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General abstract

Forests act as thermal buffers, offering milder temperatures than adjacent open areas. With the increasing
frequency and intensity of extreme weather events, forests can be an important thermal shelter to
wildlife. In endotherms, thermoregulatory behavioural strategies reduce the energetic costs of
physiological thermoregulation. Between mammals, those with low capacity for physiologically
thermoregulate should show more conspicuous thermoregulatory behaviors and, therefore, should be
valuable models to understand the importance of forests as thermal shelters in a climate change world.
Here, we explored the movement ecology of the giant anteater, Myrmecophaga tridactyla, a large
mammal with low body heat production, exemplifying how forest patches can be an important thermal
resource to open-area mammals living in heterogeneous landscapes. Based on GPS tracking data and
movement models, we investigated (1) how much giant anteaters modulate activity and selection for
forests as thermoregulatory behavioural strategies and (2) how much giant anteaters’ intrinsic traits and
the availability of forests influence their space use and spatial requirements. Besides a surprisingly high
shot-term behavioral plasticity regarding on activity, giant anteaters also showed increased selection for
forests at extreme cold and hot weathers, comparing with mild ones. These animals selected forests at
night when it was cold and during daylight when it was hot, while in mild temperatures they avoided
forests all day long. We showed male and female giant anteaters presenting different space-use
strategies, that differently scaled with body mass, and both sexes increasing home range size with
decreasing proportion of forests inside their home ranges. Forests were important thermal resources at
extreme weather conditions. Therefore, giant anteaters with lower access to forest patches possibly
increased home range size to maximize the chances of accessing theses thermal shelters. Decreasing
availability of forest patches in heterogeneous landscapes can reduce the habitat thermal suitability and
increase spatial requirements even to mammals that are usually found in open areas, as giant anteaters.
Considering the climate change scenario, the importance of forest patches should increase to these

mammals, and it need to be considered in effective management decisions.



Resumo geral

Florestas atuam como tampdes térmicos, oferecendo temperaturas mais amenas que areas abertas
adjacentes. Com a crescente frequéncia e intensidade de eventos climéticos extremos, florestas podem
ser importantes abrigos termais para a vida selvagem. Em endotermos, as estratégias de termorregulagéo
comportamental reduzem o custo energético associado a termorregulagdo fisiolégica. Mamiferos com
baixa capacidade para termorregulacao fisiologica devem mostrar comportamentos termorregulatorios
mais conspicuos e, portanto, devem ser modelos valiosos para entender a importancia das florestas como
abrigos termais durante mudancas climaticas. Exploramos a ecologia do movimento do tamandué-
bandeira, Myrmecophaga tridactyla, um grande mamifero com baixa producdo de calor corpéreo,
exemplificando como florestas podem ser importantes recursos térmicos para mamiferos de areas abertas
vivendo em paisagens heterogéneas. Usando dados de monitoramento via GPS e modelos de movimento,
investigamos (1) o quanto tamanduds bandeira modulam sua atividade e selecdo por florestas como
estratégias de termorregulacdo comportamental e (2) o quanto as caracteristicas intrinsecas dos
individuos e a disponibilidade de florestas influenciam seu uso do espago e suas necessidades espaciais.
Além de uma surpreendentemente alta plasticidade comportamental de curto prazo relativa a atividade,
os tamandués-bandeiras também mostraram aumento de selecdo por florestas em extremos de frio e
calor. Eles selecionaram florestas a noite em periodos de frio e a luz do dia em periodos de calor,
enquanto evitaram florestas em temperaturas amenas. Machos e fémeas apresentaram diferentes
estratégias de uso do espaco, que escalaram diferentemente com a massa corpérea, € aumentaram sua
area de vida com a reducédo de proporcdo de florestas nessa area. Florestas foram importantes recursos
termais em temperaturas extremas. Tamanduas-bandeira com menor acesso a florestas possivelmente
aumentaram sua &rea de vida para maximizar as chances de acessar esses abrigos térmicos. A reducdo
da disponibilidade de florestas em paisagens heterogéneas pode reduzir a adequabilidade termal do
habitat e aumentar as necessidades espaciais, mesmo para mamiferos que sdo usualmente encontrados
em areas abertas, como tamandués-bandeira. Com as mudangas climéticas, a importancia das florestas

deve aumentar para esses mamiferos e isso precisa ser considerado em efetivas decisfes de manejo.



General introduction

Forests buffer macroclimatic changes. Below forest canopies, direct sunlight, wind speed, and rain fall
are strongly reduced (De Frenne et al. 2019). Compared with adjacent open areas, the understory offers
a cooler microclimate when environmental temperatures are high and a warmer microclimate when
environmental temperatures are low. This offset is magnified as temperatures become more extreme (De
Frenne et al. 2019). Once the frequency and intensity of extreme weather events are expected to increase
(IPCC 2021), forests may thus reduce the severity of climate change impacts on biodiversity (De Frenne
etal. 2021). This conclusion is clear to forest animals, but the importance of forests as a thermal resource
remains poor known to animals that perform most of their activities in open areas.

We used giant anteaters’ movement ecology to exemplify the importance of forests to an open-
area mammal living in heterogeneous landscapes. Giant anteaters present low body heat production and,
consequently, low capacity for physiological thermoregulation (McNab 1984, 1985). As a
compensation, this mammal rely on behavioral adjustments as an auxiliary mechanism for
thermoregulation, exhibiting high behavioural plasticity in response to environmental temperature
changes (Giroux et al. 2021a). This is why giant anteaters should be valuable models to understand how
forests can be important thermal shelters to open-area mammals in a climate change scenario. Such as
other open area mammals, giant anteaters should face a trade-off between using forests as thermal
shelters and finding better conditions for displacement and foraging in open areas.

In the chapter 1(Giroux et al. 2023), we investigated the role of forests as thermal shelters
modelling the effect of the environmental temperature on the giant anteaters’ selection for forests. To
get an integrative understanding of giant anteaters’ behavioral thermoregulation, we also evaluated how
they modulate activity duration and activity period in response to environmental temperature changes.
Then, in the chapter 2 (Giroux et al. 2021b), we accessed the importance of forests as a resource to this
open area mammal by investigating the influence of the availability of forests on their spatial
requirements. Besides, we added information about this species spatial ecology by investigating the

influence of their intrinsic traits on movement patterns and home range size.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/forest-canopy

Chapter 1: Activity modulation and selection for forests help giant anteaters to
cope with temperature changes

Abstract

Mammals use thermoregulatory behavioural strategies to reduce the cost of physiological
thermoregulation. Environmental temperatures should, therefore, impact their decisions. We
investigated the effect of environmental temperature on the movement decisions of a large mammal with
low capacity for physiological thermoregulation: the giant anteater, Myrmecophaga tridactyla. We GPS-
tracked 14 giant anteaters in the Brazilian Pantanal wetland over 5 years. We used hidden Markov
models to identify two behavioural states (encamping, as a proxy of resting, and moving, as a proxy of
being active) across individuals’ trajectories. Then, we estimated the effect of environmental temperature
on the probability of moving across the hours of the day in open and forested habitats. We also used
integrated step selection analysis to understand how environmental temperature drives giant anteater’s
habitat selection across the day. Giant anteaters showed three important behavioural thermoregulatory
strategies in response to environmental temperature changes: they modulated activity duration,
completely shifted activity period on a scale of days and selected forests as thermal shelters. With
increasing environmental temperature, giant anteaters increased activity duration, nocturnality and
diurnal selection for forests, increasing energy intake while avoiding heat gain by solar radiation. With
decreasing environmental temperature, they decreased activity duration, increased diurnality and
increased nocturnal selection for forests, thus gaining heat from solar radiation when active and taking
shelter in milder microclimates when resting. Besides their high short-term behavioural plasticity
regarding activity, giant anteaters also used forests to thermoregulate. These results provide insights
into how other mammals could respond to climate change. In particular, we highlight the importance of
forests as thermal shelters, offering milder temperatures than adjacent open areas during both hot and
cold weather spells. Thermal shelters will become more and more indispensable to animal

thermoregulation as the frequency and intensity of extreme weather events increase.



Resumo

Mamiferos utilizam estratégias comportamentais para reduzir o custo da termorregulacéo fisiologica. A
temperatura ambiental deve, portanto, impactar suas decisdes. Investigamos o efeito da temperatura
ambiental nas decisfes de movimento de um grande mamifero com baixa capacidade de termorregulacao
fisiologica: o tamandué-bandeira, Myrmecophaga tridactyla. Monitoramos 14 tamanduas-bandeira via
GPS no pantanal brasileiro ao longo de cinco anos. Usamos modelos baseados em cadeia de Markov
para identificar dois estados comportamentais (encampado, como uma aproximagdo de descanso, e
movendo, como uma aproximacdo de atividade) ao longo das trajetorias dos individuos. Ento,
estimamos o efeito da temperatura ambiental sobre a probabilidade de mover ao longo das horas do dia
em habitats abertos e florestados. Usamos a analise integrada de sele¢do passo a passo para entender
como a temperatura ambiental influencia a sele¢do de habitat ao longo do dia. Os tamandués-bandeira
mostraram trés importantes estratégias comportamentais em respostas as mudancas de temperatura: eles
modularam a duracédo da sua atividade, trocaram completamente seu periodo de atividade em uma escala
de dias e selecionaram florestas como abrigos térmicos. Com o aumento da temperatura ambiental,
tamandués-bandeira aumentaram a duracdo da sua atividade, a sua noturnalidade e a sele¢do diurna por
florestas, aumentando seu ganho energético e evitando o ganho de calor por radiacdo solar. Com a
diminuicdo da temperatura ambiental, eles diminuiram a duracdo da sua atividade, aumentaram
diurnalidade e aumentaram a sele¢do noturna por florestas, ganhando calor por radiacdo solar quando
ativos e se abrigando em microclimas mais amenos ao descansar. Apesar da alta plasticidade
comportamental de curto prazo no que diz respeito a atividade, os tamandués-bandeira ainda usaram
florestas para termorregular. Esses resultados mostram como outros mamiferos poderiam responder as
mudancas climaticas. Em particular, estacamos a importancia das florestas como abrigos termais,
oferecendo temperaturas mais amenas que areas abertas adjacentes durante extremos de frio e calor.
Abrigos termais se tornardo cada vez mais indispensaveis para a termorregulacdo animal a medida que

a frequéncia e intensidade de eventos climaticos extremos aumenta.



Introduction

Environmental temperature is a major determinant of animal behaviour (Angilletta et al. 2010, Beever
et al. 2017). Individuals’ performance and fitness are maximized when body temperatures are close to
their physiological optima (Maloney et al. 2017, Levesque & Marshall 2021). When mammals are within
a species-specific range of environmental temperatures (called the thermoneutral zone: TNZ), they
maintain their body temperature within optimal levels with minimal regulatory changes in metabolic
heat production and evaporative heat loss (Kingma et al. 2012). As environmental temperature deviates
from the TNZ, mammals do not rely exclusively on physiological mechanisms for thermoregulation, but
also use behavioural adjustments as an additional thermoregulatory strategy (Terrien et al. 2011, Mota-
Rojas et al. 2021). Given the ongoing increasing frequency and intensity of extreme weather events (e.g.,
extreme heat or cold), environmental temperature will have an increasingly stronger impact on animal
behaviour and, consequently, on population dynamics and species conservation (Cohen et al. 2018, IPCC
2021). To predict the potential impacts of climate change and successfully manage future biological
processes, it is fundamental to understand how environmental temperature modulates animal behaviour
(Chmura et al. 2018, Buchholz et al. 2019).

Among the behavioural aspects influenced by environmental temperature, animal movement
stands out since many thermoregulatory behavioural strategies are closely related to movement (Terrien
et al. 2011, Mota-Rojas et al. 2021). Environmental temperature can influence, for example, the amount
of time that animals spend moving, which times of the day they choose to move and where they go
(Jennewein et al. 2020, Tatler et al. 2021, Perea-Rodriguez et al. 2022). Some mammals decrease
movement when they are experiencing thermal discomfort, modulating activity duration in response to
environmental temperature (e.g., Prajapati & Koli 2020). Many mammals also adjust their activity period
as a function of environmental temperature, in order to move at times of maximum thermal comfort
across the day (e.g., Levy et al. 2019). Besides, individuals that have access to a thermally heterogeneous
landscape can modulate habitat selection with environmental temperature changes, searching for places

with favorable thermal conditions (e.g., Mason et al. 2017).



The intensity with which environmental temperature influences animal movement depends on
many factors, such as species behavioural plasticity and its physiological thermoregulatory capacity
(Terrien et al. 2011, Mota-Rojas et al. 2021). In particular, members of the superorder Xenarthra, which
includes armadillos (Cingulata), sloths and anteaters (Pilosa), exhibit high behavioural plasticity in
response to environmental temperature changes (e.g., Attias et al. 2018, Giroux et al. 2021a). Compared
with other placental mammals of similar body mass, they have a lower basal metabolic rate and lower
body temperatures, due to their low-calorie diet (McNab 1984, 1985). The low body heat production
leads xenarthrans to have a low capacity for physiological thermoregulation (McNab 1984, 1985), which
increases the importance of behavioural adjustments for their thermoregulation.

Yellow armadillos, Euphractus sexcinctus, southern three-banded armadillos, Tolypeutes
matacus, and giant anteaters, Myrmecophaga tridactyla, reduce activity duration with decreasing
environmental temperature (Mourdo & Medri 2007, Maccarini et al. 2015, Attias et al. 2018, Giroux et
al 2021a). This is because they can increase body heat conservation during rest, by adopting specific
postures that reduce their surface-to-volume ratio (e.g., three-banded armadillos can ‘roll into a ball’
while anteaters cover themselves with their long furry tail; McNab 1984, 1985, Medri & Mouréo 2005).
They can also modulate their activity period, slightly increasing diurnality with decreasing
environmental temperatures, in order to increase heat gain through solar radiation (Camilo-Alves &
Mourdo 2005, Attias et al. 2018). Another important response of these species to environmental
temperature variations is the selection for thermal shelters in the landscape, such as burrows and forest
areas (Camilo-Alves & Mourdo 2005, Attias et al. 2018, De Frenne et al. 2019, Giroux et al. 2021a).
Due to the intensity with which they respond to environmental temperature variation, xenarthrans are
valuable models for understanding how climate changes can influence mammalian movement.

