the niche
portions that are left unused by sheep (Pianka, 1974). Overlaps in one niche
dimension, such as habitat usage, may naturally accompany or lead to changes in
other niche dimensions (Pianka, 1974; Hanley, 1984). Therefore, resource partitioning
may occur despite high overlaps in dietary niche, allowing coexistence of the two
species without competitive interactions. Additionally, evidence of spatial segregation
between the guanaco and sheep (Acebes et al., 2012; Iranzo et al., 2013) suggests
that foraging vegetation may be obtained from different parts of shared ranches,
although this microhabitat use is also influenced by the vegetation biomass availability
(Iranzo et al., 2022).

Raedeke (1979) observed that an abundance of tall edible shrubs, in combination with
the salt and tussock grasses typical of the Patagonian steppe, may enable the co-
occurrence of guanacos and sheep, indicating an additional vertical partitioning of food
resources. As grazers, sheep typically feed on vegetation only up to a height of about
0.75m, while guanacos may reach as high as 2.6m (Raedeke, 1979). This fact aligns
with comments by some ranch owner's perspectives on their tolerance of guanacos
on ranches, [given that] "they forage at different heights than sheep” (Marino and
Rodriguez, 2022). A study conducted in Argentina’s Chubut Province found that tall
shrubs were a significant predictor of guanaco abundance in sheep ranches at the
local scale (Burgi, 2013), suggesting that this is a common pattern across Patagonian
habitats.
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This stratification may be a function both of body size and digestive ability, with larger
animals typically able to tolerate lower-quality forage (found higher up), compared to
smaller ungulate species (Cromsigt and OIff, 2006). Vertical zonation-partitioning has
been suggested to occur in other competitive contexts involving ungulates. While wild
giraffe and domestic dromedary camels have significant overlaps in plant species
consumption, no direct foraging height overlaps exist between the two species
(O’Connor et al., 2015). Coexistence is reportedly enabled between four-horned
antelope (Tetracerus quadricornis) and muntjac deer (Muntiacus reevesi) by their

foraging at different strata within Nepalese forests (Pokharel et al., 2015).

However, such conclusions should be drawn with caution. In such scenarios, the
guestion of facilitation, partitioning, or competition can easily be reversed — smaller
species may consume higher-quality foods from below, forcing larger species to feed
on the lower-quality foods found above (Nichols, 2012; Nichols and Spong, 2014). For
instance, moose are forced to shift their bites upward when sharing habitat with
smaller deer species, which outcompete moose for ground-level shrubs (Spitzer et al.,
2021). Similarly, in Botswana, different sized browsers and mixed feeders typically
took selective bites from the lower parts of the canopy, but once these were exhausted,

they moved to higher portions of the canopy for feeding (Makhabu, 2005).

Even giraffe, the tallest ungulate species, were found to forage for longer periods in
the upper parts of the canopy, despite being able to reach the lower levels as well
(O’Connor et al., 2015). However, facilitation was determined to not occur in this
system because the giraffe's bites were out of reach for smaller species, such as
impala. Instead, the smaller species took smaller, more selective bites in the lower
canopy, making it less profitable for giraffes to forage in that layer as well (Woolnough
and Du Toit, 2001). In practice, it is probable that there is a mix of these two
components in such instances: smaller species may outcompete larger species for
low down higher quality forage down due to their ability to subsist on sparser, shorter
vegetation (Jarman, 1974), but simultaneously, larger species consuming larger

amounts of lower quality food from above can potentially facilitate the smaller species.

The endocrinological component of this thesis found no differences between guanaco
on sites where sheep were present and absent, for either cortisol or testosterone. As
discussed in Section 4.4.1, stressors may also become non-stressors as animals
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become habituated to them through regular exposure (Grissom and Bhatnagar, 2009;
Rankin et al., 2009; Koolhaas et al., 2011). If guanaco are habituated to domestic
sheep on the Patagonian Steppe, they may not experience any adverse adrenal
response at all in their presence, even though ample evidence suggests competition
between the two. Alternatively, if the two species facilitate one another, then the
presence of the other may not cause a hormonal response, in either cortisol or
testosterone. The presence of guanacos may benefit sheep by deterring predators
such as puma and culpeo foxes (apparent competition). Guanacos invest heavily in
vigilant behaviours, and their presence may provide a form of sentinel behaviour, as
suggested for giraffe and wildebeest, and zebra, where both benefit more from herding
zebra, which are more reliable detectors of predation risk (Schmitt et al., 2016; Meise
et al., 2020). Wildebeest must also offer zebra an advantage, even if not on the same
scale, as mixed species herding reduced vigilance rates in zebra in the same system
(Stears et al., 2020).

Yet, many of studies have documented clear competitive interactions between the two
species. Guanaco abundance has been negatively correlated with both sheep density
and preferred forage availability, while sheep densities were positively correlated with
the preferred forage, supporting the idea that guanacos are frequently outcompeted
by sheep on ranches where foraging vegetation resources are less abundant (Baldi et
al., 2001; Burgi et al., 2011). High sheep densities remove favourable vegetation (Baldi
et al., 2004; Travaini et al., 2015) and destroy steppe through trampling related erosion
(Oliva et al., 2020; 2022), including the preferred shrub vegetation for guanaco, of
which regrowth is limited (Cingolani 1999; et al., 2005). Apparent competition is also
evident, with increased parasite transmission to guanaco in areas shared with sheep
(Corti et al., 2022; Rago et al., 2022).

