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ACADEMIC ABSTRACT

Worldwide, many wildlife populations are in decline or facing extinctions due to overhunting,
habitat loss and fragmentation, infrastructure development, resource extraction, and climate
change. These threats are particularly detrimental to Madagascar’s most iconic wildlife - lemurs
(Primates: Lemuridae) — which have been declared Earth’s most threatened mammal group, with
103 of 107 species currently threatened with extinction. Due to the numerous anthropogenic
pressures facing lemurs, concerted efforts have been made to design and implement effective
conservation management plans as well as to maintain captive populations. My dissertation
focused on understanding the behavior and physiology of two critically endangered lemur
species: the golden crowned sifaka (Propithecus tattersalliand the Coquerel’s sifaka (P.
coquerel). To gain a better understanding of free-living golden-crowned sifaka habitat
requirements, I combined behavior data with Dynamic Brownian Bridge Movement Models and
Resource Selection Functions to examine the influence of abiotic, biotic, and anthropogenic
factors on movement and foraging patterns. I found that movement rates and core area use were
greater in the rainy season than in the dry season. My findings also indicated that roads and
human villages influenced the locations where sifakas choose to forage, demonstrating the need
to strategically place infrastructure to limit wildlife disturbance (Chapter 2). Second, having
explored potential stressors in wild sifaka, I wanted to explore relationships between
physiological stress and captive care in sifakas. Specifically, I investigated relationships between

captive sifaka fecal glucocorticoid metabolite levels and captive husbandry conditions. I found



that age and contraceptive use, but not enclosure type, season, or sex, influenced glucocorticoid
excretion (Chapter 3). These results highlight the importance of assessing the physiological
impacts of captive husbandry conditions to ensure that the best animal welfare practices can be
maintained. Third, to combat challenges in studying animal behavior using observational
approaches, I designed and constructed low-cost, open-source proximity loggers to remotely
examine fine-scale movement and social behaviors in wild and captive sifakas. I found a
relationship between radio signal strength and distance between tracking devices (R*> = 0.8812),
demonstrating that proximity sensors can effectively collect data on close range group-level
behavior (Chapter 4). These modular devices can be used on an array of wildlife species to
explore social interactions that require high resolution spatial data. Taken together, these results
illustrate the opportunity of connecting behavioral, ecological, physiological, and technological
approaches to gain critical insight into the multidimensional nature of wildlife conservation.!
Lastly, I discussed future steps that can be taken to extend the framework established by my
dissertation research to address the complex dynamics shaping conservation in Madagascar

(Chapter 5).
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GENERAL AUDIENCE ABSTRACT

Worldwide, many wildlife populations are at risk of extinction due to hunting, habitat loss,
infrastructure development, and climate change. These threats are particularly detrimental to
lemurs — a diverse group of primates found only on the island of Madagascar. Due to the
numerous pressures facing lemurs, efforts have been made to design and implement effective
conservation management plans and maintain captive populations. My dissertation focused on
understanding the behavior and physiology of two critically endangered lemur species: the
golden crowned sifaka (Propithecus tattersalliand the Coquerel’s sifaka (P. coquerel). To
better understand wild golden-crowned sifaka habitat needs, I followed six groups of sifakas in
humid, moderate, and dry forests to examine the influence of season, forest type, and human
development on their movement patterns and feeding locations. I found that sifakas moved more
and used more space in the rainy season than in the dry season. Several sifaka groups also
avoided feeding near roads and human villages, demonstrating the need to strategically place
infrastructure to limit negative effects on wildlife (Chapter 2). Second, having explored potential
stressors in wild sifaka, I wanted to explore relationships between physiological stress and
captive care in sifakas. Specifically, I analyzed sifaka fecal samples to investigate relationships
between captive sifaka husbandry conditions and physiological stress (i.e., glucocorticoid levels).
I found that age and birth control use, but not enclosure type, season, or sex, influenced
glucocorticoid levels (Chapter 3). These results highlight the importance of assessing the

physiological impacts of captive husbandry conditions to ensure that the best animal welfare