Despite the increasing number of studies in the last decade, we still lack an integrative
understanding of how environmental temperature modulates giant anteaters’ movement decisions
throughout the hours of the day. Here, we used global positioning system (GPS) tracking data to

investigate the effects of environmental temperature on giant anteaters’ movement decisions at a fine



temporal scale (see Richter et al. 2020). Specifically, we quantified how anteaters modulate activity
duration, activity period and selection for forests in response to environmental temperature variations
across the day. As an important advance in relation to previous studies, we considered the effect of the
interaction between environmental temperature, time of day and habitat type (open versus forested
habitats) on individuals’ movement when investigating both activity modulation and habitat selection.
To investigate activity modulation, we identified two behavioural states (encamping, as a proxy of
resting, and moving, as a proxy of being active) across individuals’ trajectories by fitting a hidden
Markov model (HMM; McClintock et al. 2020) and we evaluated, on both open and forested habitats,
the effect of environmental temperature on the transition probabilities between the behavioural states
throughout the day. Then, we used integrated step selection analysis (iISSA; Avgar et al. 2016) to assess
the effect of environmental temperature on giant anteaters’ habitat selection across the day, controlling
for the effect of environmental temperature, time of day and habitat type on individuals’ step lengths
and turn angles. Finally, we checked the consistency of our results between males and females.

Given their low body heat production, we expected giant anteaters to show more conspicuous
behavioural adjustments at low environmental temperatures than at high ones (McNab 1984). In relation
to activity modulation, we expected that decreasing environmental temperatures would lead giant
anteaters to decrease activity duration, reducing the daily probability of shifting from encamping to
moving (prediction 1), in order to increase heat conservation (Camilo-Alves & Mourdo 2005, Di Blanco
et al. 2016). Furthermore, with decreasing environmental temperature, their activity should begin and
end earlier in the day and should peak earlier, but still at night (prediction 2; Camilo-Alves & Mourao
2005, Mourdo & Medri 2007). This way, individuals could expose themselves to the sun in the first
hours of activity while maintaining their crepuscular—nocturnal activity period (Camilo-Alves & Mourdo
2005, Mourédo & Medri 2007). Regarding habitat selection, we expected giant anteaters to select forests
during both rest and activity in cold weather (Camilo-Alves & Mourdo 2005, Giroux et al. 2021a), while
hot and mild weathers would lead to selection for forest areas mainly during resting (prediction 3;

Camilo-Alves & Mouréo 2005). This is because forests act as thermal shelters during both cold and hot



spells (De Frenne et al. 2019) but also present physical obstacles to movement (Ferreras 2001, Giroux
et al. 2021b). Hence, anteaters should face a trade-off between using forests to deal with thermal

discomfort and finding better conditions for foraging in open areas.

Methods

Study Area

We conducted this study in an extensively managed cattle ranch (19°18'9"S, 55°47'4"W) located in the
Pantanal wetlands, midwest of Brazil (Fig. 1). The climate is semihumid tropical, with cold fronts
causing abrupt drops in temperature during a few days throughout the year (Fig. 2). Air temperatures
can exceed 40 °C in the summer and drop to 0 °C in the winter (Alvares et al., 2013). The landscape is
naturally fragmented (Fig. 1), composed of a mosaic of semideciduous forests, scrub forests, scrub
grasslands and open grasslands partially flooded with permanent and temporary salty and freshwater

lakes (Evans & Costa, 2013).
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Figure 1. Land-use land-cover (LULC) classification of the study area according to the Mapbiomas

database, in the year of 2015. Habitat categories are summarized as open and forested habitats, showing



the naturally fragmented landscape. Each polygon represents the area used by a GPS-tracked giant
anteater across the monitoring period. Inset shows a map of Brazil, indicating the study area in the

Pantanal wetlands with a white square.
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Figure 2. Variogram of the environmental temperature in Pantanal wetlands, Brazil, across the study
period. The top graphics show how environmental temperature varied across the years of 2013 and 2015,
where it is possible to see abrupt drops in environmental temperature caused by cold fronts. The bottom
graphics show in detail the high thermal amplitude of the study area across a month and a week of 2017.

Capture and Movement Data Collection

From 2013 until 2017, we searched for giant anteaters by pick-up trucks at low speed (maximum of 20

km/h) and captured them with long-handled dip-nets. We sedated them following the protocol described
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by Kluyber et al. (2021). During anaesthesia, we identified individuals’ sex, measured their body mass
and evaluated their health condition. We equipped 14 healthy adult giant anteaters (six males and eight
females) with a GPS harness (TGW-4570-4 Iridium GPS, Telonics, Mesa, AZ, U.S.A.; Appendix, Fig.
3). We programmed the GPSs to record giant anteaters’ geographical locations at fixed intervals varying
between 20 and 30 min (Appendix, Table Al). The individual monitoring period varied between 51 and
509 days (mean = 262 days), resulting in a total number of 204 005 locations across 3671 monitoring
days (Appendix, Table Al). Capture and tracking procedures did not harm or injure the giant anteaters,
and none of the tracking devices exceeded 3% of the animals’ body mass. We conducted all procedures
in accordance with the Guidelines of the American Society of Mammalogists for the use of wild
mammals in research (Sikes, 2016). provide individual information on capture date, sex, body mass,

sampling regime and monitoring period in the Appendix Table Al.

RS )

Figure 3. Healthy adult giant anteater equipped with a Global Positioning System harness (GPS; TGW-

4570-4 Telonics) in Baia das Pedras ranch, Pantanal wetlands, Brazil.
Environmental Data Collection

We recorded the hourly air temperatures provided by a meteorological station of the National Institute

of Meteorology of Brazil (INMET) throughout the whole monitoring period so we could determine the
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environmental temperature associated with all individuals’ locations. The meteorological station was

located 85 km from the center of the study area. The difference between the mean altitude of the study

area and the altitude of the meteorological station was 38
m. To verify that the meteorological station provided a
good representation of the macroclimate of our study
area, we checked the correlation between environmental
temperatures recorded by two meteorological stations
110 km apart from each other and differing 40 m on
altitude, both located on the Pantanal wetlands, and we
found a strong positive correlation (Pearson correlation:
r = 0.89; Figure 4). During the monitoring period, mean
environmental temperature was 22.5 °C, showing an
approximately normal distribution ranging from 0.8 °C
to 40.2 °C (Figure 5; see details on the environmental
temperatures experienced by each individual in

Appendix Table A2).
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Figure 4. Relationship between

temperature  measurements  of  two
meteorological stations 110 km apart from

each other and differing 40 m on altitude,

both located in Pantanal wetlands, Brazil
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Figure 5. Density distribution of environmental temperatures experienced by each individual (dashed

lines) and by the population (continuous line) in the study area across the monitoring period.
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We used the land use—land cover (LULC) classification from MapBiomas (Collection 5, LULC
classification with 30 x 30 m pixels, https://mapbiomas.org). We summarized the landscape into two
categories: open areas (scrub grasslands, open grasslands, and areas without vegetation cover) and
forests (semideciduous forests and scrub forests). Of our study area, 88% corresponded to open areas
and 12% to forests (Fig. 1). We also identified the habitat type associated with all individuals’ locations.
On average, 32% of the locations occurred in forest areas, varying from 10.8% to 55.1% across
individuals (Appendix, Table A2). Our classification intended to identify as forests the areas with some
thermal buffering capacity in comparison to adjacent open areas (De Frenne et al. 2019). However, we
recognize that such complex landscapes could offer other thermal buffering opportunities that we could
not map, such as shadows of isolated trees, very tall grasses, and flooded grasses (e.g., Milling et al.
2018; Verzuh et al. 2021). We performed map processing using the ‘raster’ R package (Hijmans et al.

2014, R Core Team 2019).
Movement Data Preprocessing

Movement data need to fulfil some fundamental requirements to be suitable for both HMM and iSSA:
the data should provide a reliable representation of animal movement and the measurement error in
positions should be negligible (Patterson et al. 2017). To meet these requirements, we preprocessed the
movement data using the R package ‘adehabitatLT’ (Calenge 2006). We removed the first two
monitoring days to exclude the potential capture and handling effects on animal behavior. Then, we
removed the top 5% of steps with highest velocities since these abnormally fast steps are unrealistic and
commonly associated with GPS reception failures (see Patterson et al. 2017).

Another important requirement for both HMM and iSSA is that the sampling rate should be
regular (Patterson et al. 2017). However, some GPS failures produced monitoring gaps much longer than
the sampling interval, making it necessary for some additional data preprocessing. HMM uses
continuous trajectories as input, and its Markovian dependency structure assumes that the trajectories
are independent of each other, not allowing for multiple trajectory bursts from the same individual (see

McClintock & Michelot 2020). Because of this, we decided to use in HMM the largest portion of each

13



individual’s trajectory whose sampling rate was regular (standard deviation <10 min) for at least 99.9%
of locations. We individually selected these regular trajectory portions using the R package
‘adehabitatL T’ (Calenge 2006). On the other hand, iSSA uses trajectory steps (i.e., the straight line
between two consecutive locations) as input and does not require continuity between them (see Signer
et al. 2019). Thus, for iISSA, we split each individual trajectory in several bursts whose sampling rate
ranged from 15 to 35 min, allowing for some tolerance around the mean sampling rate (i.e., 25 min). We
split the trajectories using the R package ‘AMT’ (Signer et al. 2019). The movement data preprocessing
resulted in the elimination of 7.4% and 3.4% of locations for HMM and iSSA, respectively (Table A3).

Finally, because both HMM and iSSA are not defined when step length is zero (0.25% of our
observations), we set the length of these steps to the smallest nonzero distance that was recorded (i.e., 1
m). This procedure was performed along HMM and iSSA, respectively using the R packages

‘momentuHMM” and ‘AMT”’ (Signer et al. 2019, McClintock & Michelot 2020). Taken together,

Hidden Markov Model

We used HMM to understand whether and how giant anteaters modulate activity duration and activity
period in response to environmental temperature changes (i.e., to evaluate predictions 1 and 2; see
McClintock et al. 2020). By modelling the movement data as correlated random walks, HMM enables
the estimation of latent behavioural states (McClintock et al. 2012). We modelled the transition
probability between behavioural states in response to environmental temperature throughout the time of
day on both open and forested habitats (e.g., Patterson et al. 2009, see details below).

For the HMM, we considered the observed time series movement data as a bivariate state
described by two movement variables: step length and turning angle (see also Morales et al 2004,
McClintock et al. 2012). We calculated step length as the Euclidean distance between successive
relocations and turning angle as the change in bearing between steps. We characterized each behavioural
state using the state-dependent probability distribution of step lengths (assuming a gamma distribution)
and turning angles (assuming a von Mises distribution). We assumed two biologically meaningful

behavioural states: encamping and moving (see Pohle et al. 2017). The encamping state (proxy of
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resting) was expected to be described by shorter step lengths (slower displacement) with wide turning
angles (little to no directional persistence), and the moving state (proxy of active) was expected to be
described by longer step lengths (faster displacement) with small turning angles (high directional
persistence; Morales et al. 2004, McClintock et al. 2012).

The HMM was fitted by numerical maximization of the likelihood function (MacDonald &
Zucchini 2016) using the ‘momentuHMM’ R package (McClintock & Michelot 2020). We provided a
set of biologically realistic initial parameter values of steps length and turning angle distributions, as
required by the numerical optimizer. We based the initial parameters on the observed mean and standard
deviation of step lengths and on the observed mean and variance of turning angles. Once we fitted the
model, we used the Viterbi algorithm to predict the most likely sequence of behavioural states, i.e., to
attribute a behavioural state to each observed step (Langrock et al. 2012, MacDonald & Zucchini 2016).
This way, we could visually distinguish the behavioural states on each individual trajectory and visually
check for potential misclassifications, since we expected that encamping would coincide with spatially
aggregated points and that moving would coincide with dispersed points.

As part of the HMM framework, we used a logit link to model the transition probabilities between
behavioural states as a function of environmental temperature, time of day, habitat used (open versus
forest) and the possible interactions between these variables (MacDonald & Zucchini 2016). We
included time of day as a circular covariate (over 24 h periods) using a trigonometric link function
(‘cosine’ function; Leos-Barajas et al. 2017). We determined whether it was possible to statistically
discern the effect of covariates on transition probabilities between behavioural states based on whether
the 95% confidence intervals (Cls) of the beta parameters overlapped zero (Patterson et al. 2017). To
better visualize the covariate effects, we plotted their influence on the behavioural states’ stationary
probability, which represents the equilibrium of the Markov process (Patterson et al. 2009).

We accounted for individual heterogeneity in movement and state-switching dynamics as a
random effect (see McClintock 2021). We examined the goodness of fit of the model by assessing

guantile—quantile plots, pseudoresidual plots and autocorrelation plots (Patterson et al. 2017). We
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checked the consistency of our results by separately running two additional models, identical to the
model described above, but with one using only females’ movement data and another using only males’

movement data.
Integrated Step Selection Analysis

We used iSSA to understand whether and how environmental temperature influences giant anteater
habitat selection across the day (i.e., to evaluate prediction 3). The iSSA is a model that compares the
habitat used by the individuals whenever they perform a step to the available habitats at alternative
locations that the individuals could have reached in alternative steps (Thurfjell et al. 2014, Avgar et al.
2016). This analysis allows to determine whether a habitat type was used more frequently than expected
given its availability (i.e., selected), used less frequently than expected given its availability (i.e. avoided)
or used as available. We performed the iSSA using the ‘amt’ R package (Signer et al. 2019).

For each observed step, we randomly created 30 alternative steps by drawing step lengths from
a gamma distribution and turning angles from a von Mises distribution (Fortin et al. 2005). Both
distributions were fitted by maximum likelihood to the values of step length and turning angle observed
in the individuals’ original trajectory (Fortin et al. 2005). Despite this empirical parametrization, it is
still challenging to create a good representation of available habitats using alternative steps when the
animals could travel faster and more directionally in certain environmental conditions (e.g. more
permeable landscapes) than others (Forester et al. 2009, Avgar et al. 2016). To account for this, iISSA
assumes that animal movement can be represented by a separable model, the product of two kernels: a
habitat-independent movement kernel (a function governing movement in the absence of habitat
selection) and a habitat selection kernel (Avgar et al. 2016, Signer et al. 2019).

The available habitats at alternative steps (scored as 0) were compared with the habitat used in
the observed step (scored as 1) at each step performed by each individual using a conditional logistic
regression (CLR; Fortin et al. 2005). We relied on a CLR because the response variable is binary (used
or available habitat) and ‘conditional’, because it is conditioned to each step of each individual. We

simultaneously estimated the effect of environmental temperature, time of day and habitat type (open
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versus forest) on individuals' movements (allowing the interaction of these variables with step length
and turning angle) and on habitat selection. We extracted the covariate values from the end of each step
since we were mainly interested in how environmental temperature influences individuals’ decision
making about where to go across the time of the day (see Avgar et al. 2016). We included time of day
as a trigonometric harmonic to respect the circular nature of circadian time (cosine (hour/24 x 2 x pi);
Signer et al. 2019). Finally, we evaluated the lower and upper confidence intervals of the estimates to
determine the significance of the effects, and we checked the consistency of our results between

individuals’ sex.