In summary, typical interactions between sheep and guanaco on the Patagonian
Steppe are likely competitive, although there exist potential scenarios where
facilitation may occur if foraging abundances are high and sheep stocking densities
are moderate. Resource partitioning is unlikely given the short common evolutionary
period of guanaco and sheep, meaning adaptations that would allow this have most
likely not had sufficient time to evolve (Chapman et al. 1985; 1993; Marshal et al.,
2009). Additionally, evidence that guanacos avoided some plant species when sheep

are absent, but selected the same plant species in areas with sheep present, would
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suggest competition, rather than partitioning, given that sheep do not show the same
selection pattern when guanaco are absent or present (Feretti et al., 2015; Pontigo et
al., 2020). This, coupled with evidence derived in this thesis that sheep densities
appear to change the way that guanaco forage, continues to add to the body of

research that suggests competitive, rather than facilitative interactions between
guanaco and sheep.
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5.2 Physiological Assessments of Competition

5.2.1 Previous Assessments of Competition through Combined

Behavioural Observations and Assessment of Glucocorticoid Levels

Assessing behaviour in response to the presence of a competitor is a logical ‘next
step’ after determining overlaps in shared, limited resources. Essentially, researchers
are looking to determine whether any behavioural changes in response to competition

result in a negative effect, identified in either one or both of the species involved.

Behavioural adaptations to competition may differ greatly between species groups and
the specific contexts (i.e., native vs. non-native competitors). Negative effects may be
observable through competing species’ interactions, such as direct agonistic
interactions. However, such interactions are rarely observed, and so assessing
changes relating to the identified shared resource probably makes more sense. A
species experiencing a negative effect, such as a change in behaviour, as a result of
competition may also experience other negative effects. Yet few studies have
considered the impact of livestock as competitors on the stress (glucocorticoids) and
gonadal (testosterone) responses of wildlife to determine whether a negative effect
can be seen here. Here, some of the species pairings are discussed in which both
aspects of behaviour and physiology have been investigated in response to
interspecific competition and assess the results in relation to the results described
throughout this thesis for guanaco, in which only the behavioural impacts of

competition were observed.

5.1.1.1 Studies Confirming both Behavioural and Physiological Impact

(Glucocorticoids) of Competitors

A number of studies have confirmed significant physiological effects of competitors, in
addition to confirmation through observed behavioural changes. The majority of the

evidence for this idea has been presented in non-mammal subjects.

Tidewater goby (Eucyclogobius newberryi), an endangered native fish species, shares
parts of its natural range with two interspecific competitors: native threespine

stickleback (Gasterosteus aculeatus) and non-native rainwater killifish (Lucania parva;
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USFWS, 2005). Behavioural observations have first provided sufficient evidence for
competition between all three species when food resources were limited (Chase and
Todgham, 2016). Following this up, Chase et al., (2016) assessed competition
between the three species by examining the whole-body cortisol levels of E. newberryi
in the presence of both competitors. The authors found that in response to reduced
food availability, E. newberryi experienced the greatest physiological effect (i.e.,
increased cortisol levels) as a result of the presence of native G. aculeatus, compared
to minimal physiological effects from the non-native L. parva (Chase et al., 2016).
Another study combining focal sampling and assessments in physiology, was
completed on fish species by McCormick (2009). Common Indo-Pacific damselfish
(Pomacentrus amboinensisi) also showed increases in ovarian cortisol in these fish,
almost doubling when interspecific competitors (other planktivorous damselfish) were
present (McCormick, 2009). The same was seen in the time devoted by females to
aggressive behaviours, which significantly increased when heterospecifics were
present compared to controls. Although feeding was assessed, data on whether the

competitor affected feeding or bite rates was not presented in this study.

Algerian mice (Mus spretus) compete with wild red deer and wild boar for food
resources (acorns), and mouse foraging behaviour is directly modified by ungulate
presence (Gallego et al.,, 2017; Sanchez-Gonzalez et al.,, 2017). Physiological
examinations of cortisol and corticosterone levels in mice showed that they had
elevated FGM concentrations in areas shared with ungulates as a result of the
increased soil compaction arising from ungulate movement (an indirect effect of
competition) (Navarro-Castilla et al., 2017; 2021).

Among previous examinations of ungulate species’ feeding behaviour, differing
digestive specialisations and niche overlap between the two species have suggested
that red deer are more likely to outcompete roe deer (Latham, 1999). While Franchini
et al. (2023) found that sympatric wild boar do not affect roe deer cortisol levels,
significant elevations in cortisol were observed in response to red deer. Similarly, data
on the feeding niches and digestive capacity indicates considerable potential for
exploitative competition between Rocky Mountain elk (Cervus elaphus nelsoni) and
Rocky Mountain mule deer (Odocoileus hemionus hemionus), with competitive effects
more likely to be experienced by the mule deer of the two (Collins and Urness, 1983).

Previous behavioural examinations of elk and mule deer also suggest competition,
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with experimental changes in elk densities shown to result in dietary changes in mule
deer as well as spatial avoidance of elk by the deer (Stewart et al., 2011). Interspecific
aggression between the two species has also been reported in the United States
(Stephens et al., 2003). In physiological examinations of the two species, the FGMs
of mule deer were shown to have a positive correlation with elk density and significant
decreases in body condition, in limiting seasons (Atwood et al., 2020). Roe deer, which
are frequently displaced by domestic cattle (Bos taurus; Latham et al., 1999), have
been shown to have high trophic niche overlap (Mussa et al., 2003) and avoid areas
frequented by cattle, most likely due to local reductions in the available forage
(Gaudiano et al., 2021). Roe deer FGMs have also been shown to be significantly
affected by the interaction between habitat quality and livestock presence, when living

with sympatric cattle (Horcajada-Sanchez et al., 2019).

5.1.1.2 Studies Showing No Evidence of Physiological Impact (Glucocorticoids)
of Competitors

While large differences exist, a number of studies echo what | have found for guanaco
and sheep: while behavioural changes indicate competition through the identification
of a negative effect, no physiological changes in terms of FGMs were observed.