practices can be maintained. Third, to combat challenges in studying animal behavior using
observational approaches, I designed and constructed low-cost, open-source tracking devices to
remotely study fine-scale movement and social behaviors in wild and captive sifakas. I found
that the distance between tracking devices can be determined by using proximity sensing radio
chips. This demonstrated that proximity sensors can effectively collect data on close range
group-level behavior (Chapter 4). These modular devices can be used on an array of wildlife
species to explore social interactions that require high resolution spatial data. Taken together,
these results illustrate the benefits of using behavioral, physiological, and technological
approaches to gain insight into the multidimensional nature of wildlife conservation.!Lastly, I
discussed future steps that can be taken to extend the framework established by my dissertation

research to address the complex dynamics shaping conservation in Madagascar (Chapter 5).
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and season. The Bonferroni method was applied post hoc to limit type | error. Bolded text
indicatesstatistical SignificanCeR < 0.05) ... ciiuuuiiiiiiiiiii e e 117

Chapter 4

Table 1. Description of the hardware, functionality, website link, cost, and mass of all
components used in our proximity tracking devices. Costs were based on current Aathsno
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CHAPTER 1

Introduction and Background

Earth is in an era of rapidly accelergtienvironmental changes driven largely by an
increasing human population and related activ{{g#sffen, Broadgate, Deutsch, Gaffney, &
Ludwig, 2015; Folke et al., 2021As a result, many wildlife populations are in decline or facing
extinctions worldwide due to factors such as overhuntiaditat loss and fragmentation,
pollution, the illegal pet trade, climate change, and emerging infectious difidaffiesann et
al., 2010; Maxwell, Fuller, Brooks, & Watson, 2016; Tilman et &1,7) There is a growing
body of evidence that these losses are intensified by synergies between theg¢8 fékces
Brook, Sodhi, & Bradshaw, 2008 pecies and populations with small ranges, such as those on
islands, are particularly vulnerable to these adverse pregSimgserloff, 2000) Halting
biodiversity loss requas coordinated efforts to safeguard and effectively manage critical species

or landscapes and broadale actiorto minimize further threat@Boyd et al., 2008)

The delining-population and smafopulation paradigms of Caughley (1994) provide a
valuable approach to conservation of endangered sp&eresl populations are subject to
additional threats characteristic to small populations (sprgdulation paradigm) inating
vulnerability to stochastic threats such as catastrophic environmental events, demographic
stochasticity, inbreeding depression, and loss of genetic diversity through drift. The declining
population paradigm focuses on the factors leading to populdéclines by detecting agents of
decline and prescribing a reme@@aughley, 1994)The underpinning of conservation biology

involves studying the natural history of a species to identify agents of population decline and



testing hypotheses to determinbether the decline of the species is causally linked to the agent

(Caughley, 1994)

To successfully halt species and population losses, multifaiceséd conservation
management plans that employ an amalgamation of biological, physical, paiidaocial
approaches are need@danfredo, Berl, Teel, & Bruskotter, 2020onservation management
initiatives often employ behavioral studies of target specasjlptionand habitasurveys,
nonintrusive physiological monitoringhe use of emerging technologies, social innovataos
community engagement, active stewardship of human actions, and sustatbalsiitieducation
(Cooke et al., 2013P’az et al., 2015; Folke et al., 2021 some cases, it is even necessary to
exploreex situconservations efforts to ensure that a species will be able to persistiong
even if wild populations go extin¢Pritchard, Fa, Oldfield, & Harrop, 201Zor example, the
Lord Howe woodhenTricholimnas sylvstris) was saved from the brink of extinction due to
combined efforts of diagnosing the agent of decline (feral pigs), removing the cause, and

incorporating captive breeding to reestablish the spéCasghley, 1994)

Madagascaran island off the coasf southeast Africais a biodiversity hotspoh
desperate need of multidimensional conservation initiatives. Madagabkoanesto 3.2% of all
plant and 2.8% of allertebrate species on Earth despite it comprising <0.4% of EarthOs land
surface(Myers, A, Mittermeier, Fonseca, & Kent, 2010¥ people alsare incredibly diverse
and unique, comprising genetic, linguistic, and cultural characteristitsAfrica, Asia, and the
Middle East(Dewar & Wright, 1993) Despite MadagascarOs biological artural diversity,
about 80% of its population lives tess thartwo USD per day, well below thgoverty line