Results
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Table 1. Estimates and 95% confidence intervals of the parameters that describe each giant anteater
behavioral state (Myrmecophaga tridactyla; encamping and moving). Step lengths were modeled with

gamma distribution, and turning angles were modeled with von Mises distribution.
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Estimated parameter Encamping Moving
Step length mean (meters) 11.74 (11.67; 11.80) 121.63 (120.94; 122.32)
Step length SD (meters) 8.69 (8.62; 8.75) 87.45 (86.78; 88.11)
turning angle mean (radians) 3.13(3.11; 3.14) -0.01 (- 0.02; 0.01)
turning angle concentration (radians) 0.72 (0.71; 0.73) 0.78 (0.77; 0.79)

The transition
probabilities between giant
anteaters’ behavioural states
were influenced by the
interaction between
environmental temperature,
time of day and habitat used
(Table 2). As environmental
temperature decreased, giant
anteaters decreased overall
probability of moving and
showed a progressively earlier
peak probability of moving
(i.e., they decreased activity
duration and increased
diurnality). Both these effects
were observed in open and
forested habitats. As an
example, when temperatures
were high (i.e., 30 °C), giant

anteaters varied their
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Figure 7. Stationary probability of moving of giant anteaters as a
function of the time of day under three temperature conditions (cold
[15 °C], mild [22.5 °C], and hot [30 °C]) and in two habitats types
(open areas, darker colors, and forests, lighter colors). 15 °C and 30
°C respectively represent 1.25 standard deviations below and above
the mean environmental temperature experienced by individuals (22.5

°C). The colored bands represent 95% confidence intervals.
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19

probability of moving between 10% and 95% throughout the day and they were mostly nocturnal, with

higher probability of moving between 20 and 2 hours (Fig. 7). In contrast, when temperatures were low

(i.e., 15 °C), giant anteaters varied their probability of moving from 5% to 45% throughout the day and

they were diurnal, presenting higher probability of moving between 13 and 17 hours. Meanwhile, at mild

temperatures (i.e., 22.5 °C), they showed an intermediate overall probability of moving and were also

nocturnal, with activity peak between 19 hours and midnight (Fig. 7). The high short-term thermal

amplitude of the study area (Fig. 2) indicates that giant anteaters’ activity adjustments in response to

environmental temperature changes should happen on a scale of days (see Fig. 8 as an example).
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Figure 8. Giant anteaters speed (meters/second) across time of day on 22, 28 and 31 August 2013, as

well as the variogram of the environmental temperature in the study site in this period. The three



individuals monitored in this period (Brigite, Zezinha, and Xororo were nocturnal on 22 August, when
it was hot, diurnal on 28 August, when it was cold, and then nocturnal on 31 August, when it got hot
again. This example shows that giant anteaters can switch activity period from nocturnal to diurnal and
vice-versa in a scale of days as a response to abrupt drops in environmental temperature.

The effect of habitat type on the giant anteaters’ probability of moving depended on
environmental temperature and time of day, as indicated by the significant interaction coefficients (Table
2). However, the direction of this effect was consistent across the conditions experienced by the
individuals. Regardless of environmental temperature and time of day, giant anteaters presented a higher
probability of moving (i.e., being active) in open areas, and, consequently, a higher probability of
encamping (i.e., resting) in forests (Table 2, Fig. 7). Besides, the influence of the interaction between
environmental temperature, time of day and habitat used on giant anteaters’ probability of moving was
similar between males and females (see Appendix Fig. Al).

Table 2. Estimates (95% CI) of the effect of environmental temperature, time of day, and habitat type
(open and forest; using open as the reference category), and their interactions, on transition probabilities

between giant anteater behavioral states. The significant effects are represented in bold.

Estimated effect (95% CI)

Covariate

encamping to moving moving to encamping
Temperature 0.001 (0.001; 0.001) -0.002 (-0.002; -0.002)
Time of day -0.892 (-1.012; -0.771) 0.466 (0.353; 0.580)
Habitat -0.614 (-0.825; -0.403) 0.072 (-1.246; 0.270)
Temperature * time of day 0.002 (0.002; 0.002) -0.002 (-0.002; -0.002)
Temperature * habitat 0.001 (0.001; 0.001) 0.001 (0.001; 0.001)
Habitat * time of day -0.300 (-0.344; -0.255) 0.130 (0.062; 0.198)
Temperature * time of day * habitat 0.001 (0.001; 0.001) 0.001 (0.001; 0.001)

Integrated Step Selection Analysis

The iISSA suggested that giant anteaters’ step lengths and turning angles are influenced by the interaction
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between environmental temperature, time of day and habitat used (Figs 9, 10, Appendix Table A4).
Decreasing environmental temperature led animals to increase step lengths and decrease turning angles
at daylight, as well as decrease step lengths and increase turning angles during night, indicating an
increase in diurnal activity and nocturnal rest. These effects could be observed on both habitat types. For
example, at 30 °C, giant anteaters were faster and more directional at midnight, compared with noon. In

contrast, at 15 °C, the animals were faster and more directional at noon than at midnight (Figs 9, 10).
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(cold [15 °C], mild [22.5 °C], and hot [30 °C]), at two times of the day (noon above and middle night
bellow), and in two habitat types (open areas, left, and forests, right). 15 °C and 30 °C respectively
represent 1.25 standard deviations below and above the mean environmental temperature experienced

by the individuals (22.5 °C).
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represent 1.25 standard deviations below and above the mean environmental temperature (22.5 °C).

The effect of the habitat type on individuals’ step lengths and turning angles depended on
environmental temperature and time of day (see significant interaction coefficients in the Appendix
Table A4). However, note that, regardless of environmental temperature and time of day, the animals
presented longer step lengths and smaller turning angles in open areas than in forests (Figs 9, 10),
reinforcing that giant anteaters tend to be active in open areas and to rest in forests.

Controlling for the effect of the environmental covariates on giant anteater movements (see Figs
9, 10, Appendix Table A4), the iISSA showed that the interaction between environmental temperature
and time of day modulated the selection strength for forests, relative to open habitats (Table 3, Fig. 11).
With increasing environmental temperature, giant anteaters increased selection for forests during
daylight and reduced selection for forests at night. Interestingly, as environmental temperature
decreased, individuals showed the opposite pattern, increasing selection for forests at night and reducing
it during daylight (Table 3, Fig. 11). For instance, at 30 °C, giant anteaters selected forests between 9
and 15 hours (with a selection peak at noon), but strongly avoided forests for most of the day, with a
peak of avoidance at midnight (Fig. 11). In contrast, at 15 °C, they selected forests between 18 and 6
hours, with peak of selection at midnight and peak of avoidance at noon. At 22.5 °C, the individuals
used forests as available between 9 and 15 hours, avoiding them during most of the daytime. Males and
females presented similar responses (Appendix, Fig. A2).
Table 3. Estimates (95% CI) of the effect of environmental temperature, time of day, and habitat type
(open areas, as the reference category, and forests), and their interactions on giant anteaters’ habitat

selection. The significant effects are represented in bold.

Covariate Estimated effect (95% CI) p value
habitat -0.247 (-0.256; -0.157) 0.006
habitat * temperature -0.020 (-0.023; -0.017) <108
habitat * time of day 1.183 (1.056; 1.310) <1016

Habitat * temperature * time of day -0.064 (-0.069; -0.059) <1016
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Figure 11. Selection strength of giant anteaters for forests, relative to open habitats, as a function of

time of day on three environmental temperatures (cold [15 °C], mild [22.5 °C], and hot [30 °C]). The
colored bands represent the 95% confidence intervals. 15 °C and 30 °C respectively represent 1.25
standard deviations below and above the mean environmental temperature experienced by individuals
(22.5 °C).

Discussion

We evaluated long-term fine-scale movement data of giant anteaters in a well-preserved naturally
fragmented landscape under a wide variety of environmental temperatures. We used powerful statistical
models to uncover how environmental temperature influences individuals’ activity patterns and habitat
selection. HMM allowed us to understand the effect of environmental temperature on individuals’
activity duration and activity period in both open and forested habitats (McClintock et al. 2020). The
ISSA made it possible to understand how complex interactions between environmental temperature,
habitat type and time of day influence individuals’ step lengths and turning angles, confirming HMM
results and adding insights to giant anteater movements (Avgar et al. 2016). Importantly, iISSA allowed
us to investigate how the effect of environmental temperature on giant anteaters’ habitat selection

changes throughout the day (Avgar et al. 2016, see Richter et al. 2020). With these powerful tools, we
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were able to identify the high behavioural plasticity of giant anteaters in response to environmental
temperature fluctuations. Finally, our results for males and females were very similar, indicating that
environmental temperature is an important driver for movement strategies of both sexes.

With decreasing environmental temperature, giant anteaters reduced daily activity duration
regardless of the habitat used, which indicates that they increased rest time, as we expected in prediction
1. This is because, as a behavioural strategy to offset the low production of body heat and keep their
bodies warm, giant anteaters lie down and cover themselves with their long furry tail, which reduces
their thermal conductance, but also prevents their movement (McNab 1984, Medri & Mouréo 2005). In
accordance, previous studies showed giant anteaters reducing activity duration, distance moved, and area
used with decreasing temperature (Camilo-Alves & Mourdo 2005, Di Blanco et al. 2016, Giroux et al.
2021a). Other mammals have also been reported decreasing daily activity duration in response to
decreasing environmental temperature (Evans et al. 2016, Hume et al. 2020, Tatler et al. 2021), including
members of superorder Xenarthra (Attias et al. 2018). Staying still displaying heat-conserving postures
is a common strategy used by mammals to cope with low environmental temperatures (Terrien et al.
2011). However, by reducing locomotor activity, animals compromise foraging behavior, and,
consequently, energy intake (Abrahms et al. 2021). Therefore, long periods of low environmental
temperatures could lead mammals to energetic deficit, reducing individuals’ performance and fitness
(Mota-Rojas et al. 2021).

As a second strategy to face decreasing environmental temperature in both open and forested
habitats, giant anteaters increased diurnality, as expected based on prediction 2. Surprisingly, we found
that giant anteaters were capable of completely switching their activity period, from nocturnal on warm
and mild days to diurnal on cold days. When moving, many mammals increase heat exchange by
exposing a larger body surface to the environment, contrasting with their resting period when they can
display tight, closed body postures for heat conservancy (Mota-Rojas et al. 2021). Thus, selecting
daylight hours to move increases heat gain by solar radiation, which is an advantage at low temperatures

(e.g., van der Vinne et al. 2014, Attias et al. 2018). Similarly, mammal species have been recorded
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increasing their nocturnality to deal with weather warming (Davimes et al. 2017, Levy et al. 2019). The
search for times with milder temperatures to be active can also lead mammals to seasonally switch
activity period, from diurnal in winter to crepuscular/nocturnal in summer (Finn et al. 2022). However,
completely shifting the activity period from nocturnal to diurnal or vice versa on a scale of days demands
high short-term behavioural plasticity, an uncommon phenomenon for mammals and, to our knowledge,
a result never observed in giant anteaters (see Camilo-Alves & Mourdo 2005, Mourdo & Medri 2007,
Di Blanco et al. 2016). As this species has a low production of body heat (McNab 1984), and
environmental temperature may drop suddenly in the Pantanal due to cold fronts, this short-term
behavioural response can be an efficient energetic strategy for them.

Forests played a fundamental role as thermal shelters for giant anteaters, being selected for rest
in cold and hot weather, but not in mild weather (partially agreeing with prediction 3). Giant anteaters
increased selection for forests during daylight when it was hot whereas they increased selection for this
habitat at night when it was cold. The use of thermal shelters reduces the thermal difference between the
animals’ bodies and the environment, reducing heat exchange (De Frenne et al. 2019). This behaviour
helps maintain individuals’ body temperature within optimal levels as environmental temperatures
deviate from their TNZ (Mota-Rojas et al. 2021). However, when the habitat used as thermal shelter
does not coincide with the one that is usually used for foraging, animals must choose between food
resource acquisition and thermoregulation. In this case, thermal shelters will be selected mainly for
resting, which is the case in the giant anteater (also see Haase et al. 2020, Verzuh et al. 2021). It is worth
noting that the daily mean selection for forests was smaller at high environmental temperatures (also see
Giroux et al. 2021a). Nevertheless, throughout the hours of the day, positive coefficients of selection for
forests were observed at low and high environmental temperatures, but not at mild ones. This result
highlights the importance of considering fine-scale temporal dynamics to understand habitat selection
(see Richter et al. 2020). Giant anteaters probably show the highest selection for forests in the cold due
to their low capacity for body heat production, but they also select forests to avoid overheating at high

temperatures. In mild weather, they behave like a typical open-area mammal all day long, avoiding forest
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or, at most, using it as available during rest.

Our work suggests that reducing availability of forest patches in heterogeneous landscapes would
compromise giant anteater’s thermoregulation. Similarly to giant anteaters, many other open-area
mammals living in heterogeneous landscapes increase selection for forests as environmental temperature
deviates from their TNZ (e.g., Ewald et al. 2014, Marchand et al. 2014, Street et al. 2015), even when
forests are not their preferred habitat to forage (e.g., Street et al. 2016). This is because forests act as
thermal shelters for both cold and hot weather, not only offering milder temperatures than adjacent open
areas, but also offering protection against rain, chilly winds, and solar radiation (De Frenne et al. 2019).
Based on predictions of increasing frequency and intensity of extreme cold and hot weather events (IPCC
2021), we expect open-area mammals to increase demand for forest patches as thermal shelters,
especially on hot days and cold nights. Therefore, the rapid and intense global loss of forests and its
consequences for wildlife are worrisome (De Frenne et al. 2021, Giroux et al. 2021b). In the Brazilian
territory, where this study was conducted, massive agricultural expansion has caused extensive habitat
degradation and dramatically decreased forest patches on savannah areas, both in number and size
(Reynolds et al. 2016, Tollefson 2018). Under this current deforestation scenario, the opportunities that
the landscape offers for mammals’ behavioural thermoregulation are decreasing while extreme weather

events are becoming more frequent (De Frenne et al. 2021).