Firstly, one such species pairing that competes for shared prey resources exists in
spotted hyenas and lions. Strong evidence, such as shared dietary niche overlaps
(Hayward and Kerley, 2008), has suggested a high potential for exploitation
competition between the two carnivores (Périquet et al., 2015). However, hyena FGM
concentrations were not shown to increase in the presence of lions (Van Meter et al.,
2009). Notably, this competitive relationship is much more difficult to disentangle than
those of ungulate pairs, such as guanaco and sheep, with each species acting as both
a predator and kleptoparasite of the other (Watts et al., 2010; Périquet et al., 2015;
Sgambelluri, 2018). In reptiles, native green anoles (Anolis carolinensis) are regularly
displaced by invasive brown anoles (Anolis sagrei; Magafa, 2017). Experiments on
the effects of each on plasma glucocorticoid concentrations were assessed when each
was introduced to the other. No negative effect was found, with the corticosterone
levels of neither species exhibiting no significant changes. Additionally, no effect was
seen on the aggression exhibited by either species when heterospecifics were
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introduced (Magafia, 2017). Bush et al. (2022) later showed no behavioural changes
as a result of invasions of the same species. The effects on foraging behaviour were

not assessed in either study.

In ungulates, dietary displacement of moose has been shown to occur by smaller
cervid species (Nichols and Spong, 2014; Spitzer et al., 2021), although Spong et al.
(2020) found no evidence that ungulate competitor density elevates cortisol levels in
moose. Resource competition has also been documented between roe deer and wild
boar throughout their sympatric ranges (Melberg, 2012). Behavioural evidence for
competition has also been shown between these two species, and wild boar are
assumed to be competitively superior to small and medium-sized ungulates like roe
deer, due to their dietary opportunism and ability to physically displace heterospecifics
(Taylor et al., 1998; Elston and Hewitt, 2010). Roe deer have also been shown to
display non-random movement patterns towards wild boar and were seen more
frequently in areas with low wild boar presence (Melberg, 2012). Again, despite this,
cortisol concentrations in roe deer were found not to be affected by wild boar
population densities (Franchini et al., 2023), as observed in the current study for FGMs
of guanaco, which are seemingly unaffected by sheep absence or presence.
Consequently, measuring competition through examinations of physiology can lead to
mixed or confusing results, and so drawing conclusions about competition from

physiological studies is probably only valid after extensive, multi-season testing.

5.1.2 Assessments of Competition through Combined Behavioural

Observation and Assessment of Testosterone Levels

In the present study, sheep presence had no effect on levels of testosterone in
guanaco. Assessments of testosterone in interspecific competition have received less
research attention than similar comparisons assessing impacts on glucocorticoids,
and | found no study that assessed this after assessing behavioural changes in feeding
or foraging behaviours. Given how limited in number these studies are, studies where
effects of interspecific competition was found and had no effect, are discussed

together.
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5.1.2.1 Previous Studies Assessing the Effects of Interspecific Competitors on
Testosterone

In birds, Owen-Ashley and Butler (2004) showed that high androgen concentrations in
Townsend’s warblers (Dendroica townsendi) are related to higher levels of aggression
exhibited by males, which have enabled D. townsendii to effectively outcompete and
replace sympatric Hermit warblers (Dendroica occidentalis), over much of their
historical range. In simulated territorial intrusions by plain-coloured seedeater
(Catamenia orrnata), subject rufous-collared sparrows (Zonotrichia capensis) were
shown to have significantly higher testosterone levels in individuals challenged with
territory intrusions of conspecifics (Moore et al., 2002). Although anthropogenically
introduced in this instance, the two species are sympatric competitors over their
natural ranges (Moore et al., 2002). Conversely, house sparrows (Passer domesticus),
which are an interspecific competitor of nests, nesting sites, and materials for eastern
bluebirds (Sialia sialis), caused no elevated testosterone response in bluebirds
(Ambardar and Grindstaff, 2017).

A large proportion of studies that have examined the effects of heterospecifics on
testosterone have focused on fish as species subjects (see Van Zwol, 2011; Vulliod
et al., 2013). In amphibians, Fijian ground frogs (Platymantis vitiana), exposed to high
densities of invasive cane toad (Rhinella marina), experienced suppressed urinary
testosterone (and increased glucocorticoid) levels (Narayan et al., 2015). Again, this
relationship is more difficult to interpret. Cane toads frequently prey on, induce fear,
and elicit a stress response in Fijian ground frogs, but also compete with them for other
food resources (Narayan et al., 2013).

While no studies have previously assessed the effects of interspecific competition on
ungulates species’ testosterone levels, suggestions that link them have been made.
The case study of musth elephants as one link to heightened aggression (mediated
through heightened testosterone) towards interspecific competitors was used in
Chapter 4. Another potential link between testosterone and interspecific competition
(through direct displacement and aggression) could be interpreted through aggressive
interspecific interactions occasionally described in mixed-species exhibits (MSES) in

Z0O0s.
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Interspecific competition between species in MSEs is likely more exacerbated than in
in-situ contexts, with significant limitations to the space (Scott et al., 2017). Indeed,
Andersen (1992) observed a negative relationship between enclosure size and the
degree of interspecific competition (through observed aggressive displacement or
interactions) between species in MSEs. Popp (1984) studied aggression between
ungulates in MSEs and found that increases in aggression between species were
primarily triggered by mating activity, births, and the introduction of new animals to the
exhibit. While Popp (1984) reported these events solely through observation of
behaviours, no measures of either cortisol or testosterone were made. In ungulates,
both reproduction (Creel, 2001; Creel, 2005; Mooring et al., 2004; Pelletier et al., 2003;
Malungo et al., 2023) and pregnancy and birthing (Gaiani et al., 1984; Silberzahn et
al., 1984; Pavitt et al., 2016; Deacon et al., 2024) are associated with high fluctuations
in both cortisol and testosterone. Furthermore, the introduction of new enclosure-
mates for captive species has been shown to previously affect the glucocorticoid and
androgen levels of both members of the original population (Schmid et al., 2001; Burks
et al., 2004) and newcomers (Loeding et al., 2011). Similarly, periodic events, such as
the rutting season for many cervids, are often synonymous with high levels of
testosterone experienced by ungulates (Lincoln et al., 1972; Ventrella et al., 2018). In
MSEs, interspecific conflict between different Artiodactylae is not uncommon during
rutting periods, and males will compete regardless of their size or species, with the
resulting risk of injuries a real concern for animal handlers and zoo managers (Carisch
et al., 2017).