(SchY§ler, Richter, & Mantili€ontreras, 2019MadagascarOs human populasarowing



rapidly, and oveexploitationof natural resources places an incredsaden on human health,
the land, and wildliféhroughout the nation. Currently, MadagascarOs wildlife is experiencing
alarming decline due toabitat destruction caused by skastdburn agriculture, logging, gold
mining, cattle grazingprotected areaxploitation, anda burgeoning bush meat industiigstrada
et al., 2017)For example44% of MadagascarOs forests in existence in 1953 were Rty
mastly due to clearing for slash and burn agricult@éthe remaining fores#6%is located
within 100 m of a forest eddg®ieilledent et al., 2018)This is particularly detrimental to
Madagascas®nost iconic wildlife- lemurs (Primates: LemuridaB)which have been declared
EarthOs most threatened mammal group, with 103 of 107sspedientlythreatened with

extinction(Schwitzer, 2014)

Of MadagascarOs lemur$ néne extant sifaka species (gerRi®pithecu$ are
considered Critically Endangered by the International Union for Conservation of aithe
IUCN Red List of Threatened SpeciesO, 20018y are particularly threatened by forest
degradation and loss, hunting, logging, mining, sladkandburn agriculture, otavyin the
Malagasy languaggCraul et al., 2009; Ranaivoarisoa et al., 2013; Borgerson, McKean,
Sutherland, & Godfrey, 2016; C. E. Brook et al., 20)e b the numerous threats facing
sifakas concerted efforts haygeen made tdesign effective conservation management plans
and to maintain captive populatiordong with population assessments, a crucial step
successfully develop conservation managemlkams pertaining tsifaka species is tevelop a
thorough understanding of their resource and habitat riBad&s, Ellis, & Wright, 2007)You
cannot conserve what you do not understand and at this tiraeeveéilllackingan

understanding of thieasic natural historgeeds of sever&ropithecusspecie.



The critically endangered goldenowned sifakaRropithecus tattersal)i a charismatic
lemur species found only in the forests surrounding the town of Darsiaia example of a
species for whichasearch islesperatelyieeded to assess currenpplations, their habitat
requirements, and imminent anthropogenic thrddis speciesias one of the most restricted
distributions of all lemur species, making it particularly vulneréldleyers, 1993; Vargas,
JimZnez, Palomares, & Palacios, 2002rddition,goldencrowned sifaka are unique because
unlike the otler eight species of sifakRiopithecus spp.9n Madagascar that are restricted to
dry or humid forest type®. tattersalliinhabit a range of forest typé@uZmZrZ, CrouaRoy,
Rabarivola, Louis, & Chikhi, 2010; Goodman, Raherilalao, & Wohlhauser, 20a8)diversity
of forest typeghey inhabithecessitatesxaminng variation inthar resource and habitat needs to
allow uniquemanagement plans to be developed for distinct populations within each particular

forest type occupied rather than the species as a whole.

Studies ofgoldencrowned sifakdave documented a major decline in the overall
population in the last decade anddsts have informed researchers of the sp@sisctive use
of forests in a naturally fragmented landscape. Howevestudes have examinedheir space
use and foraging patterns across their rf@y&mZrZ, Amelot, Pierson, Crowuay, & Chikhi,
2012; Salmona, Heller, QuZmZrZ, & Chikhi, 20FZythermore, Daraina currently faces an
immediate threat to both its wildlife and way of life due to new road construction. The 160 km
national road conneag Ambilobe to Vohemar (with Daraina in between) is being paved for the
first time with support from the Chinese government. In the past, this primitive, dirt road isolated
Daraina from much of the country. Paving this road will connect Madagascar®y SeMA
region to the rest of the island, with Daraina and its natural resources at the center of new

development. Experts are concerned that the ease of transport will result in an influx of vehicle



traffic, new migrants to the region, and resource etitnacAlready, gold mines in the region
have increased in scale and sophistication, and they are only expected to expand upon
completion of the road'he novel threats and lack of current and more detailed information on

this critically endangered speciasits the capacity to develop effective conservation strategies.