Conclusion

We combined two powerful statistical models to understand how environmental temperature
modulates the movement decisions of a large mammal. Due to their low capacity for physiological
thermoregulation, giant anteaters conspicuously responded to environmental temperature variations.
Besides being relevant for monitoring and understanding giant anteater behavior, this work provides
insights into how other mammals might respond to climate changes. To deal with thermal discomfort,
giant anteaters showed three important behavioural thermoregulatory strategies: they modulated activity
duration, shifted activity period, and increased selection for forests (Fig. 12). The long-term impact of

these behavioural adjustments on individuals, populations and communities is still unknown and should
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be the focus of future studies. We highlight that, despite their high behavioural plasticity regarding
activity, giant anteaters still need forests as thermal shelters. Therefore, we make it clear that forest
conservation should be increasingly prioritized as we face climate changes and effective management

efforts must consider the indispensability of forests for animal thermoregulation.

Activity modulation and selection for forests as behavioral thermoregulatory mechanisms
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Figure 12. Take-home illustration showing how giant anteaters adjust their activity and selection for

forests to deal with temperature changes.
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Appendix

Table Al. Individual characteristics of the captured giant anteaters (Myrmecophaga tridactyla) as well

as monitoring effort and sampling regime.

Body mass  Sampling regime  Monitoring period

Id Capture date  Sex )

(kg) (min) (days)

Annie 06/20/2015 F 30.0 20 84.0
Berenice ~ 10/25/2015 F 39.0 20 386.0
Brigite 07/31/2013 F 26.3 30 339.7
Buba 07/08/2015 F 30.0 20 69.1
Henriqueta  08/15/2014 F 28.1 20 159.9
Justin 05/31/2016 M 30.0 20 144.7
Kiko 10/25/2015 M 35.0 20 363.2
Lubetta 06/19/2015 F 28.0 20 51.0
Mariah 09/26/2016 F 33.3 20 122.4
Pdg 06/18/2015 M 36.0 20 509.7
Xororo 07/25/2013 M 37.2 30 387.8
Zezinha 07/27/2013 F 35.0 30 279.8
Fergus 07/01/2016 M 35.0 20 378.0
Jacques 07/31/2016 M 25.0 20 366.7




Table A2. Weather and habitat conditions experienced by the giant anteaters (Myrmecophaga tridactyla)

across their monitoring period.

Id Environmental temperature  Environmental temperature  £qrest use
(median) (range)

Annie 22.6 °C 11.6 °C-36.0 °C 35.8%
Berenice 22.1°C 45°C-39.5°C 55.1%
Brigite 225°C 09°C-38.3°C 59.7%
Buba 22.3°C 13.9°C-35.8°C 26.1%
Henriqueta 23.7°C 142°C-35.8°C 32.1%
Justin 22.5°C 45°C-39.5°C 34.4%
Kiko 22.1°C 45°C-395°C 26.9%
Lubetta 23.4°C 14.2°C-36 °C 19.1%
Mariah 26.0 °C 10.6 °C-39.5°C 45.23%
Pdg 240 °C 45°C-40.2°C 22.3%
Xororo 239°C 0.2°C-38.3°C 21.9%
Zezinha 24.8°C 09°C-38.3°C 32.9%
Fergus 229 °C 0.8°C-39.5°C 38.9%

Jacques 22.9°C 0.8°C-38.1°C 10.8%




Table A3. Number of observations of the original movement data of GPS-tracked giant anteaters
(Myrmecophaga tridactyla) in comparison to the number of observations used in the Hidden Markov

Model (HMM) and in the integrated Step-Selection Analysis (iISSA).

Original number of ~ HMM number of ISSA number of

d observations observations observations
Annie 4529 3983 4274
Berenice 27162 26042 26740
Brigite 11857 10092 11105
Buba 788 408 528
Henriqueta 8717 8627 8677

Justin 10273 10104 10104
Kiko 25866 25680 25741
Lubetta 521 361 382
Mariah 8730 8612 8612
Pdg 32908 30039 31525
Xororo 16733 15203 16868
Zezinha 11604 9793 10027
Fergus 27139 26921 26921

Jacques 17178 13108 15632
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Table A4. Estimates (95% CI) of the effect of step lengths (sl) and turning angles (ta), as well as their
interactions with environmental temperature, time of day, and habitat type (open and forest; using open
as the reference category) on movement of giant anteaters (Myrmecophaga tridactyla). Significant

effects are highlighted in bold.

Covariate Estimated effect (95% CI) P value
sl 0.004 (0.004; 0.004) <1016
log (sl) -0.595 (-0.605; -0.585) <1016
cos (ta) -0.859 (-0.868; -0.850) <1016
sl * temperature -0.001 (-0.001; -0.001) <1016
log (sl) * temperature 0.024 (0.024; 0.024) <1016
cos (ta) * temperature 0.026 (0.026; 0.026) <1016
sl * habitat -0.011 (-0.012; -0.010) <1016
log (sl) * habitat 0.280 (0.250; 0.310) <1016
cos (ta) * habitat -0.103 (-0.116; -0.090) 0.0057
sl * time of day -0.015 (-0.015; -0.015) <1016
log (sl) * time of day -0.445 (-0.447; -0.443) <1016
cos (ta) * time of day -0.978 (-1.006; -0.950) <1016
sl * temperature * time of day 0.001 (0.001; 0.001) <1016
log (sl) * temperature * time of day 0.027 (0.027; 0.027) <1016
cos (ta) * temperature * time of day 0.057 (0.056; 0.058) <1016
sl * temperature * habitat 0.001 (0.001; 0.001) 0.0004
log (sl) * temperature * habitat -0.009 (-0.011; -0.008) <101
cos (ta) * temperature * habitat -0.004 (-0.005; -0.003) 0.0007
sl * time of day * habitat 0.004 (0.003; 0.005) 0.0054
log (sl) * time of day * habitat 0.367 (0.362; 0.372) <101
cos (ta) * time of day * habitat 0.476 (0.421; 0.531) <1016
sl * temperature * time of day * habitat 0.001 (0.001; 0.001) <101
log (sl) * temperature * time of day * habitat -0.022 (-0.023; -0.021) <1016
cos (ta) * temperature * time of day * habitat -0.021 (-0.022; -0.020) <1016
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Figure Al. Stationary probability of moving of males and females’ giant anteaters (Myrmecophaga

tridactyla) as a function of time of day under three temperature conditions (cold [15 °C], mild [22.5 °C],

and hot [30 °C]) and in two habitats (open areas, bottom graphics, and forests, top graphics). 15 °C and

30 °C respectively represent 1.25 standard deviations below and above the mean environmental

temperature experienced by individuals (22.5 °C). The colored bands represent the 95% confidence

intervals.
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Figure A2. Selection strength of males and females’ giant anteaters (Myrmecophaga tridactyla) for

forests, relative to open habitats, as a function of time of day on three environmental temperatures (cold

[15 °C], mild [22.5 °C], and hot [30 °C]). The colored bands represent the 95% confidence intervals. 15

°C and 30 °C respectively represent 1.25 standard deviations below and above the mean environmental

temperature experienced by individuals (22.5 °C).
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Chapter 2: Sexual, allometric and forest cover effects on giant anteaters’

movement ecology

Abstract

Knowing the influence of intrinsic and environmental traits on animals’ movement is a central interest
of ecology and can aid to enhance management decisions. The giant anteater, Myrmecophaga tridactyla,
is a vulnerable mammal that presents low capacity for physiological thermoregulation and uses forests
as thermal shelters. Here, we aim to provide reliable estimates of giant anteaters’ movement patterns and
home range size, as well as untangle the role of intrinsic and environmental drivers on their movement.
We GPS-tracked 19 giant anteaters in Brazilian savannah. We used a continuous-time movement model
to estimate their movement patterns (described by home range crossing time, daily distance moved and
directionality), and provide an autocorrelated kernel density estimate of home range size. Then, we used
mixed structural equations to integratively model the effects of sex, body mass and proportion of forest
cover on movement patterns and home range size, considering the complex net of interactions between
these variables. Male giant anteaters presented more intensive space use and larger home range than
females with similar body mass, as it is expected in polygynous social mating systems. Males and
females increased home range size with increasing body mass, but the allometric scaling of intensity of
space use was negative for males and positive for females, indicating different strategies in search for
resources. With decreasing proportion of forest cover inside their home ranges, and, consequently,
decreasing thermal quality of their habitat, giant anteaters increased home range size, possibly to
maximize the chances of accessing thermal shelters. As frequency and intensity of extreme weather
events and deforestation are increasing, effective management efforts need to consider the role of forests
as an important thermal resource driving spatial requirements of this species. We highlight that both
intrinsic and environmental drivers of animal movement should be integrated to better guide

management strategies.
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Resumo

Conhecer a influéncia de caracteristicas intrinsecas e ambientais no movimento animal é de central
interesse para ecologia, além de ter grande utilidade para decisbes de manejo. O tamandué-bandeira,
Myrmecophaga tridactyla, € uma espécie vulnerdvel que apresenta baixa capacidade de termorregulacdo
fisiologica e usa florestas como abrigos termais. Aqui, pretendemos prover estimativas confidveis dos
padroes de movimento e area de vida dos tamandués-bandeira, bem como desemaranhar o papel de
fatores intrinsecos e ambientais influenciando sua movimentagdo. Monitoramos 19 tamandués-bandeira
na savana brasileira. Usamos modelos de movimento em tempo continuo para estimar seus padrdes de
movimento (descritos pelo tempo de cruzamento da area de vida, distdncia diaria movida e
direcionalidade), e provemos uma estimativa de &rea de vida baseada em uma fungéo kernel controlada
por autocorrelagdo. Entdo, n6s usamos equagfes estruturais mistas para integrativamente modelar os
efeitos do sexo e massa corporea dos individuos, assim como da proporc¢do de cobertura florestal em
suas areas de vida, nos padrdes de movimento e tamanho da &rea de vida, considerando a complexa rede
de interacdo entre essas variaveis. Machos apresentaram mais intenso uso do espaco e maior area de vida
que fémeas com massa corpérea similar, como esperado em um sistema de acasalamento poligino.
Machos e fémeas aumentaram o tamanho das suas areas de vida com 0 aumento da massa corpérea, mas
a alometria da intensidade de uso do espaco foi negativa para machos e positiva para fémeas, indicando
diferentes estratégias de busca de recursos. Com a diminui¢do da proporcdo de florestas dentro das suas
areas de vida e a consequente reducdo da adequabilidade termal do habitat, os tamanduas-bandeira
aumentaram o tamanho da sua area de vida, possivelmente para maximizar as chances de acessar abrigos
termais. Com o aumento da frequéncia e intensidade de eventos climaticos extremos em um cenario de
desmatamento, efetivos esforgos de manejo precisam considerar o papel das florestas como um
importante recurso termal influenciando os requerimentos especiais das espécies. Destacamos que
ambos os fatores intrinsecos e ambientais influenciam o movimento animal e devem ser integrados para

a melhor tomada de decisbes de manejo.
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Introduction

Animal movement is a key process of ecology, driving survival and fitness (Morales et al. 2010).
Individuals’ movement patterns shape their home range, which can be defined as the part of their
cognitive map that they choose to be continuously updated (Gautestad 2011, Powell & Michael 2012).
The home range should offer the needed conditions for basic activities of food gathering, mating, and
caring for young (Burt 1943). Describing movement patterns and estimate home range size allow us
better understanding animals’ ecology and spatial requirements to make appropriate management
decisions that can help to preserve wildlife (Borger et al. 2008, Allen & Singh 2016). Such knowledge
has become even more important as human actions are increasingly endangering natural systems (Nathan
et al. 2008, Doherty et al. 2021). Theoretical and empirical studies have more often focused on
understanding ‘typical’ movement of a species than understanding its variation (Shaw et al. 2020).
However, both movement patterns and home range size widely vary between individuals within a
population, and these variations are commonly influenced by intrinsic and environmental traits (Bérger
et al. 2008, Nathan et al. 2008).

Sex and body mass are among the main intrinsic traits driving intraspecific variations on animal
movement (Vieira et al. 2019). The mating system and the associated reproductive tactics employed by
males and females within a species influence the evolutionary selection of various characters (Gaulin &
FitzGerald 1986). This can result in sex-related metabolic, cognitive, and behavioral differences that
should be reflected on movement patterns and, consequently, on home range size (McLoughlin &
Ferguson 2000). Body mass, in turn, has direct influence on the individual’s body mechanics and
physiology (Wilson et al. 2015, Daley & Birn-Jeffery 2018). Besides, body mass can drive movement
patterns and home range size by influencing individuals’ energetic requirements (McNab 1963, Rosten
et al. 2016), foraging experience (Papastamatiou et al 2011, Viswanathan et al. 2011), and/or orientation
ability (Ross et al., 2012). Therefore, the animal movement allometry relative to individuals’ body mass
is commonly found (e.g., Rosten et al. 2016). Among environmental traits shaping animals’ movement

patterns and home range size, the proportion of available forest cover stands out to animals that habit
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heterogeneous landscapes and use forests as resource (Mancinelli et al. 2018, Mangipanea et al. 2018).
The influence of intrinsic and environmental traits on animal movement is being increasingly
better understood as technological advances on tracking methods increase (Shaw et al. 2020). Although
the analysis of movement data is still challenging (Cagnacci et al. 2010, Fleming et al. 2019), the recent
implementation of continuous-time movement models on understanding movement patterns and on
estimating home range size has allowed great advances (Fleming & Calabrese 2016, Katzner & Arlettaz
2020). For high-quality GPS tracking data of range-resident individuals, these models allow the
estimation of descriptors of movement patterns such as home range crossing-time, daily distance moved
and directionality (Fleming et al. 2014). These descriptors bring insights on underlying movement
processes determining home range and can be used to provide an autocorrelated kernel density estimator
of home range size (Fleming et al. 2014). However, previous research has focused on evaluating one
specific movement metric at a time (Morato et al. 2016, De la Torre & Rivero 2019), disregarding the
possible causal relationships of the descriptors of movement patterns with each other and with home
range size. Both accurate estimates of animal movement, based on movement models, and integrative
approaches that consider the complex network of relations between the variables can help us to
understand the effect of intrinsic and environmental traits on movement patterns and home range size.
The giant anteater (Myrmecophaga tridactyla) is a vulnerable mammal whose movement patterns
and home range size have been previously studied to better guide its management and conservation
(Miranda et al. 2014, Bertassoni & Ribeiro 2019). Their original spatial distribution covered from Belize
to the south of South America, excluding the Andes (Miranda et al. 2014). While some populations are
already locally extinct, others are facing habitat loss, wildfires, roadkills, conflicts with dogs and other
threats (Miranda et al. 2014). In this scenario, their low reproductive rate and long periods of parental
care make giant anteaters conservation status even more worrisome (Rodrigues et al. 2008, Miranda et
al. 2015). Despite being commonly associated with open habitats (Eisenberg & Redford 1999), forests
have a fundamental role in giant anteater thermoregulation (Giroux et al. 2021a, Giroux et al. 2023).