One approach to reducing interspecific aggression in MSEs is to house only bachelor
herds, as in Leipzig Zoo and Hannover Zoo (see Oberwemmer, 2004, as discussed in
Probst and Matschei, 2008; Veasey and Hammer, 2010). As shown in Chapters 3
and 4, guanaco bachelor males had significantly lower testosterone levels of FAMs
than reproductive males, and this trend has also been shown to be true in various
other ungulate species (Miller et al., 1987; Rachlow et al., 1998; Chunwang et al.,
2004; Rajagopal et al., 2018). Although aggression is known to be mediated by
testosterone (Wingfield et al., 1989; Simpson, 2001; Shargal et al., 2008), no study
has examined the effects of introduced competitors on a species’ testosterone levels
in MSEs. Captive zoological collections may offer a better opportunity to examine this

link (multiple opportunities to repeatedly take samples, easy accessibility, etc.) than in
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an in-situ context, so it is no surprise that most studies that have examined the effects
of interspecific competitors on testosterone have done so in semi-wild, controlled

conditions.

5.1.3 Why might Interspecific Competitors have no Physiological

Impact?

In the studies of the effects of competitors on the cortisol and testosterone levels of
wildlife, results have proven highly variable between species groups, making the
presentation or prediction of general rules about a competitor’s direct effects on
another animal’s physiology difficult. In the studies that have examined effects of
competitors on the cortisol and testosterone levels of wildlife, with results highly
variable between species groups, making it difficult to present or predict general rules
of whether competitors directly affect an animal’s physiology. In all of the studies that
have assessed this, the abundance or availability of feeding resources in the sampling
period could be a reason why no changes were found on hormone metabolite
concentrations between sites with sheep and without. Additionally, experimental,
semi-wild, or laboratory based examinations such as Chase et al. (2016) and Magafa
(2017) of interspecific competition, where food is provided or supplemented by the
researchers, are unlikely to reflect true levels of competition seen in the field, as in the

current research, where food resources are naturally limited.

Interspecific competitors may have no direct effect on the stress response of an animal
because glucocorticoid levels could instead be more closely related to the abundance
of foraging resources. In contexts or environments where resources are unpredictable
or seasonally scarce, competition may elicit stronger stress responses (Creel et al.,
2013). Conversely, in environments where resources are abundant or stable, even
intense competition may not trigger significant hormonal changes (Wingfield et al.,
1998). For instance, impala have lower FGM concentrations when forage is abundant,
whereas high FGMs when it is scarce, even accounting for human disturbance
(Hunninck et al., 2020). Similar patterns have been observed in other ungulates
(Millspaugh, 1999; Atwood et al., 2020; Troup et al.,, 2022; Hariohay, 2023).
Interspecific competition often results in limitations to shared resources (such as
foraging vegetation abundance) available to multi-species assemblages (Wiens, 1989;
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Murray and lllius, 2000). Given the low densities of both sheep and guanaco during
the season faecal sampling was conducted, despite low foraging vegetation
abundances, coexistence may have been enabled through facilitation, and thus
competitive effects (if any) were not pronounced enough to be seen in the faecal
cortisol or testosterone levels of guanaco. Further vegetation, animal density counts,
and faecal sampling would be required over subsequent seasons (including limiting

seasons) to assess this for guanaco.

Physiological measurements may also not be sensitive enough to pick up on subtle
competitive changes that occur quickly, such as the short-lived presence of a
heterospecific rival. In such instances, behavioural observations are probably more
effective in the assessment of competition than physiological examinations. Species
may also vary in their sensitivity both to competition and to stress. For example,
predator species may exhibit strong adrenal responses to interspecific competition due
to their increased resource requirements (Romero, 2004). Conversely, for herbivores
like guanaco, hormonal changes in response to interspecific competition may be
markedly less than in response to other stressors, such as predators, or intraspecific
competitors (Creel et al., 2007).

The nature of competition may also affect the stress responses of animals. For
instance, adrenal responses as a result of direct and indirect probably differ, with direct
agonistic interference between species likely to elicit markedly different hormonal

responses to competitive depletion.
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5.3 Potential Site Differences Causing Differences in

Guanaco Faecal Cortisol and Testosterone Content

One limitation of the endocrinological component was the two sites’ proximity to each
other, which may explain why no differences in hormones were found between sites
in guanaco faecal samples. Study sites may differ naturally, in vegetation composition,
predator abundance, local climate, or habitat availability, all of which can affect FGMs
of wildlife, and could have impacted hormone levels of guanaco in the current study.
As remarked by Goymann (2012), it is extremely difficult to conduct hormone
monitoring on wildlife populations due to numerous confounding variables, many of
which were unknown in this study. This becomes even more difficult to deduce when
variables are linked; for instance, the diet of an individual female directly affects that
animal’s lactation ability (Ensminger et al., 2020). In addition to differences between
sites in the foraging vegetation available (see Section 2.3.2). There were a number of
differences, other than the presence and absence of sheep, between the two sites
from which guanaco faecal samples were collected which may have impacted cortisol
more than sheep presence or absence at the two sites used: Pali Aike National Park
(PANP) (sheep absent) and the surrounding Cafiadon Grande ranch system (CAN)

(sheep present).

5.3.1 Predation, Anthropogenic Pressures, and Parasitism
5.3.1.1 Predation

Measures for predation pressure or density were not quantified, although all predators
(see Section 1.2.4.2 for more information) occurred across both CAN (sheep present)
and PANP (sheep absent), although probably in lower densities on CAN than PANP
(Lancaster et al., 2022). Gustafson et al. (1998) showed that up to 68% of guanaco
mortality in the first year was a result of puma (Puma concolor) predation. Predation
risk by felid or canid predators has been demonstrated to affect cortisol concentrations
in other ungulates. Horses exposed to recordings of the vocalisations of leopards
(Panthera pardus nimr), and wolves (Canis lupus) had increased salivary cortisol
concentrations for both predators (Janczarek et al.,, 2020). Dulude-de Broin et al.