In addition to goldertrowned sifakas, critically endangered CoquerelOs sifakas
(Propithecus coquergliare a lemur species in urgent need of conservation g&akotonirina
et al., 2014; Salmona et al., 201H4) an effort to safeguard their population, CoquerelOs sifaka
were imported into the Uted States in the 19700s to establish a captive breeding program.
Currently,CoquerelOs sifakas are the dhigpithecusspecieshoused in zoological facilities in
the USA All are housed at thBuke Lemur Center (Durham, NC, US@&) on loan at various
zoological institutions across the USA and are maintainedunique array of forested (or free
ranging) enclosures as well as indoor enclosures with limited outdoor access. CoquerelOs sifaka
are notoriously difficult to maintain in captivity due to theesialized frugefoliage-based diet
and the structurally diverse gut microbiome that they rely on to meet their nutritional demands
(Cassady, Cullen, & Williams, 2018; Greene, McKenney, OOConnell, & Drea, 304Ras
also seem to have a predisposition to develop behavioral and physiological disorders associated
with chronic stress. As a result of $eehallenges and the need foptige breedingCoquerelOs
sifakasprovidean excellent opportunity to investigate the effects of husbandry conditions on
their physiological health.

The central goal of my dissertation research was to link the disciplines of animal
behavior, physiologyand mechanical and electrical engineering to impnos#u andex situ
conservation strategies of two Malagasy sifaka species: the golden crownedRsifgkthn€cus

tattersalli) and the CoquerelOs sifaRadpithecus coquergli



My research addressedveral questions:

1.! How can an understanding of movement and foraging patterns of gollened sifaka
be incorporated into the design of conservation management plans?

2.! Is there a link between nenvasive measures of animal physiology (i.e., fecal
glucccorticoid metabolite levels) and captive sifaka husbandry conditions?

3.I Caninnovative,modular low cost, opefrsourcetracking technology be used to gain an

understanding of finscale wildlife social behaviors?

In Chapter 2 of this dissertation, | addied question (1) by conducting extensive behavioral
follows of six groups of goldenrowned sifaka distributed across three distinct forest types (dry
deciduous, moderate evergreen, and humid forest) in the Makymbato Protected Area of
northeastern Mafjascar. | combined Dynamic Brownian Bridge Movement Models
(Kranstauber, 2019nd Resource Selection Functiottsexamine the impacts of abiotic, biotic,
and anthropogenic factonse. roads, villages, and forest disturbance) on golttewned sifaka
movement patterns and foraging behawtle found that sifaka core area size and movement
rates increased during the rainy seagatditionally, goldencrowned sifaka groups in humid
and dry deciduous forest fragments specifically avoided foraging losatear road networks in

the rainy seasd@t'then applied these findings to management recommendations in the!region.

In Chapter 3, | addressed question (2) by collecting fecal samples from captive CoquerelOs
sifaka housed at the Duke Lemur Center. | ¢jfiad fecal glucocorticoid metabolite levels from
samples and used mixed model analysis to evaluate whether sex, free range status, season, age,
or contraceptive use were predictors of fecal glucocorticoid metabolite lefaiad that

neitherhousing ype nor season were significant predictors of f{GCM levels of captive sifaka.



However, age and hormonal contraceptive use resulted in significantly higher fGCMIllevels.

then applied findings to captive management recommendations for the species to ensure

In Chapter 4, | addressed question (3) by designing and building-effaxttve, open
source proximitybased tracking device equipped with a microcontroller, GPS unit, radio, and
accelerometer. | tested and calibrated the loggers to ensure they ageneatslired proximity
between devices and could be used to remotely collect an array-e€éleewildlife social
behaviorsi(e., social bonds, group cohesion, and disease transmission). The devices weighed
approximately 130 grams and can safely be affixeterrestrial mammals above 2.5 kg in size. |
also propose applications of this technology for use on captive and wild sifakas as well as future

uses that utilize additional sensors.