This is because giant anteaters present reduced body heat production (McNab 1984) and low capacity
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of physiological thermoregulation, and forests act as important thermal shelters. Besides showing
smaller environmental temperature variation than adjacent open areas, forest patches buffer rain and
chilly winds and offer protection against solar radiation (De Frenne et al. 2019). Therefore, it is also
worrying that deforestation may be reducing the habitat thermal quality for these animals across their
current distribution (Zepetello et al. 2020).

Despite the efforts to understand giant anteaters’ movement ecology, previous estimates of their
home range size have ignored the intrinsic autocorrelation of high-resolution movement data and have
not been based on movement models, probably generating underestimated results (Fleming & Calabrese
2016, Bertassoni & Ribeiro 2019). While some studies showed no evidence of sexual effects on their
movement (Di Blanco et al. 2017, Giroux et al. 2021a), other ones showed males presenting longer daily
activity time (Di Blanco et al. 2017, Bertassoni et al. 2020) and using larger areas than females
(Bertassoni et al. 2020). Because of their sexual size dimorphism (Giroux et al. 2021a), the possible
influence of body mass on movement needs to be considered when assessing sexual effects. Besides,
although we know that giant anteaters select forests to set their home ranges and allocate time within it
(Bertassoni et al. 2020), we still ignore if the proportion of forest cover within home ranges influences
their movement patterns and spatial requirements. Here we used a continuous-time movement model to
offer reliable estimates of giant anteaters’ movement patterns (specifically home range crossing-time,
daily distance moved and directionality) and home range size. Then, we investigated the effect of sex,
body mass and proportion of forest cover on giant anteaters’ movement patterns and home range size.
Using an integrative approach, we were able to uncover all these effects simultaneously, controlling for
the possible relations among descriptors of movement pattern and with home range size.

Due to their probably polygynous social mating system (Desbiez et al. 2020), we expected male
giant anteaters to increase their chances of mating opportunities by moving longer daily distances and
using larger home ranges than females (Fig. 1b, d; Clutton-Brock et al. 1989). We also expected an
allometric scaling between body mass and movement, since larger bodied individuals have higher

energetic requirements than smaller ones (Isaac et al. 2012). Larger giant anteaters should increase the
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intensity of space use, increasing home range crossing-time and daily distance moved while decreasing

directionality. This is because this increasing space use should increase the individuals’ chances to find

food resources — mainly ants and termites — spread on the landscape (Fig. 1a, b, c; Redford 1985, Isaac

et al. 2012, Fleming et al. 2014). Besides, it is reasonable to expect that larger animals will require more

space to meet their energetic requirements (Isaac et al. 2012), so they would also increase home range

size with increasing body mass (Fig.
1d). We expect that increasing
proportion of forest inside home range
will lead animals to increase home
range crossing time, decreasing daily
distance moved and directionality,
because the forests’ three-dimensional
structure should present physical
obstacles to displacement, imposing
more friction than open grasslands (Fig.
le, g; Ferreras 2001). Finally, lower
proportions of forest inside home range
would decrease the animal’s access to
thermal shelters, decreasing the habitat
thermal quality. It could lead animals to
increase their spatial requirements,
increasing home range size (Fig. 1h;

Said et al. 2009).

Methods
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Figure 1. Hypothetical direction and shape of the expected
effects of intrinsic (sex and body mass) and environmental
traits (proportion of forest cover inside home range) on three
descriptors of movement patterns (home range crossing time,
daily distance moved , and directionality) and home range

size of giant anteaters.

We carried the study out in two savannah areas in the Brazilian territory: (1) Santa Barbara Ecological
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Station, Sdo Paulo state (22° 48' 59" S, 49° 14' 12" W) and (2) Baia das Pedras ranch, Mato Grosso do
Sul state (19° 18' 9" S, 55° 47" 4" W). The study areas have a tropical climate, with rainy summers and
dry winters (Alvares et al. 2013). The landscape of both studied areas is composed of mosaics of open
grasslands, scrublands, savannahs, and woodlands (Abdon et al. 1995, Durigan et al. 2007). The
landscape of Santa Barbara Ecological Station also includes anthropic elements, such as exotic forests
of Pinus sp. and Eucalyptus sp., as well as highways (Durigan et al. 2007). Baia das Pedras Ranch is
located within the Pantanal wetland, and it presents a naturally fragmented landscape with permanent
and temporary salty and freshwater ponds, where open grasslands are subjected to seasonal flooding
(Abdon et al. 1995).

We classified the landscapes using georeferenced maps (LANDSAT 7 TM) and the MapBiomas
database (Collection 5; Souza et al. 2020). To test the effect of the forest cover in movement patterns
and home range size of giant anteaters, we summarized the observed habitats in two categories: forest
or non-forest (Fig. 2). Forest areas included woodland savannahs, woodlands, riparian forests,
regenerating arboreal vegetation and exotic forests. Non-forest areas included open grasslands,
scrublands, open savannahs, and areas without vegetation cover. We calculated the proportion of forest
cover within each individual home range dividing the number of pixels classified as forest by the total
number of pixels. We performed satellite image processing and supervised classifications using raster
(Hijmans et al 2014), maptools (Bivand & Lewin-Koh 2016), and rgdal (Bivand et al. 2015) packages

available in the R environment (R Core Team 2019).
Capture and Data Collection

We searched for giant anteaters by horse or by pickup vehicle at low speed (maximum of 20 km/h).
Once we saw the anteaters, we captured them using dip nets, dart-guns, or a blowpipe. Anteaters were
immobilized and sedated following the protocol described by Bertassoni et al. (2020) in Santa Barbara
Ecological Station and following the protocol described by Kluyber et al. (2021) in Baia das Pedras
Ranch. Each captured individual was sexed, weighted, and equipped with a global positioning system

(GPS) harness during anesthesia. We conducted a T test (Young 1998) to compare the mean body mass
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between individuals of our two study areas (see Fig 3 in results section). None of the tracking devices
exceeded 3% of the animals’ body mass. The procedures were performed under the license numbers
SISBIO 16010-1 and SISBIO 38326-5 (Chico Mendes Institute for Biodiversity Conservation). After
completing their recovery from the anesthesia, we released the giant anteaters at the site of capture for

movement GPS-tracking (see Fig. 2).
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Figure 2. Study sites’ maps showing the mosaic of forests (green) and open areas (white) in Santa
Barbara Ecological Station (left) and Baia das Pedras ranch (right). Colored points represent individuals’
location points, with one colour to each individual.

Movement patterns and home range analysis

We described animals’ movement patterns and estimated home range size using the ctmm R package
(Fleming et al. 2015, Calabrese et al. 2016). We first examined the empirical variogram of each
individual tracking data to check for an asymptote (Fleming et al. 2014), as it is an evidence of range
residence and a premise for the movement parameters estimation (Calabrese et al. 2016). Because
tracking data with such short sampling intervals are inherently autocorrelated, we also used the
variogram to investigate the autocorrelation structure of data, obtaining starting values for the variance
and autocorrelation timescales. Then, we fitted continuous-time movement models to the individuals’

location data via maximum likelihood. Among the fitted models, we included the Brownian motion
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model (BM), the Ornstein-Uhlenbeck model (OU), the Integrated OU model (IOU) and the Ornstein-
Uhlenbeck-F model (OUF; Fleming et al. 2014). We ranked the movement models based on the second
order Akaike Information Criterion (AlICc; Burnham & Anderson 2002) and selected the one with the
best fit for each individual anteater data set.

For those animals that better fitted OUF model, we obtained the three descriptors of individuals’
movement patterns: home range crossing time (timescale of autocorrelation in position), daily distance
moved and directionality (direction persistence timescale), as well as their confidence intervals (Fleming
2014). For those animals that showed range residence (i.e., better fitted OU or OUF models), we used
the ninety-five per cent area corrected autocorrelated kernel density estimator (AKDEc 95%) to estimate
the individuals’ home range size and its confidence limits. AKDEc is a nonparametric home-range
estimator that assumes the data represent a sample from a nonstationary, autocorrelated, continuous
movement process (Fleming & Calabrese 2017). This estimator allows movement models to be fitted to
data with different temporal structures (e.g., irregular sampling regime, gaps, and short sampling time).
Also, AKDECc allows to compare home ranges of individuals with different monitoring times. This is
because AKDECc extrapolates the data, basing itself on parameters of the model selected for each

individual data set, to provide reliable home range estimates (Fleming & Calabrese 2017).
Structural Equation Modeling

We used mixed Structural Equations Modeling (mixed-SEM) [64] to investigate: (1) the effect of
intrinsic traits (individuals’ sex and body mass) in movement patterns and home range size and (2) the
effect of an environmental trait (proportion of forest cover inside the individuals’ home range) in
movement patterns and home range size. Because the descriptors of movement patterns can be related
to each other, and can modulate home range size, we controlled for these possible relationships in an
integrative approach (see Fig. 4). In this approach, the same variable could simultaneously act as
response in an equation and as predictor in another one (Fig. 4; Kline 2015). Mixed-SEM allowed us to
disentangle a complex net of interactions, estimating the indirect, direct, and total effects among

variables (Lefcheck 2016). Indirect effects were estimated by the product of the direct effects that
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compose them, and total effects were given by the sum of direct and indirect effects (Stolzenberg 1980,

Hayes & Preacher 2010).

Mixed-SEM was fitted using the R package PiecewiseSEM (Lefcheck 2016, Heck et al. 2001).

We included random variables in the model to account for the hierarchical structure of our data (i.e.,

individuals’ intercepts were nested within the sites; see Lefcheck 2016). We also took into consideration

the uncertainty associated with the estimated values of movement patterns and home range size.

Accordingly, we used an autoregressive error structure to weigh the contribution of the values of the

response variables for the inverse of its variance in the corresponding equations (Sterne et al. 2001, Lin

& Chu 2020). We standardized the estimated coefficients to allow comparison between the different

parameters (Grace et al. 2018). Finally, we checked the global goodness-of-fit of our mixed-SEM by a

Fischer’s C test, which measures the discrepancy between predicted and observed covariance matrices

of our causal predictions (Holst & Budtz-Jargensen 2013).

Results

General results

We GPS-tracked 19 individuals — six individuals (three
males and three females) in Santa Barbara Ecological
Station (SP) in 2015, and 13 individuals (eight males and
five females) in Baia das Pedras Ranch (MS) between 2013
and 2017. The individuals weighed between 21.6 kg and
38.7 kg (mean = 32.5 kg). Individuals’ body mass was
similar for both study areas (t test; t = - 0.69; df = 12.53; p
=0.50; Fig. 3). The GPS devices recorded location points at
intervals ranging between 20 and 70 minutes. The

monitoring time varied between individuals, ranging from

45 to 136 days in Santa Barbara Ecological Station (mean

= 90 days) and from 69 to 509 days in Baia das Pedras
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Figure 3. Body mass of male (purple) and
female (orange) giant anteaters monitored
at Baia das Pedras ranch (BPR) and Santa

Barbara Ecological Station (SBES).



ranch (mean = 371.5 days). The total dataset consisted of 213,901 locations. We provided individual
information on sex, body mass, sample regime and monitoring time in Appendix Table Al.

The individuals’ empirical variogram showed the plotted semi-variance reaching an asymptote
on a timescale that roughly corresponded to the home-range crossing time. Therefore, all the monitored
giant anteaters showed constrained space use and were defined as range residents. For all individuals,
the highest ranked movement model was the OUF — that considers autocorrelation in both location and
velocity (Fleming et al. 2014) The estimates of home range crossing time, daily distance moved,
directionality, and home range size varied between individuals (Table 1). The mixed-SEM explained a
substantial amount of the observed variation in home range crossing time (R2 = 0.67), daily distance
moved (Rz = 0.72), directionality (R2 = 0.88), and home range size (R2 = 0.81).

Table 1. Estimates and confidence intervals of movement patterns (described by home range crossing

time, daily distance moved and directionality) and home range size of giant anteaters (Myrmecophaga

tridactyla).
Minimum (95% CI) Mean Maximum (95% CI)
Home range crossing time (days) 0.26 (0.23-0.29) 2.15 10.58 (7.01 - 15.96)
Daily distance moved (km) 5.41 (3.74 - 7.08) 8.01 12.04 (11.90 - 12.19)
Directionality (min) @ 1.64 (0.94 - 2.87) 13.82 34.9 (31.76 - 38.37)
Home range (km?) 1.44 (1.09 - 1.84) 8.94 20.74 (15.26 - 27.06)

& Directionality was measured as the timescale of the persistence in direction.
Intrinsic effects on movement patterns and home range size

Home range crossing time and daily distance moved had positive influence of sex, with males presenting
higher values than females (Fig 4; B1 and B2, respectively; Fig 5a, b). The effect of body mass in home
range crossing time and daily distance moved depended on the sex, and it was negative for males (Fig

4; Bz and Bs, respectively; Fig 5a, b) and positive for females (Fig 4; Baand Be, respectively; Fig 5a, b).
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Directionality was indirectly driven by sex through daily distance moved (Fig 4; B2* B7 = - 1.56; Fig 5¢).
The effect of body mass on directionality was also given indirectly via daily distance moved (Fig 4; ps*
(7 for males, and Be* B7 for females), and it was equal to 1.29 for males and - 0.50 for females (Fig 5c).
The effect of both sex and body mass on home range size was mediated by home range crossing time,
daily distance moved and directionality. The total effect of sex on home range size was given by B1* s
+ B2* B7* Po = 0.45 (males > females; Fig 4; Fig 5d). The total effect of body mass on home range size

was given by Bs* s+ Bs* B7* Po = 0.41 for males, and Bs* Bs + Be* B7* Po = 1.27 for females (Fig 4; Fig

5d).
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Figure 4. Schematic representation and estimated coefficients of intrinsic (sex and body mass) and
environmental effects (proportion of forests) on movement patterns (described by home range crossing
time, daily distance moved and directionality) and home range size of giant anteaters, as well as of the
relationships between the descriptors of movement patterns to each other and with home range size. The

standardized coefficients (B) represent the relative strength of significant effects.
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Figure 5. Graphical representation of the shape and direction of the effects of intrinsic and
environmental traits on movement patterns and home range size of giant anteaters (Myrmecophaga
tridactyla). Intrinsic traits are represented by sex and body mass. The environmental trait is represented
by the proportion of forest cover within individuals’ home ranges. Movement patterns are described by
home range crossing time, daily distance moved and directionality. Estimated coefficients are provided

above tendency lines for each relationship.