(2019) showed that the average annual faecal glucocorticoid concentrations of
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mountain goats (Oreamnos americanus) were positively associated with the number
of predator sightings (wolves, bears, and puma) in the area of their study population.
For moose, the distance to the nearest wolf-occupied territory is also correlated with
cortisol levels (Spong et al., 2020). Thus, itis possible that predation pressure by puma
and/or culpeo (Lycalopex culpaeus) has an effect on the FGMs of guanaco, especially

in females, as seen in other ungulates with canid or felid predators.

In some predator-prey systems, this predation-stress response is not observed. Elk
(Cervus elaphus) showed no stress response to wolf reintroduction in Yellowstone
National Park (Creel et al., 2009). Furthermore, cortisol concentrations in saliva
samples of neonatal white-tailed deer in southern Pennsylvania, USA, were higher in
areas where both predator densities and associated predation risk were low
(Ensminger et al., 2020). Zebra also showed no elevations in areas where lions were
present (Périquet et al., 2017), and neither did impala or blue wildebeest (Chizzola et
al., 2018). Clearly, work is needed to clarify the relationship between predation and
herbivore stress responses, including for guanaco. If predation does increase cortisol
levels in guanaco, predation risk in PANP may have an increased effect relative to
CAN. As with habituation to competition however, lower predation risk may actually
cause increased individual stress in an animal when potential risks are perceived than
in an area with high predation, where individuals are more commonly used to sightings

of predators (Barcellos et al., 2010; Fonner and Woodkey, 2015)

5.3.1.2 Anthropogenic Disturbance

The degree of anthropogenic influence or disturbance experienced can also vary
greatly between sites, with characteristics such as hunting pressure, levels of tourism,
the number of roads, and forestry or logging activity all affecting wildlife (Lunde et al.,
2015; Ewacha et al., 2017). Zbyryt et al. (2018) showed that in roe and red deer, faecal
glucocorticoid metabolites in six study populations were significantly higher in areas
that had no predators but experienced high amounts of anthropogenic activity.
Additionally, logging activity in Canada results in chronically elevated cortisol levels in

caribou (Rangifer tarandus caribou; Ewacha et al., 2017).

Levels of disturbance at the two study sites in the present study were not quantified;

however, differences do exist for the two sites featured in the current study of guanaco
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physiology. CAN (sheep present) features ranch workers (on foot and horseback),
machinery, and guardian/shepherd dogs, all of which are completely absent from
PANP (Lancaster et al., 2022) and all potential initiators of stress responses in wildlife
(George et al.,, 2014; Formenti et al., 2018). Furthermore, evidence of wildlife
persecution (shotgun shells and traps) was seen on CAN, and while this does not
necessarily mean guanaco were the target species, human hunting has been shown
to affect the cortisol levels in other ungulate species (Vilela et al., 2020). Human
persecution of predators such as puma, culpeo foxes, and raptors (see Section 1.2.4.2
for more information), which also sometimes prey on sheep (Novaro, 1997), may act
as a ‘human shield’ to herbivores by reducing predator density (Berger, 2007), which

could affect FGMs of guanaco if they are indeed related to predation.

PANP (sheep absent) experiences tourism, although in lower densities than other
national parks in Chile such as Torres del Paine National Park (CONAF, 2023).
However, tourists are not permitted access to the private sheep ranch lands, including
CAN, and as such, they were completely absent from any of the ranch sites, where
the ranches are used by landowners and related workers or stakeholders only. The
presence of tourists and their associated noise (such as from vehicles, cameras, and
guides) may also be a source of stress for some animals (Behie et al., 2010; Thiel et
al., 2011; Pifieiro et al., 2012; Chen et al., 2021). In ungulates, chamois showed higher
FGMs in areas visited frequently by tourists than less accessible areas (Zwijacz-
Kozica et al., 2016). Red deer at Lyme Park in the United Kingdom were also found to
experience significantly higher levels of cortisol on days when tourist visitors were
present in larger numbers (Dixon et al., 2021). For testosterone, French et al. (2022)
showed male Galapagos marine iguanas (Amblyrhynchus cristatus) at sites
frequented by tourists had significantly higher testosterone concentrations than those
at an undisturbed site. However, the same lead author showed that serum
testosterone concentrations in another iguana species, the Bahamian rock iguana
(Cyclura cychlura figginsi), did not differ between sites with different levels of tourism
(French et al., 2010).

The presence of tourists at PANP warrants future investigation, especially if guanaco
populations decline and become more reliant on national parks. While there have been
studies conducted on the effects of the number of tourists, or tourist behaviours on the

faecal cortisol or testosterone metabolite concentrations of animals in zoos (Hosey
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2000; Davis et al., 2005; Scott et al., 2017), studies on the effects at national parks
are sorely lacking. Future research might also examine the effect of roads as a
disturbance to guanaco populations. Roads and associated traffic are known to
increase FGMs in ungulates (Ewacha et al., 2017; Iglesias-Merchan et al., 2018), as
well as having other negative effects such as movement constraints (Passoni et al.,
2021). GPS points were recorded at the collection of each faecal sample, and spatial
analyses could allow future quantification from road pressure, such as measurements
of distance from a defecation site to the nearest road (see Passoni et al., 2021; Jones
et al., 2022; Ortiz-Jiménez et al., 2022).

5.3.1.3 Parasitism

Levels of parasitism differ between the study areas that faecal samples were obtained
from. As part of a separate study that ran concurrently with those described in this
thesis, faecal samples were taken from guanaco dung middens to be assessed for
levels of parasites. Corti et al. (2022) found high amounts of pathogen shedding in
areas with sheep (including CAN) than at national park sites (including PANP) where
sheep were absent. Parasites can have negative impacts on the health of individual
ungulates (Shanebeck et al., 2022), and as a result, poor body condition is
synonymous with high parasite loads (Debeffe et al., 2016; Gold et al., 2019; Bourgoin
et al., 2021). Both of these factors are often shown to be associated with high cortisol
levels (Fleming, 1997; Muehlenbein and Watts, 2010; Defolie et al., 2020).