Together these studies aim to present an integrative understantwmatfarismatic sifaka
species that are under threat. The combined efforts of foraging surveys, physiological
assessments, and use of novel tracking technology allow for unique insights into sifaka natural
history.My hope is that this dissertation progglpertinent information ansl acatalyst for
addiional research that willltimately result in effective conservatioh MadagascarOs sifaka

populations.
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CHAPTER 2: Environmental and anthropogenic influences on movement and foraging in
a critically endangered lemur speciesPropithecus tattersalliimplications for habitat

conservation planning

Formatted for journallovement Ecologyaccepted April 2022

ABSTRACT

Background

Wildlif e conservation often focuses on establishing protected areas. However, these conservation
zones are frequently established without adequate knowledge of the movement patterns of the
species they are designed to protect. Understanding movement and fpedtpngs of species

in dynamic and diverse habitats can allow managers to develop more effective conservation

plans. Threatened lemurs in Madagascar are an example where management plans and protected
areas are typically created to encompass large, drtasts rather than consider the overall

resource needs of the target species.

Methods

To gain an understanding of goldermowned sifakaRropithecus tattersallimovement patterns,
including space use and habitat selection across their range of idHab#st types, we

combined behavior data with Dynamic Brownian Bridge Movement Models and Resource
Selection Functions. We also examined the influence of abiotic, biotic, and anthropogenic factors

on home range size, movement rates, and foraging patterns.
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Results

We found that home range size and movement rates differed between seasons, with increased
core area size and movement in the rainy season. Forest type also played a role in foraging
behavior with sifaka groups in the humid forest avoiding raadsth seasons, groups in the dry
deciduous forest avoiding road networks in the rainy season, and groups in the moderate

evergreen forest displaying no selection or avoidance of road networks while foraging.

Conclusion

Our study illustrates the importee of studying primate groups across seasons and forest types,
as developing conservation plans from a single snapshot can give an inaccurate assessment of
their natural behavior and resource needs of the species. More specifically, by understanding
how forest type influences goldemowned sifaka movement and foraging behavior,

conservation management plans can be rfadée individual forest types inhabited (dry

deciduous, moderate evergreen, humid, littoral, etc.), rather than the region as a whole.
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INTRODUCTION

Conservation biologists have long recognized the importance of establishing protected
areas to facilitate population persistence of wildlife in landscapes that are threatened by
increasing human encroachment, habitat fragmentation, ardtHabs(Allen and Singh, 2016;
Delciellos et al., 2017; Gast—n et al., 2017; Tabarelli et al.,. 20dd¢ver, efforts to conserve
wildlife and preserve biodiversity often are based on an incomplete understanding of animal
movement as well as variability in mewient patterns among groups or populations that the
areas are meant to protéeestaBianchet and Apollonio, 2003yVhile a number of studies have
demonstrated the relevanakincorporating movement, particularly animal foraging and home
range size, into protected area degigngeloni et al., 2008; Choi et al., 2019; GrYss et al., 2011;
Merrick and Koprowski, 2017)ntegration between the disciplines of conservation biology and
movement (coined Oconservation behaviorO) is lifBederTal et al., 2011; Cooke et al.,

2014) Yet, knowledge of movement behavior, specifically how, when, whedwhyanimals

move andorage within their habitat, would illuminate how populations navigate and utilize
resources within their environment and thus develop better managemer{Belayes Tal et al.,

2016; Shillinger et al., 2008ppecifically, species, populations, or even groups often respond
differently to factors such as seasonality, habitat chenatits, and anthropogenic pressures and
therefore a better understanding of their role is crucial when developing management plans and
establishing protected areas.