Environmental effect on movement patterns and home range size

The proportion of forest cover within the individuals’ home range ranged between 0.17 and 0.88 (mean
= 0.42). The proportion of forest had no influence on home range crossing time or daily distance moved
(Fig 4; Fig 5e, f), however, it negatively influenced directionality (Fig 4; B1o = - 0.60; Fig 5g). It means
that individuals whose home range presented a higher proportion of forest cover showed less

directionality — i.e., more tortuous movements — than individuals occupying areas with a low proportion
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of forests. The total effect of the proportion of forest cover on home range size resulted of the sum of
its direct effect (Fig 4; B11) with indirect effects, mediated by directionality (Fig 4; Bio* Bo), totaling an
effect of - 0.68 (Fig 4; Fig 5h). In other words, individuals increased home range size with a decreasing

proportion of forests inside it.
Discussion

As far as we know, we provided here for the first-time movement model-based estimates of home range
crossing time, daily distance moved and directionality for giant anteaters, allowing a better
characterization of the species’ movement patterns. Once home range crossing time indicates the
timescale of autocorrelation in position, our results show that, on average, a two-days interval between
consecutive relocations is necessary to consider them spatially independent (Fleming & Calabrese 2017).
However, previous studies using GPS devices have adopted monitoring regimes much shorter than that
and unconsidered the spatial autocorrelation of data (Bertassoni & Ribeiro 2019, Bertassoni et al. 2020),
probably leading to underestimating results. This is an important factor explaining why our estimates of
daily distance moved, and home range size were, in average, bigger than those provided by recent studies
(Bertassoni & Ribeiro 2019, Bertassoni et al. 2020), once AKDEc incorporates and controls for the
autocorrelation in both location and velocity (Fleming & Calabrese 2017). Other possible explanations
to this discrepancy can be related to the intrinsic characteristics of monitored individuals and the
environmental characteristics associated with the site and period of monitoring.

The use of mixed-SEM allowed us to disentangle the effects of sex, body mass and proportion
of forest on movement patterns and home range size, simultaneously estimating the direction and
intensity of direct and indirect effects. The three descriptors of movement patterns (home range crossing
time, daily distance moved and directionality) mediated the effects of sex and body mass on home range
size, illustrating the importance of integrating these relationships in the same model (Lefcheck 2016).
We were able to clarify the sexual effects on movement patterns and home range size by considering
body mass effects and the interactions between individuals’ sex and body mass. Even though the

intraspecific effect of body mass on movement patterns and home range size is generally weak in
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mammals (McLoughlin & Ferguson 2000), we were still able to detect it with this integrative approach.
To our best knowledge, this is the first record of allometric scaling in the movement patterns and home
range size in giant anteaters. On the other hand, environmental traits, such as the proportion of forest
cover, are common direct drivers of mammal’s home range size at the individual level (McLoughlin &
Ferguson 2000), and our model provided additional details, showing the direct and indirect paths of this
effect. Despite the great explanatory power of our model, we recognize that there must be other intrinsic
and environmental factors influencing giant anteaters’ movement that we did not investigate here, and
some of them may even seasonally change.

In general, male giant anteaters presented more intensive space use than females with similar
body mass, showing longer home range crossing-time, longer daily distance moved and smaller
directionality. Besides, males also exhibited larger home ranges than females. We expected males
moving longer distances and occupying larger areas than females. However, it was surprising that they
also took more time to cross their areas and were less directional at doing it. The higher intensity of
space use and larger home range in males than females are, probably, strategies to increase the chances
to find receptive females on landscape (Clutton-Brock 1989). This is because the home range of a male
giant anteater usually overlaps with the home range of several females (Medri & Mourao 2006). Hence,
males could increase their chances of finding receptive females exploiting their home ranges and
increasing their home ranges size to include more females inside it. In line with these results, male giant
anteaters were recorded presenting longer activity time and larger home range than females (Bertassoni
et al. 2020). Therefore, we reinforced the idea that giant anteaters present a polygynous social mating
system, with a male mating with more than one female (Clutton-Brock 1989, Desbiez et al. 2020).

Female giant anteaters behaved as expected, increasing the intensity of space use with increasing
body mass. This is probably related to an increase in the search for food resources (Fleming et al. 2014),
once larger animals have higher energetic requirements (Isaac et al. 2012). For species that have their
food resources unpredictably spread on the landscape, such as the invertebrate nests that giant anteaters’

prey upon, the intensity of utilization of food resources depends on the intensity of use of space that
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provides physical access to those resources (De Knegt et al. 2007, Augustine & Derner 2013). Besides,
female giant anteaters also increased home range size with increasing body mass, showing a second
strategy to increase the access to food resources: increasing the size of the space used to find those
resources. A positive allometric scaling of both intensity of space use and home range size has been
found in some mammals (Cameron & Spencer 1985, Ducan et al. 2015), including other xenarthrans
with myrmecophagous diets such as giant armadillos (Priodontes maximus; Desbiez et al. 2019) and
southern three-banded armadillos (Tolypeutes matacus; Attias et al. 2020). This relationship indicates
that the search for energetic resources is one of the main factors driving female giant anteaters’
movement across body mass.

On the other hand, males did not display the same pattern. With increasing body mass, males
reduced intensity of space use and increased home range size. This reveals a change of males’ movement
strategy guided by body mass: while small males used their small areas intensively, large males ranged
over large areas with comparatively lower intensity of use. Considering a limited quantity of metabolic
energy available for movement (Sparrow & Newell 1998), animals moving close to their limit capacity
should experiment a trade-off between the intensity of use and the area size, and this can be the case of
male giant anteaters. Both strategies can increase the access to both food resources spread on the
landscape and receptive females (Shepard et al. 2013). Meanwhile, small males could minimize the
chances of agonistic interactions with other males if they use smaller areas than the big ones (Rocha &
Mourdo 2006, Kreutz et al. 2009). Further studies, such as behavioral assessments, will help us to
confirm these hypotheses and better understand the species’ reproductive biology.

As we expected, male and female giant anteaters reduced the directionality as the proportion of
forest patches inside their home ranges increased, probably due to the physical obstacles that forests
impose to displacement (Ims 1995). Similarly, small mammals have presented shorter step lengths and
higher tortuosity within forest areas (Wells et al. 2006), and African wild dogs have shown that the
movement permeability of the vegetation decreases with its increasing density (Abrahms et al. 2015).

However, it is worth noting that, contrary to our expectations, a greater proportion of forest inside the
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home ranges did not influence the home range crossing time or daily distance moved.

Decreasing the proportion of forest inside giant anteaters’ home range led males and females to
an increase in the home range size. This is probably because giant anteaters present a low capacity for
physiological thermoregulation (McNab 1984), and less forest implies less access to thermal shelters
and, consequently, a reduced habitat thermal quality (Giroux et al. 2021a, Giroux et al. 2023). As a
result, animals would increase the home range size as a strategy to maximize the chances of accessing
this thermal resource. Supporting this idea, the increase of home range size with decreasing habitat
quality has been widely documented for terrestrial vertebrates (Ofstad et al. 2016, Gardiner et al. 2019,
Mayer et al. 2019). Furthermore, the importance of forests as thermal shelters has also been shown for
other mammals (Melin et al. 2014, Attias et al. 2018), and it should increase with the predicted increasing
frequency of extreme weather events (Meehl et al. 2000). In the Brazilian territory, where this study was
conducted, massive agricultural expansion has caused extensive habitat degradation and dramatically
decreased forest patches on savannah areas in number and size (Tollefson et al. 2018, Reynolds et al.
2016). In this current deforestation scenario, our results bring an important implication for giant
anteaters’ management: the minimal area needed to preserve a given giant anteaters’ population should

increase as the proportion of forests inside it decreases.

Conclusion

We brought reliable measures of giant anteaters’ movement patterns and home-range size, showing that
their movements are influenced by sex, body mass and proportion of forest cover; and revealed two
important strategies used by giant anteaters to maximize the access to resources: they modulate
movement patters, increasing space use intensity, and/or increasing home range size. This information
contributes to the understanding of giant anteaters’ spatial ecology and can help define the spatial scale
of effective management efforts for their conservation, especially as the anthropogenic impacts on
landscapes increase. We highlight the need to consider the sexual differences on movement strategies
and the role of forests as an important thermal resource driving giant anteaters’ spatial requirements

(also see Desbhiez et al. 2020). We strongly suggest that management efforts should focus on maintaining
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the giant anteaters’ access to forest patches inside their home ranges to provide environmental conditions
for behavioral thermoregulation. Both intrinsic and environmental traits driving animal movement

should be integrated when establishing conservation strategies for populations and species.
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Appendix

Table Al. Intrinsic characteristics and monitoring information of tracked giant anteaters.

Id Site Sex Body Mass Sampling Monitoring time Number
(kg) Regime (days) of points
(minutes)

1 MS F 30 20 84.03 4529
2 MS F 39 20 386.04 27162
3 MS F 26.3 30 339.72 11857
4 MS F 30 20 69.06 788
5 MS F 28.1 20 159.94 8717
6 MS M 30 20 144.73 10273
7 MS M 35 20 363.16 25866
8 MS F 33.3 20 122.45 8730
9 MS M 36 20 509.74 32908
10 MS M 37.2 30 387.77 16733
11 MS F 35 30 279.75 11604
12 MS M 35 20 378 27139
13 MS M 25 20 365 17178
14 SP F 34.8 40 44.6 839
15 SP M 35.2 60 136.08 2467
16 SP M 36.6 40 90 1608
17 SP F 33 60 107.63 2019
18 SP M 36.2 70 106.38 2091

19 SP F 21.6 60 80.27 1393




General Conclusion

We explored giant anteaters movement ecology, showing how this big size mammal use behavioral
adjustments to thermoregulate as well as how their movement patterns and spatial requirements are
influenced by intrinsic and environmental traits. Importantly, forest patches were important thermal
shelters to giant anteaters at extremes environmental temperatures, and the availability of forests was a
strong driver of giant anteaters’ spatial requirements. Because of their low capacity for physiological
thermoregulation, giant anteaters were excellent models to exemplify how forest patches can be an
important thermal resource to open-area mammals living in heterogenous landscapes. This work gives
us the insight that the climate change scenario should make forest patches increasingly important to
mammals” thermoregulation, even those usually found in open areas. This is why the conservation of
forest patches should be increasingly prioritized in heterogeneous landscapes. To face climate change,

it is mandatory consider the importance of forests as thermal resources.

54



References

Abdon MM, da Silva JDSV, Pott VJ, Pott A & da Silva MP. 1995. Utilizac&o de dados analdgicos
do LandsatTM na discriminacdo da vegetagcdo de parte da sub-regido da Nhecoléndia no Pantanal.
Pesquisa Agropecuéria Brasileira. 33: 1799-1813.

Abrahms B, Jordan NR, Golabek KA, McNutt JW, Wilson AM & Brashares JS. 2015. Lessons
from integrating behaviour and resource selection: activity-specific responses of A frican wild dogs to
roads. Animal Conservervation. 19: 247-255.

Abrahms B, Aikens EO, Armstrong JB, Deacy WW, Kauffman MJ & Merkle JA. 2021.
Emerging perspectives on resource tracking and animal movement ecology. Trends in Ecology &
Evolution, 36: 308e320.

Allen AM & Singh NJ. 2016. Linking movement ecology with wildlife management and
conservation. Frontiers in Ecology and Evolution. 3: 155.

Alvares CA, Stape JL, Sentelhas PC, Gongalves JDM & Sparovek G. 2013. Kdppen’s climate
classification map for Brazil. Meteorologische Zeitschrift. 22: 711-728.

Angilletta MJ, Cooper BS, Schuler MS & Boyles JG. 2010. The evolution of thermal physiology
in endotherms. Frontiers in Bioscience. 2(3): 861e881.

Attias N, Gurarie E, Fagan WF & Mourdo G. 2020. Ecology and social biology of the southern
three-banded armadillo (Tolypeutes matacus; Cingulata: Chlamyphoridae). Journal of Mammalogy.
101: 1692-1705.

Attias N, Oliveira-Santos LGR, Fagan WF & Mourdo G. 2018. Effects of air temperature on
habitat selection and activity patterns of two tropical imperfect homeotherms. Animal Behaviour. 140:
129-140.

Augustine DJ & Derner JD. 2013. Assessing herbivore foraging behavior with GPS collars in a

semiarid grassland. Sensors. 13: 3711-3723.

55



Avgar T, Potts JR, Lewis MA & Boyce MS. 2016. Integrated step selection analysis: Bridging
the gap between resource selection and animal movement. Methods in Ecology and Evolution. 7:
619e630.

Beever EA, Hall LE, Varner J, Loosen AE, Dunham JB, Gahl MK, Smith FA & Lawler JJ. 2017.
Behavioral flexibility as a mechanism for coping with climate change. Frontiers in Ecology and the
Environment. 15: 299e308.

Bertassoni A, Mourdo G & Bianchi RDC. 2020. Space use by giant anteaters (Myrmecophaga
tridactyla) in a protected area within human-modified landscape. Ecology & Evolution 10: 7981-7994.

Bertassoni A & Ribeiro MC. 2019. Space use by the giant anteater (Myrmecophaga tridactyla):
a review and key directions for future research. European Journal of Wildlife Research. 65: 1-11.

Bivand R, Keitt T & Rowlingson B. 2015. rgdal: bindings for the geospatial data abstraction

library. R package version 1.1-3. Available from: https://CRAN.R-project.org/package=rgdal

Bivand R & Lewin-Koh N. 2016. maptools: tools for reading and handling spatial objects. R

package version 0.8-39. Available from: https://CRAN.R-project.org/package=maptools

Borger L, Dalziel BD & Fryxell JM. 2008. Are there general mechanisms of animal home range
behaviour? A review and prospects for future research. Ecology Letters. 11: 637-650.

Buchholz R, Banusiewicz JD, Burgess S, Crocker-Buta S, Eveland L & Fuller L. 2019.
Behavioural research priorities for the study of animal response to climate change. Animal Behaviour.
150: 127e137.

Burnham KP & Anderson DR. 2002. Model Selection and Multimodel Inference: a Practical
Information-theoretic Approach. 2nd ed. New York: Springer.

Burt WH. 1943. Territoriality and home range concepts as applied to mammals. Journal of
Mammalogy. 24: 346-352.

Cagnacci F, Boitani L, Powell RA & Boyce MS. 2010. Animal ecology meets GPS-based
radiotelemetry: a perfect storm of opportunities and challenges. Philosophical Transactions of the Royal

Society B: Biological Sciences. 365: 2157-2162.