Parasitism is also frequently linked to changes in testosterone; however, the
associations between testosterone, parasitism, and immunity to that parasitism are
extremely complex (Ezenwa et al., 2012). Additionally, the relationship between
testosterone and parasitism is not ubiquitous for all types or species of parasites, even
if multiple parasite species occur within the same system (Ezenwa et al., 2012). For
example, Fuxjager et al. (2011) showed a free-ranging lizard species’ plasma
testosterone to be positively associated with endoparasites (Trombiculid mites),
negatively associated with a gastrointestinal nematode ectoparasite (Physaloptera
retusa), but not associated with a second nematode ectoparasite species
(Spauligodon giganticus). Additionally, high parasite loads are typically associated
with poor body condition, which in turn is also frequently correlated with elevated levels
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of cortisol (George et al., 2014). In ungulates, territorial males defending key resources
have been shown to exhibit higher gastrointestinal nematode burdens than non-
territorial males (Ezenwa, 2004; Corlatti et al., 2012). Males in maternal groups in CAN
were found to exhibit the highest levels of cortisol and testosterone levels throughout
the entirety of the study, as has been shown in other social vertebrates (Hausfater and
Watson, 1976; Muehlenbein, 2006; Negro et al., 2010; Habig et al., 2018). Given the
high abundance of nematode parasites at CAN, it is likely that parasitism affects the

levels of both hormones in guanaco between sites.

5.3.3 Assessments of Guanaco Physiology in Relation to

Competition with Domestic Sheep

A number of major limitations to assessing the physiology of wildlife species have
already been alluded to throughout this thesis. It is impossible to control for the sheer
number of variables that influence circulating hormone levels in free-ranging animals,

but there are also other limitations to the methodology used.

Firstly, individuals from the guanaco population were unable to be identified. Although
unlikely, even samples collected on different occasions may have come from the same
groups or individuals. Additionally, guanaco, unlike sheep, are able to navigate park
and ranch boundaries by jumping over fences (see Chapter 1). As such, with sampling
occurring across multiple days, it is possible that individuals from PANP later moved
to CAN or vice versa between sites. Secondly, the research was limited to a single
season, during the mid-late Patagonian summer and therefore cannot reflect the
seasonal variations in cortisol and testosterone concentrations that are demonstrated
in many ungulate species (Goymann et al., 2007), including guanaco (Gregorio et al.,
2019). The endocrinological work described in Chapters 3 and 4 belonged to a pilot
trial study, with subsequent sampling expected to be carried out in future months and
seasons, but was interrupted by the COVID-19 pandemic (see COVID-19
Disclaimer), allowing the collection of only one field season of faecal samples. That
field campaign took place during the breeding season, when circulating cortisol and
testosterone levels are likely to be at their highest in guanaco, as observed in other
ungulates (Miller et al., 1987; llius et al., 1983). In the future, it would be beneficial to

collect samples across multiple seasons to further determine this seasonal variation
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in the guanaco population in Magallanes’ national parks and surrounding sheep

ranches.

It is also possible that the sites’ close proximity to one another also had some
implications for the result that site did not affect the FGM concentrations of guanaco.
While fencing separates the PANP from CAN, adult guanaco are able to jump over
and travel freely between the national park and surrounding ranches (Baldi et al.,
2010). It is possible that the same individuals were sampled on consecutive dates, as
the research team had no method to mark individuals from whom faecal samples were
taken, especially considering the low densities on CAN. Although sheep and guanaco
densities for each site were calculated for each field season, in hindsight, when
collecting faecal samples, it would serve to count not just the number of guanaco
present in the nearest group (assumed to be the same group that the subject
defecating belongs to — also a limitation), but also the number of sheep visible in all

directions, to add another sheep density-related variable to statistical modelling.

Importantly, the non-invasive faecal sampling of guanaco also facilitates the
examination of other ecological data in relation to their use of dung middens. Collecting
faecal samples (provided the individual can be sexually identified during the
deposition) allows for further examination of sexual, or social group differences in dung
midden use, which would yield key information about guanaco territoriality. This data
was collected alongside the studies described throughout this thesis, and while the
assessment of midden usage by guanaco was never a planned inclusion for this
thesis, it serves to show the value of faecal sampling with a midden-using animal as
the species of interest. Such results have implications for the understanding of the
roles that dung middens play in territoriality and olfactory communication.
Comprehending the patterns of dung midden use by ungulates could heighten
understanding of these and other complex ecological processes and patterns in the
landscape (Tagwireyi et al., 2023). Non-invasive hormone sampling also has other
applications. Researchers may obtain other important information from the same
faecal sample bolus, such as assessment of dietary content (Pontigo et al., 2021),
DNA analysis (see Geary et al., 2023), gastrointestinal parasite egg counts (Corti et
al., 2022), and assessment of other hormones, allows for multi-disciplinary studies and

collaboration.

214



5.4 Directions for Future Research

5.4.1 Are Assessments of Competition through Conservation

Physiology Valid?

Due to the various environmental and social parameters that influence the physiology
of wildlife species (Janczarek et al., 2020; Husak et al., 2021), assessing a single biotic
factor as the sole cause of responses in cortisol or testosterone levels in wildlife
populations is challenging (Goymann, 2012). It is possible that as considerable site
differences exist, even between sites close in proximity (as in the present study) it is
impossible to understand what factors are actually impacting cortisol in each site as
these probably differ between sites. Even if differences in guanaco faecal cortisol had
been found between sites where sheep are present and absent, drawing inferences
from this result alone may be unwise. Variations in cortisol may occur due to
confounding variables actually cancelling one another out. For instance, while parasite
abundances in CAN (sheep present) are high (Corti et al., 2022), predation by pumas
is likely low on this site (Lancaster et al., 2022), so the effects of high concentrations
of cortisol in relation to parasite infections (Cizauskas et al., 2015; Bourgoin et al.,

2021) may cancel out reduced cortisol due to an absence of predators.