In many tropical regions, seasons are often divided into dry and rainy, with primary
productivity varying seasonally as a function of rainfall. This seasonality thus influences the

distribution and availability of resources on the landscape and as a result animal movement
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strategies shift to increase foraging efficiegynahurtado et al., 2018; Rosenzweig, 1981,
Trapanese et al., 201%or example, thblack-fronted titi monkey Callicebus nigrifonsNagy

Reis and Setz, 201@nd collared brown lemEulemur collaris Campera et al., 2014ppe

with dry seasn food shortages by reducing movement rates, while the common bumble bee
(Bombus vosnesenskiope and Jha, 2018nhd African elephantpxodonta africangWato et

al., 2018) respond by increasing foraging and movement rates. Thus, animals are coping with
dry season conditions by shifting home range size or locgiisensio et al., 2012)nd altering

time spent foragingBranco et al., 2019Understanding how asonal fluctuations influence
movement and foraging patterns in H&eng animals can allow managers to more effectively
design protected areaad protect critical resourcéRice et al., 2017)

In addition to abiotic factors, biotic factors such as habitat type strongly influence animal
movement and foragintreet et al., 2016)arious studies demonstrate that animals adjust
their home range size and foraging patterns in response to habitat type and structure (e.g. roe
deer Capreolus capreolyssaid and Servanty, 200&8hd coyoteCanis latransHolzman et al.,
1992), indicating that landscape heterogeneity is a key factor influencing the movement of
species. While studies of canids, ungulates, and primates have examiméidi¢ihnee of habitat
type on home range size, a large proportion of studies are limited to examining metrics of habitat
structure (e.g., forest maturity, vegetation density, food scarcity, microhabitat preference) on
animal movement and home range gizampos et al., 2014; McLean et al., 201%he benefit
of understanding movement behavior across distinct habitat types is that managetegies
can be designed for each habitat type a species occupies.

Importantly, anthropogenic influences affecting animal movement behaviors can have

deleterious effects on wildlife, and must be considered when establishing protected areas
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(Haddad et al., 2015; Menchaca et al., 20T8g presence of human developments and road
networks may negatively influence animal movement behavior by increasing -‘iltkfe
interactions (e.g., hunting, poaching, vehicle collisions) and pushing animals out of prime habitat
(Peaden et al., 2017; Rogan et al., 20L8)yge mammals may be especially affected by human
encroachment due to their larger home range size, lower population density, more narrow
geographic distributions, and large portions of thestritiutions being shared with humans
(Cardillo et al., 2008)For instance, black bealdréus americanyshave been found to avoid
areas with human development during daylight h@edler et al., 2019and woodland caribou
(Rangifer tarandus caribguavoid high use roads, mines, and cabins during months of high
human activity(Polfus et al., 2011)}ew studies have examined the influence of human
infrastructure on primate movement, although they oftestavagly affected by anthropogenic
activities(AlmeidaRocha et al., 2017shac and Cowlishaw, 2004)

The lemurs of Madagascar face significant anthropogenic th{Eesttada et al., 2017)
Between 1953 and 2014, Madagascar lost 44% of its fatestso clearing for slash and burn
agriculture, resulting in 46% of the remaining forests being located within 100 m of a forest edge
(Vieilledent et al., 2018)This high degree of forest destruction and increasing presence of edge
forest habitat has influenced lemur behavior and their ability to meet nutritional demands. While
our understanding of lemur mement is limited, a few studies have examined lemur home range
size(Gerber et al., 2012; Irwin, 2008alietary flexibility (Erhart et al., 2018)species
abundancéHerrera et al., 2018and reproduction in various forest tygBaden, 2019; Lahann
and Dausmann, 2011yVithin the genu®ropithecus groups of diademed sifakaB. (diadema
in humid fragmented habitats had reduced home range size and daily path length and foraged on

suboptimal food items compared to sifaka groups in contiguous forest environgiresms
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2008a) In contrast, groups of MilnREdwardsO sifakéB. edwardsi inhabiting humid logged
forests traveled shorter distances each day to feed in-quality food environment, yet
maintained larger home ranges than groups in contiguous f(@estser et al., 2012}-urther,
groups of VerreauxOs sifakBs yerreauxj in MadagascarOs dry deciduous forests exhibited
significant home range reduction from the rainy to the dassnNorscia et al., 2006)Nhile
these studies have shed lightPropithecusdbehavioral responses to atiwoand biotic factors in
extremes of the humidry forest gradient of forest types, we do not understand how species in
the genu$ropithecugespond in a moderate forest type. KnowledgBropithecusnovement
behavior in regards to these factors wouldlde us to predict how these lemurs would adapt to
changes in forest habitat and design a reserve accordingly.