56


https://cran.r-project.org/package=rgdal
https://cran.r-project.org/package=maptools

Calabrese JM, Fleming CH & Gurarie E. 2016. ctmm: an R package for analyzing animal
relocation data as a continuous-time stochastic process. Methods Ecology & Evolution. 7: 1124-1132.

Calenge C. 2006. The package adehabitat for the R software: Tool for the analysis of space and
habitat use by animals. Ecological Modelling. 197: 516e519.

Cameron GN & Spencer SR. 1985. Assessment of space-use patterns in the hispid cotton rat
(Sigmodon hispidus). Oecologia. 68: 133-139.

Camilo-Alves CSP & Mourdo GM. 2005. Responses of a specialized insectivorous mammal
(Myrmecophaga tridactyla) to variation in ambient temperature. Biotropica. 38: 52e56.

Chmura HE, Glass TW & Williams CT. 2018. Biologging physiological and ecological responses
to climatic variation: New tools for the climate change era. Frontiers in Ecology and Evolution. 6: 92.

Clutton-Brock TH. 1989. Mammalian mating systems. Proceedings of the Royal Society of
London B: Biological Sciences. 236: 339-372.

Cohen J, Pfeiffer K & Francis JA. 2018. Warm Acrctic episodes linked with increased frequency
of extreme winter weather in the United States. Nature Communications. 9: 869.

Daley MA, & Birn-Jeffery A. 2018. Scaling of avian bipedal locomotion reveals independent
effects of body mass and leg posture on gait. Journal of Experimental Biology. 221: 10.

Davimes JG, Alagaili AN, Bertelsen MF, Mohammed OB, Hemingway J, Bennett NC, Manger
PR & Gravett N. 2017. Temporal niche switching in Arabian oryx (Oryx leucoryx): Seasonal plasticity
of 24 h activity patterns in a large desert mammal. Physiology & Behavior. 177: 148e154.

De Frenne P, Zellweger F, Rodriguez-Sanchez F, Scheffers BR, Hylander K, Luoto M ... &
Lenoir J. 2019. Global buffering of temperatures under forest canopies. Nature Ecololy and Evolution.
3:744-749.

De Frenne P, Lenoir J, Luoto M, Scheffers BR, Zellweger F, Aalto J, Ashcroft MB, Christiansen
DM, Decocq G, De Pauw K, Govaert S, Greiser C, Gril E, Hampe A, Jucker T, Klinges DH, Koelemeijer
IA, Lembrechts JJ, Marrec R, ... & Hylander K. 2021. Forest microclimates and climate change:

Importance, drivers and future research agenda. Global Change Biology. 27:2279e2297.

S7



De Knegt HJ, Hengeveld GM, Van Langevelde F, De Boer WF & Kirkman KP. 2007. Patch
density determines movement patterns and foraging efficiency of large herbivores. Behavioral Ecology.
18: 1065-1072.

De la Torre JA & Rivero M. 2019. Insights of the Movements of the Jaguar in the Tropical
Forests of Southern Mexico. In: Movement Ecology of Neotropical Forest Mammals (Eds. R Reyna-
Hurtado & C Chapman), pp 217-241. Cham, Springer.

Desbiez ALJ, Bertassoni A & Traylor-Holzer K. 2020. Population viability analysis as a tool for
giant anteater conservation. Perspectives in Ecology and Conservation. 18: 124-131.

Desbiez ALJ, Kluyber D, Massocato GF, Oliveira-Santos LGR & Attias N. 2019. Spatial ecology
of the giant armadillo Priodontes maximus in Midwestern Brazil. Journal of Mammalogy. 101: 151-163.

Desbiez ALJ, Kluyber D, Massocato GF, Oliveira-Santos LGR & Attias N. 2020. Life stage, sex,
and behavior shape habitat selection and influence conservation strategies for a threatened fossorial
mammal. Hystrix. 31: 1-7.

Di Blanco YE, Desbiez AL, Jiménez-Pérez |, Kluyber D, Massocato GF & Di Bitetti MS. 2017.
Habitat selection and home-range use by resident and reintroduced giant anteaters in 2 South American
wetlands. Journal of Mammalogy. 98: 1118-1128.

Di Blanco YE, Sperring KL & Di Bitetti MS. 2017. Daily activity pattern of reintroduced giant
anteaters (Myrmecophaga tridactyla): Effects of seasonality and experience. Mammalia. 81:11e21.

Doherty TS, Hays GC & Driscoll DA. 2021. Human disturbance causes widespread disruption
of animal movement. Nature Ecology and Evolution. 5: 513-519.

Duncan C, Nilsen EB, Linnell JD & Pettorelli N. 2015. Life-history attributes and resource
dynamics determine intraspecific home-range sizes in Carnivora. Remote Sensing in Ecology and
Conservation. 1: 39-50.

Durigan G, Siqueira MFD & Franco GADC. 2007. Threats to the Cerrado remnants of the state

of S&o Paulo, Brazil. Scientia Agricola. 64: 355-363.

58



Eisenberg JF, Redford KH. 1999. The contemporary mammalian fauna. In: Mammals of the
Neotropics—The central Neotropics: Ecuador, Peru, Bolivia, Brazil (Eds. JF Eisenberg JF & KH
Redford), PP 49-522. Chicago, The University of Chicago Press.

Evans AL, Singh NJ, Friebe A, Arnemo JM, Laske TG, Frobert O, Swenson JE & Blanc S. 2016.
Drivers of hibernation in the brown bear. Frontiers in Zoology. 13: 7.

Evans TL & Costa M. 2013. Landcover classification of the Lower Nhecolandia subregion of the
Brazilian Pantanal Wetlands using ALOS/PALSAR, RADARSAT-2 and ENVISAT/ASAR imagery.
Remote Sensing of Environment. 128: 118e137.

Ewald M, Dupke C, Heurich M, Miller J & Reineking B. 2014. LiDAR remote sensing of forest
structure and GPS telemetry data provide insights on winter habitat selection of European roe deer.
Forests. 5:1374e1390.

Ferreras P. 2001. Landscape structure and asymmetrical inter-patch connectivity in a
metapopulation of the endangered Iberian lynx. Biological Conservation. 100: 125e136.

Finn KT, Janse van Vuuren AK, Hart DW, Siiess T, Zottl M & Bennett NC. 2022. Seasonal
changes in locomotor activity patterns of wild social natal mole-rats (Cryptomys hottentotus natalensis).
Frontiers in Ecology and Evolution. 10: 819393.

Fleming CH & Calabrese JM. 2017. A new kernel-density estimator for accurate homerange and
species-range estimation. Methods in Ecology and Evolution. 8: 571-579.

Fleming CH, Calabrese JM, Mueller T, Olson KA, Leimgruber P & Fagan WF. 2014. From fine-
scale foraging to home ranges: a semivariance approach to identifying movement modes across
spatiotemporal scales. American Naturalist. 183: E154-E167.

Fleming CH & Calabrese JM. 2016. ctmm: Continuous-Time Movement Modeling. R Package

Version 0.3.2. Available from: http://cran.r-project.org/package=ctmm.

Fleming CH, Fagan WF, Mueller T, Olson KA, Leimgruber P & Calabrese JM. 2015. Rigorous
home range estimation with movement data: a new autocorrelated kernel density estimator. Ecology. 96:

1182-1188.

59


http://cran.r-project.org/package=ctmm

60

Fleming CH, Noonan MJ, Medici EP & Calabrese JM. 2019. Overcoming the challenge of small
effective sample sizes in home-range estimation. Methods in Ecology and Evolution. 10: 1679-1689.

Forester JD, Im HK & Rathouz PJ. 2009. Accounting for animal movement in estimation of
resource selection functions: Sampling and data analysis. Ecology. 90(12):3554e3565.

Fortin D, Beyer HL, Boyce MS, Smith DW, Duchesne T & Mao JS. 2005. Wolves influence elk
movements: Behavior shapes a trophic cascade in Yellowstone National Park. Ecology. 86: 1320e1330.

Gardiner R, Proft K, Comte S, Jones M & Johnson CN. 2019. Home range size scales to habitat
amount and increasing fragmentation in a mobile woodland specialist. Ecology & Evolution. 9: 14005-
14014.

Gaulin SJ & FitzGerald RW. 1986. Sex differences in spatial ability: an evolutionary hypothesis
and test. American Naturalist. 127: 74-88.

Gautestad AO. 2011. Memory matters: influence from a cognitive map on animal space use.
Journal of Theorical Biology. 287: 26-36.

Giroux A, Ortega Z, Bertassoni A, Desbiez ALJ, Kluyber D, Massocato GF, De Miranda G,
Mourao G, Surita L, Attias N, Bianchi RC, Gasparoto VPO & Oliveira-Santos LGR. 2021a. The role of
environmental temperature on movement patterns of giant anteaters. Integrative Zoology. 17: 285e296.

Giroux A, Ortega Z, Oliveira-Santos LGR, Attias N, Bertassoni A & Desbiez ALJ. 2021b.
Sexual, allometric and forest cover effects on giant anteaters' movement ecology. PLoS One. 16:
e0253345.

Giroux A, Ortega Z, Attias N, Desbiez ALJ, Valle D, Borger L & Oliveira-Santos LGR. 2023.
Activity modulation and selection for forests help giant anteaters to cope with temperature
changes. Animal Behaviour. 201: 191-209.

Grace JB, Johnson DJ, Lefcheck JS & Byrnes JE. 2018. Quantifying relative importance:

computing standardized effects in models with binary outcomes. Ecosphere. 9: e02283.



Haase CG, Fletcher RJ Jr., Slone DH, Reid JP & Butler SM. 2020. Traveling to thermal refuges
during stressful temperatures leads to foraging constraints in a central-place forager. Journal of
Mammalogy. 101: 271e280.

Hayes AF & Preacher KJ. 2010. Quantifying and testing indirect effects in simple mediation
models when the constituent paths are nonlinear. Multivariate Behavioral Research. 45: 627-660.

Heck RH. 2021. Multilevel modeling with SEM. In: New developments and techniquesin
structural equation modeling (Eds. GA Marcoulides & RE Schumacker), PP. 89-128. Mahwah, Eribaum.

Hijmans RJ, Van Etten J, Sumner M, Cheng J, Baston D, Bevan A ... & Hijmans MRJ. 2014.

‘Package ‘raster’. R Package Version 3.4-5, 734. Awvailable from: https://CRAN.R-

project.org/package=raster

Holst KK & Budtz-Jgrgensen E. 2013. Linear latent variable models: the lava-package.
Computational Statistics. 28: 1385-1452.

Hume T, Geiser F, Currie SE, Kortner G & Stawski C. 2020. Responding to the weather: Energy
budgeting by a small mammal in the wild. Current Zoology. 66(1): 15e20.

Ims RA. 1995. Movement patterns related to spatial structures. In: Mosaic Landscapes and
Ecological Processes (Eds. L Hansson, L Fahrig, G Merriam), pp. 85-109. Dordrecht, Springer.

IPCC. 2021. Summary for policymakers. In: Contribution of working group | to the sixth
assessment report of the intergovernmental panel on climate change Climate change 2021: The physical
science basis (Eds. V Masson Delmotte, P Zhai, A Pirani, SL Connors, C Pean, S Berger, N Caud, Y
Chen, L Goldfarb, Ml Gomis, M Huang, K Leitzell, E Lonnoy, JBR Matthews, TK Maycock, T
Waterfield, O Yelekci, R Yu & B. Zhou), pp. 3e32. Cambridge University Press.

Isaac NJB, Carbone C & McGill B. 2012. Population and community ecology. In: Metabolic
Ecology: a Scaling Approach (Eds. RM Sibly, JH Browh & A KodricBrown), pp. 77-85. Chichester,

John Wiley & Sons.

61


https://cran.r-project.org/package=raster
https://cran.r-project.org/package=raster

Jennewein JS, Hebblewhite M, Mahoney P, Gilbert S, Meddens AJ, Boelman NT, Joly k, Jones
K, Kellie K, Brainerd S, Vierling LA & Eitel JU. 2020. Behavioral modifications by a large-northern
herbivore to mitigate warming conditions. Movement Ecology. 8(1): 39.

Katzner TE & Arlettaz R. 2020. Evaluating contributions of recent tracking-based animal
movement ecology to conservation management. Frontiers in Ecology and Evolution. 7: 519.

Kingma B, Frijns A & van Marken Lichtenbelt W. 2012.The thermoneutral zone: Implications
for metabolic studies. Frontiers in Bioscience. 4(5): 1975e1985.

Kline RB. 2015. Principles and Practice of Structural Equation Modeling. 4th ed. London, The
Guilford Press.

Kluyber D, Attias N, Alves MH, Alves AC, Massocato G & Desbiez AL. 2021. Physical capture
and chemical immobilization procedures for a mammal with singular anatomy: The giant anteater
(Myrmecophaga tridactyla). European Journal of Wildlife Research. 67: 67.

Kreutz K, Fischer F & Linsenmair KE. 2009. Observations of intraspecific aggression in giant
anteaters (Myrmecophaga tridactyla). Edentata. 8: 6-7.

Langrock R, King R, Matthiopoulos J, Thomas L, Fortin D & Morales JM. 2012. Flexible and
practical modeling of animal telemetry data: Hidden Markov models and extensions. Ecology. 93(11):
2336e2342.

Lefcheck JS. 2016. piecewiseSEM: Piecewise structural equation modelling in R for ecology,
evolution, and systematics. Methods in Ecology and Evolution. 7: 573-579.

Leos-Barajas V, Photopoulou T, Langrock R, Patterson TA, Watanabe Y'Y, Murgatroyd M &
Papastamatiou YP. 2017. Analysis of animal accelerometer data using hidden Markov models. Methods
in Ecology and Evolution. 8: 161e173.

Levesque DL & Marshall KE. 2021. Do endotherms have thermal performance curves? Journal

of Experimental Biology. 224: jeb141309.

62



Levy O, Dayan T, Porter WP & Kronfeld-Schor N. 2019. Time and ecological resilience: Can
diurnal animals compensate for climate change by shifting to nocturnal activity? Ecological
Monographs. 89: e01334.

Lin L & Chu H. 2020. Meta-analysis of proportions using Generalized Linear Mixed Models.
Epidemiology. 31: 713-717.

Maccarini TB, Attias N, Medri IM, Marinho-Filho J & Mourdo G. 2015. Temperature influences
the activity patterns of armadillo species in a large Neotropical wetland. Mammal Research. 60:
403e4009.