Species vary greatly in their sensitivity both to stress and competition. The relationship
between hormonal changes and interspecific competition can be affected by a
complex interplay of factors, including the specific shared resource contested (i.e.,
differing food resources Belant et al. 2006; mates; Lynch et al., 2002; Fichtel et al.,
2007), social structure (Olson and Van Deelen, 2024), environmental conditions (i.e.,
vegetation availability; Butt and Turner, 2012; rainfall; Esmaeili et al., 2024), season
(du Toit, 2011; Odadi et al., 2011), species-specific adaptations (Murray and Brown,
1993; O’Connor et al., 2015) and assemblages (Putman and Putman, 1996; Bowyer
et al., 2023). In some cases, competition appears to elicit hormonal responses
(Horcajada-Sanchez et al., 2019), while in others, it may have little, if any, effect
(Magafia, 2017; Atwood et al., 2020). As discussed, even within the same species,
known competitors may affect individuals in different ways. For example, while
European wildcats show no hormonal changes in response to foxes (Pifieiro et al.,
2015), they do so in response to golden jackals (Filacorda et al., 2021), even though

both may prey on or opportunistically kill wildcats.
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Recent suggestions have also posited that changes in FGMs could be due solely to
differences in metabolic rates, rather than perceived stressors, and that stress may
not be as synonymous with glucocorticoids as once thought (MacDougall-Shackleton
et al., 2019; Jimeno and Verhulst, 2023). Moreover, correlations between
glucocorticoids and various Darwinian fithess components are highly context-
dependent as well as varied in the degree and direction of effect (MacDougall-
Shackleton et al.,, 2019), making summaries about competition derived from
physiological investigations suspect. The main function of glucocorticoids is related to
energy mobilisation (see Section 1.3.2.3), which is frequently related to the
management of stressors (Santymire et al., 2021). However, energy mobilisation can
also be correlated with strenuous activities or states, such as locomotion (Smith et al.,
1998) and pregnancy (MacDougall-Shackleton et al., 2019). Glucocorticoids' primary
impact on energy regulation is through the removal of glucose transporters from cell
surfaces (Horner et al., 1987; Dimitriadis et al., 1997; Matteri et al., 2000). This process
is too slow to provide short-term energy, such as for the short-term stressors faced
frequently by herbivores, such as predator attacks (Romero and Beattie, 2022).
Stressors do cause changes in glucocorticoids, with animals’ metabolic rates
frequently affected by stressors (Jimeno and Verhulst, 2023), however, clarification on
whether glucocorticoid levels provide information on ‘stress’ beyond that of the
stressor’s effect on an animal’s metabolic rate, is still needed (Jimeno and Verhulst,
2023). However, existing findings for guanaco might raise doubt on these claims.
Ovejero-Aguilar et al. (2016) found significant differences found in cortisol but not in
metabolic rates, between guanaco males and females. Taraborelli et al. (2017) also
found no differences between males and females in metabolic rates, although sexual

differences in glucocorticoids was not tested.

Among recommendations by MacDougall-Shackleton et al. (2019), physiological
measurements unaccompanied by other observations, should acknowledge the
limitation of quantifying a single component of a complicated physiological response.
However, such assessments are rarely conducted from scratch, and in the current
research circumvention of this was conducted using measures of both behaviour and
physiology to examine the trait of interest: competition. Even in rare cases where a
species’ glucocorticoid response has never been assessed, researchers nearly
always examine other ecological aspects of that species that are of detriment to its
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immediate wellbeing, such as disease, predation, and anthropogenic threats. This is
especially true in regards to assessments of interspecific competition on glucocorticoid
responses, where some form of previous assessment on species pairs implies other
negative effects. In guanaco, observations of a negative behavioural effect (see
Chapter 2) warranted the physiological examination to determine whether a negative
effect can also be seen here (i.e., chronic low or high glucocorticoids or testosterone).
The effect of chronically elevated glucocorticoid levels is still very much known to be
detrimental to the individuals experiencing them, and comparisons of these to levels

when assumed stressors are present or absent still yield critical information.

Given the widescale variation in the results of assessments of competition through
conservation physiology across different species, and the large number of unknowns
in individual species stress responses, examinations of competition through
assessments of endocrine monitoring of faecal samples may be unsuitable. Instead,
long-term physiological studies for a single species over a range of per-capita food
abundance (such as between seasons or years of abundant foraging resources) and
population densities (natural variations in population), may be more informative about
the relationships between food availability and stress hormones. Such study design
may be better able to cast light on the consequences of competitive depletion on stress
hormones and allow inferences to be drawn about competition when common

resources become less abundant.

5.4.2 Recommendations for Future Ranch Management in Patagonia

Throughout this thesis, | have identified a number of additional areas for further study
to better contribute to knowledge of interspecific competition or guanaco-sheep conflict
in southern Patagonia. The methods described throughout are applicable worldwide,
to a variety of species and ecosystems both to species pairs suspected of competing
as well as to wider ecological applications or animal behaviour. However, the main
goal of the thesis was to determine if guanaco experience negative effects in sites
where sheep are present than where they are absent. As established, it has been
shown through this thesis that guanaco experience negative behavioural effects as a
result of sheep presence (see Chapter 2; Lancaster et al., 2022). However, sheep

appear uninfluenced by the presence of guanaco, and instead, sheep compete against
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conspecifics for forage on the Patagonian steppe (Fernandez et al.,, 2021).
Additionally, evidence suggests that intraspecific competition between domestic
sheep has reached critical levels, and that the current ranching practice on the
Patagonian Steppe is not sustainable in the long-term (Fernandez et al., 2021). Thus,
the role guanaco play in the degradation of rangelands in arid areas of Patagonia must
be reconsidered. Focusing instead on the heterogeneity of livestock grazing and
addressing farming practices is likely more advantageous (Rodriguez et al., 2024). In
light of this, these recommendations and directions for future research have been
tailored specifically to the further understanding, and mitigation, of interspecific

competition on the Patagonian steppe.

5.4.2.1 Farming and Livestock Management

A number of options are available to sheep farming managers to both yield maximum
animal productivity as well as minimise degradation of natural vegetation, and mitigate
competition with guanaco. Using smaller pastures, but with rotational grazing systems
(RGS), allows managers to constrain livestock movement, simultaneously limiting
sheep selectivity while preventing the repeated grazing of preferred vegetation (Bailey
and Brown, 2011). The efficacy of RGS for livestock has already been demonstrated
in steppe environments in other parts of the world (see Hao et al., 2013). In semi-arid
or arid environments, such as the Patagonian steppe, it is probably more important to
focus on the timely adjustments in stocking densities than solely implementing RGS

and/or fencing, to maintain healthy rangelands (Bailey and Brown, 2011).

Stemming from this, an alternative to RGS may be found in adapting farming methods
to market-based production systems, such as that proposed by Briske et al. (2015),
where lower stocking rates and high-quality products become the central focus. In this
way, grazing pressure on the steppe is reduced, while still yielding economic benefits
and simultaneously maintaining sustainable grassland practices. Schonbach et al.,
(2015) showed the viability of similar methods on the inner Mongolian steppe, and
given the similarities in the environment, they may be equally applicable on the
Patagonian steppe, while also reducing competition between guanaco and sheep.
This is not to say that sheep should be entirely removed from rangelands on the
Patagonian steppe, and such actions would obviously lead to huge economic

consequences for associated landowners. Additionally, in experiments where sheep
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have been entirely removed from Patagonian rangelands to examine vegetation
productivity (total green biomass) and regrowth, pastures where only moderate (light)
sheep grazing was allowed showed productivity twice as high as in pastures where no
grazing occurred at all or where there was intensive grazing (Ofatibia and Aguiar,
2016). Lowering sheep stocking densities may be the most applicable method for both
addressing competition between guanaco and sheep in Chilean Patagonia and
maximising both the productivity and yield of livestock. Such efforts have been fruitful
for livestock in other arid ecosystems. Cattle foraging efficiency was shown to be
significantly improved at moderate, rather than high, stocking densities on African
savannahs, where they compete with other ungulate species for foraging resources
(Wells et al., 2022). Additionally, high stocking densities may cause ranch profits to
fall, with ranches with wildlife present having shown higher probabilities of remaining
economically profitable than cattle ranches where wildlife is completely absent
(Kreuter and Workman, 1994). Furthermore, wild herbivores provide critical
ecosystem services, and integrated management of livestock and wild ungulates can
improve both human wellbeing and lead to advances in wildlife conservation (Allan et
al., 2017). Benefits are provided in biological services, such as soil fertilisation, as well
as through cultural and economic values, such as hunting and tourism (Gordon, 2009;
Hernandez et al., 2017).

The co-existence of wildlife and livestock can benefit ranch managers in other ways,
and integration of other recreational industries, like tourism and hunting, can offer
additional income sources to complement farming (Niamir-Fuller et al., 2012; Allan et
al., 2017), while decreasing reliance on just a single source of income, increasing
financial security. For example, tourism can create opportunities for ranch managers.
In Chile, this is already being incorporated into tourism operating boards, with sheep
ranches offering horse riding and interaction with domestic camelids such as alpacas,
the opportunity to purchase fresh products from farm shops, and the chance to learn
about local cultures or the history of ranching in Patagonia (Gale et al., 2013). Stable
numbers of local wildlife, including guanaco, may add another attraction to ranches,

further increasing the tourism potential that ranches can offer.
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5.5 Concluding Remarks and Comments

In summation, this thesis has presented different methodologies available to
researchers to address interspecific competition. While behavioural observations
revealed changes in the foraging behaviour (bite rates) of guanaco at high sheep
densities, physiologically, guanaco appear unaffected by sheep presence. Although
data over multiple seasons would yield better insight, the discussion throughout this
chapter would indicate that the use of physiological measurements are not a suitable
method to assess interspecific competition, with too many confounding variables that
cannot be controlled for that may obscure or complicate any conclusions drawn from
this method of examination. Such measures are still useful for the understanding of
species’ physiology. However, if comprehending the ways in which competition
manifests between ungulate species groups is the priority, then behavioural
observation of foraging, when the competitor is present and absent, after assessments
of habitat/dietary overlap/use, may be a better way to accomplish this.

| wanted to end this thesis by specifically giving a special thanks to the ranch managers
and farmers who enabled this work. In conservation biology, where focus is primarily
the betterment of wildlife populations, it is easy to lose sight of the human dimension.
Presenting the case that sheep are detrimental to a native species, in an area that has
a heavy economic reliance on sheep farming, is always going to require a heavy
degree of tact, understanding, and sympathy for those involved with ranching, for
whom their livelihoods depend on sheep production. Farmers and ranch managers
are commonly demonised across the world, especially when stakeholders take
measures into their own hands through actions such as hunting or persecution of a
‘problem’ species. Education of those with vested interests is the obvious way forward.
In doing that, it is important to present as much evidence of competition as possible,
to make a solid case for any changes in policy or legislation. However, it is also just
as important that this information be delivered to stakeholders in a way that minimises
potential conflict between them and conservationists. Including stakeholders, farmers,
and landowners is an integral part of conservation biology, and it is only with help from
everyone involved that a true solution can be accomplished, and progress made
(Hermans et al., 2020; Karadeniz and Yenilmez Arpa, 2022). While there is still a long

way to go, and a lot of future work is still required, we can already see progress in
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Chilean Patagonia, where ranchers may already be adapting the thought process

surrounding native wildlife species, including guanaco.

“[Wildlife] has many values. It forms part of the landscape, just as the prairie forms part of the
landscape...It would not be perceived well if the guanaco was exterminated, if a bird was
exterminated, or any other species. A culture now exists toward that end [conservation], and

that has value.” — Anonymous Rancher, Tierra del Fuego, Chile

from Hernandez et al. (2017)
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