MacDonald IL & Zucchini W. 2016. Hidden Markov models for discrete-valued time series. In:
Handbook of discrete-valued time series: Handbooks of modern statistical methods (Eds. RA Davis, SH
Holan, R Lund & N Ravishanke), pp. 267e286. Chapman & Hall, CRC.

Maloney SK, Marsh MK, McLeod SR & Fuller A. 2017. Heterothermy is associated with
reduced fitness in wild rabbits. Biology Letters. 13:20170521.

Mancinelli S, Boitani L & Ciucci P. 2018. Determinants of home range size and space use
patterns in a protected wolf (Canis lupus) population in the central Apennines, Italy. Canadian Journal
of Zoology. 96: 828-838.

Mangipanea LS, Belant JL, Hiller TL, Colvin ME, Gustine DD, Mangipane BA ... &
Hilderbrand GV. 2018. Influences of landscape heterogeneity on home-range sizes of brown bears.
Mammalian Biology. 88: 1-7.

Marchand P, Garel M, Bourgoin G, Dubray D, Maillard D & Loison A. 2015. Sex-specific
adjustments in habitat selection contribute to buffer mouflon against summer conditions. Behavioral
Ecology. 26: 472e482.

Mason TH, Brivio F, Stephens PA, Apollonio M & Grignolio S. 2017. The behavioral trade-off

between thermoregulation and foraging in a heat-sensitive species. Behavioral Ecology. 28: 908e918.

63



Mayer M, Ullmann W, Heinrich R, Fischer C, Blaum N & Sunde P. 2019. Seasonal effects of
habitat structure and weather on the habitat selection and home range size of a mammal in agricultural
landscapes. Landscape Ecology. 34: 2279-2294.

McClintock BT. 2021. Worth the effort? A practical examination of random effects in hidden
Markov models for animal telemetry data. Methods in Ecology and Evolution. 12: 1475e1497.

McClintock BT & Michelot T. 2020. MomentuHMM: R package for analysis of telemetry data
using generalized multivariate hidden Markov models of animal movement. R package Version 1.5.1.
Availabe from: https://cran.r-project.org/web/packages/ momentuHMM/index.html.

McClintock BT, King R, Thomas L, Matthiopoulos J, McConnell BJ & Morales JM. 2012. A
general discrete-time modeling framework for animal movement using multistate random walks.
Ecological Monographs. 82: 335e349.

McClintock BT, Langrock R, Gimenez O, Cam E, Borchers DL, Glennie R & Patterson TA.
2020. Uncovering ecological state dynamics with hidden Markov models. Ecology Letters. 23:
1878e1903.

McLoughlin PD & Ferguson SH. 2000. A hierarchical pattern of limiting factors helps explain
variation in home range size. Ecoscience. 7: 123-130.

McNab BK. 1963. Bioenergetics and the determination of home range size. American Naturalist.
97: 133-140.

McNab BK. 1984. Physiological convergence amongst ant-eating and termiteeating mammals.
Journal of Zoology. 203: 485e510.

McNab BK. 1985. Energetics, population biology, and distribution of xenarthrans, living and
extinct. In: The evolution and ecology of armadillos, sloths and vermilinguas (Eds. GG Montgomery),
pp. 219e232. Smithsonian Institution Press.

Medri IM & Mourdo G. 2005. A brief note on the sleeping habits of the giant anteater:
Myrmecophaga tridactyla Linnaeus (Xenarthra, Myrmecophagidae). Revista Brasileira de Zoologia. 22:

1213e1215.

64



Medri IM & Mourdo G. 2006. Home range of giant anteaters (Myrmecophaga tridactyla) in the
Pantanal wetland, Brazil. Journal of Zoology. 266: 365-375.

Meehl GA, Zwiers F, Evans J, Knutson T, Mearns L & Whetton P. 2000. Trends in extreme
weather and climate events: issues related to modeling extremes in projections of future climate change.
Bulletin of American Meteorological Society. 81: 427-436.

Melin M, Matala J, Mehtatalo L, Tiilikainen R, Tikkanen OP, Maltamo M ... & Packalen P. 2014.
Moose (Alces alces) reacts to high summer temperatures by utilizing thermal shelters in boreal forests—
an analysis based on airborne laser scanning of the canopy structure at moose locations. Global Change
Biology. 20: 1115-1125.

Milling CR, Rachlow JL, Olsoy PJ, Chappell MA, Johnson TR, Forbey JS, Shipley LA &
Thornton DH. 2018. Habitat structure modifies microclimate: An approach for mapping fine-scale
thermal refuge. Methods in Ecology and Evolution. 9: 1648e1657.

Miranda F, Bertassoni A, Abba AM. 2014. Myrmecophaga tridactyla. The IJUCN Red List of
Threatened Species 2014. Avaiable from: https://doi.org/10.2305/ITUCN.UK.2014-1.RLTS.T14224A
47441961.en

Miranda FR, Chiarello AG, Rohe F, Braga FG, Mourdo GDM, Miranda GD & Belentani SDS.
2015. Avaliacdo do risco de extincdo de Myrmecophaga tridactyla Linnaeus 1758 no Brasil. In:
Avaliacdoo do Risco de Exting¢do dos Xenartros Brasileiros (Eds. ICMBIo editors), pp. 89-105. Brasilia,
ICMBio.

Morales JM, Moorcroft PR, Matthiopoulos J, Frair JL, Kie JG, Powell RA & Haydon DT. 2010.
Building the bridge between animal movement and population dynamics. Philosophical Transactions of
the Royal Society B: Biological Sciences. 365: 2289-2301.

Morales JM, Haydon DT, Frair J, Holsinger KE & Fryxell JM. 2004. Extracting more out of

relocation data: Building movement models as mixtures of random walks. Ecology. 85: 2436e2445.

65



Morato RG, Stabach JA, Fleming CH, Calabrese JM, De Paula RC, Ferraz KM ... & Leimgruber
P. 2016. Space use and movement of a neotropical top predator: the endangered jaguar. PloS One. 11:
e0168176.

Mota-Rojas D, Titto CG, Orihuela A, Martinez-Burnes J, Gomez-Prado J, Torres- Bernal F,
Flores-Padilla K, Carvajal-de la Fuente V & Wang D. 2021. Physiological and behavioral mechanisms
of thermoregulation in mammals. Animals. 11: 1733.

Mourdo G & Medri IM. 2007. Activity of a specialized insectivorous mammal (Myrmecophaga
tridactyla) in the Pantanal of Brazil. Journal of Zoology. 271: 187e192.

Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D ... & Smouse PE. 2008. A
movement ecology paradigm for unifying organismal movement research. Proceedings of the National
Academy of Sciences. 105: 19052-19059.

Ofstad EG, Herfindal I, Solberg EJ & Saether BE. 2016. Home ranges, habitat and body mass:
simple correlates of home range size in ungulates. Proceedings of the Royal Society B: Biological
Sciences. 283: 20161234.

Papastamatiou YP, Cartamil DP, Lowe CG, Meyer CG, Wetherbee BM & Holland KN. 2011.
Scales of orientation, directed walks and movement path structure in sharks. Journal of Animal Ecology.
80: 864-874.

Patterson TA, Basson M, Bravington MV & Gunn JS. 2009. Classifying movement behaviour in
relation to environmental conditions using hidden Markov models. Journal of Animal Ecology. 78:
1113e1123.

Patterson TA, Parton A, Langrock R, Blackwell PG, Thomas L & King R. 2017. Statistical
modelling of individual animal movement: An overview of key methods and a discussion of practical
challenges. Advances in Statistical Analysis. 101: 399e438.

Perea-Rodriguez JP, Corley MK, de la Iglesia H & Fernandez-Duque E. 2022. Thermoenergetic
challenges and daytime behavioural patterns of a wild cathemeral mammal. Animal Behaviour. 185:

163el73.

66



Pohle J, Langrock R, van Beest FM & Schmidt NM. 2017. Selecting the number of states in
hidden Markov models: Pragmatic solutions illustrated using animal movement. Journal of Agricultural,
Biological, and Environmental Statistics. 22: 270e293.

Powell RA & Michael SM. 2012. What is a home range?. Journal of Mammalogy. 93: 948-958.

Prajapati U & Koli VK. 2020. A comparison of sloth bear (Melursus ursinus) diurnal activity
between winter and summer seasons in captivity. Proceedings of the Zoological Society. 73:400e405.

R Core Team. 2019. A language and environment for statistical computing. R Foundation for
Statistical Computing.

Reynolds J, Wesson K, Desbiez AL, Ochoa-Quintero JM & Leimgruber P. 2016. Using remote
sensing and random forest to assess the conservation status of critical cerrado habitats in Mato Grosso
do Sul, Brazil. Land. 5(2): 12.

Redford KH. 1985. Feeding and food preference in captive and wild giant anteaters
(Myrmecophaga tridactyla). Journal of Zoology. 205: 559-572.

Richter L, Balkenhol N, Raab C, Reinecke H, Meibner M, Herzog S, Isselstein J & Signer J.
2020. So close and yet so different: The importance of considering temporal dynamics to understand
habitat selection. Basic and Applied Ecology. 43: 99e109.

Rocha FL & Mourdo G. 2006. An agonistic encounter between two giant anteaters
(Myrmecophaga tridactyla). Edentata. 2006: 50-51.

Rodrigues FHG, Medri IM, Miranda GHB, Camilo-Alves C & Mourdo G.2008. Anteater
behavior and ecology. In: The Biology of the Xenarthra (Eds. SF Vizcaino & WJ Loughry), pp. 257-
568. Gainesville: University Press of Florida.

Ross S, Munkhtsog B & Harris S. 2012. Determinants of mesocarnivore range use: relative
effects of prey and habitat properties on Pallas’s cat home-range size. Journal of Mammalogy. 93: 1292-
1300.

Rosten CM, Gozlan RE & Lucas MC. 2016. Allometric scaling of intraspecific space use.

Biology Letters. 12: 20150673.

67



Said S, Gaillard JM, Widmer O, De’bias F & Bourgoin G. 2009. What shapes intra-specific
variation in home range size? A case study of female roe deer. Oikos. 118: 1299-1306.

Shaw AK. 2020. Causes and consequences of individual variation in animal movement.
Movement Ecology. 8: 1-12.

Shepard EL, Wilson RP, Rees WG, Grundy E, Lambertucci SA & Vosper SB. 2013. Energy
landscapes shape animal movement ecology. American Naturalist. 182: 298-312.

Signer J, Fieberg J & Avgar T. 2019. Animal movement tools (amt): R package for managing
tracking data and conducting habitat selection analyses. Ecology and Evolution, 9(2): 880e890.

Sikes RS. 2016. Guidelines of the American Society of Mammalogists for the use of wild
mammals in research and education. Journal of Mammalogy. 97(3): 663e688.

Souza CM, Shimbo J, Rosa MR, Parente LL, Alencar AA, Rudorff BF ... & Azevedo T. 2020.
Reconstructing three decades of land use and land cover changes in Brazilian biomes with Landsat
Archive and Earth Engine. Remote Sensing. 12: 2735.

Sparrov WA & Newell KM. 1998. Metabolic energy expenditure and the regulation of
movement economy. Psychonomic Bulletin & Review. 5: 173-196.

Sterne JA & Egger M. 2001. Funnel plots for detecting bias in meta-analysis. Journal of clinical
epidemiology. 54: 1046-1055.

Stewart JD, Beale CS, Fernando D, Sianipar AB, Burton RS, Semmens BX ... & Aburto-
Oropeza O. 2016. Spatial ecology and conservation of Manta birostris in the Indo-Pacific. Biological
Conservation. 200: 178-183.

Stolzenberg RM. 1980. The measurement and decomposition of causal effects in nonlinear and
nonadditive models. Sociological Methodology. 11: 459-488.

Street GM, Fieberg J, Rodgers AR, Carstensen M, Moen R, Moore SA, Windels SK & Forester
JD. 2016. Habitat functional response mitigates reduced foraging opportunity: Implications for animal

fitness and space use. Landscape Ecology. 31: 1939e1953.

68



Street GM, Rodgers AR & Fryxell JM. 2015. Mid-day temperature variation influences seasonal
habitat selection by moose. Journal of Wildlife Management. 79(3): 505e512.

Tatler J, Currie SE, Cassey P, Scharf AK, Roshier DA & Prowse TA. 2021. Accelerometer
informed time energy budgets reveal the importance of temperature to the activity of a wild, arid zone
canid. Movement Ecology. 9(1): 11.

Terrien J, Perret M & Aujard F. 2011. Behavioral thermoregulation in mammals: A review.
Frontiers in Bioscience. 16(4): 1428e1444.

Thurfjell H, Ciuti S & Boyce MS. 2014. Applications of step-selection functions in ecology and
conservation. Movement Ecology. 2(1): Article 4.

Tollefson J. 2018. Deforestation ticks up in Brazil's savannah. Nature. 12: 2018.

van der Vinne V, Riede SJ, Gorter JA, Eijer WG, Sellix MT, Menaker M, Dann S, Pilorz V &
Hut RA. 2014. Cold and hunger induce diurnality in a nocturnal mammal. Proceedings of the National
Academy of Sciences of the United States of America. 111(42): 15256e15260.

Verzuh TL, Hall LE, Cufaude T, Knox L, Class C & Monteith KL. 2021. Behavioural flexibility
in a heat-sensitive endotherm: The role of bed sites as thermal refuges. Animal Behaviour. 178: 77e86.

Vieira MV, Loretto D & Papi B. 2019. Scaling of movements with body mass in a small opossum:
evidence for an optimal body size in mammals. Journal of Mammalogy. 100: 1765-1773.

Viswanathan GM, Da Luz MG, Raposo EP & Stanley HE. 2011. The Physics of Foraging: an
Introduction to Random Searches and Biological Encounters. 1st ed. Edinburgh: Cambridge University
Press.

Wells K, Pfeiffer M, Lakim MB, Kalko EK. 2006. Movement trajectories and habitat partitioning
of small mammals in logged and unlogged rain forests on Borneo. Journal of Animal Ecology. 75: 1212-
1223.

Wilson RP, Griffiths IW, Mills MG, Carbone C, Wilson JW & Scantlebury DM. 2015. Mass

enhances speed but diminishes turn capacity in terrestrial pursuit predators. Elife. 4. e06487.

69



Young LJ & Young J. 1998. Statistical ecology: a population perspective. 1st ed. Boston: Kluwer
Academic Publishers.

Zeppetello LRV, Parsons LA, Spector JT, Naylor RL, Battisti DS, Masuda YJ & Wolff NH.
2020. Large scale tropical deforestation drives extreme warming. Environmental Research Letters. 1cl5:

084012.

70