Goldencrowned sifakaRropithecus tattersalliare a critically endangered lemur
endemic to naturally fragmented forests of northeastern MadagQuZmZrZ et al., 2010a)
Unlike the other eight species of sifala@pithecus spp.on Madagascar that are restricted to
dry or humid forest type®. tattersalliinhabit a range of forest typéSoodman et al., 2018;
QuZmZrZ et al., 2010B)he diversityof forest types they inhalitrovidesa unique opportunity
to examine the influence of seasonality, forest type, and anthropogenic factors on movement and
foraging behavior in a primate. Studies of goldeowned sifaka have documented a major
decline in the overall population in the last decade and studiesrtianaed researchers of the
species selective use of forests in a naturally fragmented landscape. However, no studies have
examined the influence of movement on space use and foraging tree selection across their range
(QuZmZrZ et al., 2012; Salmona et al., 204@understanding of how abiotic, biotic, and

anthropogenic factors influence goldemwned sifaka space use and foraging thhowt their
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range would allow uniqgue management plans to be developed for distinct populations within
each particular forest type occupied rather than the species as a whole.

In this study, we analyzed location and foraging behavior of six galdemnedsifaka
groups to evaluate the effects of abiotic (seasonality: rainy and dry season), biotic (forest type:
dry deciduous, moderate evergreen, and humid forests), and anthropogenic (disturbance: edge
and interior forests) factors on their movement pattenasspace use. Approaches to studying
nonhuman primate space use typically are limited to examining daily path length and home range
overlap through the use of area estimators (minimum convex polygoibakseel kernel density,
etc) (Lehmann and Boesch, 2002; Steiniger and Hunter, 20A@e modern and sophisticated
approaches such as Dynamic Brownian Bridge movement models (DBBMM) and Bayesian
methodqAvgar et al., 2016; Kranstauber, 20X83luce the likelihood of both Type | and Type
Il errors which can bias our understanding of animal space use and habitat s@fésiiery and
Borger, 2012)By selecting DBBMM to estimate space use we were able to incorporate both
temporal and behavioral atacteristics of movement trajectories into estimation of an animalOs
home rangé€Kranstauber et al., 2012} o test our first objectiveising dynamics outlined by
Optimal Foraghg Theory,we predicted that seasonal movement rates would be greater in the
rainy season, when we expected that sifakas would search out energy rich but spatially limited
resources (i.e. fruits). In contrast, we expected that sifakas in the dry seasdi&oonserving
limited energy resources and thus restrict their movements. We also expected greater movement
rates in more extreme forest types (dry and humid forests) and edge forests compared to
moderate evergreen and interior forests for similargater reasonéWright, 1999) as well as
differences in sifakas densities between the three forest ({$pe®l et al., n.d.5econd, we

predicted that home range size and core area range sizebedaldjer in the rainy season
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compared to the dry season, as sifakas would maximize their foraging area to exploit energy rich,
rainy season resources. We also expected home range and core areas to be larger along forest
edges, where energich resourcemay be more limited@Wright, 1999) Additionally, we

predicted that home range and core areas sizes would be larger in the dry and humid forests
where goldercrowned sifaka densities are lower, and smaller in the moderate forests where
golden-crowned sifaka densities are higliemel et al., n.d.)Third, we predicted that sifakas

would select foraging locations with the largest feeding trees within their home ranges, which we
expected to have theast available fruit§WWorman and Chapman, 200@nd avoid locations

near human settlements or rmaade structures, where we expected forest disturbance to be

greates{Jaeger et al., 2005)

METHODS

Study Area

Research was conducted in the Lékgnambato Protected Area (49;560E, 13i310S) of
northeastern Madagascar (Fig. 1). This protected area encompasses a unique biogeographical
transition zone from MadagascarOs northern and western dry deciduous forests to southern humid
forests. The LokyManambato region contains a mosaic of various foresstyypéuding dry
deciduous, dry evergreen, humid, and littoral forests separated by agricultural areas and savanna
(QuZmZrZ et al., 2012)he total forest cover of this protected area is 475 Xakm individual
forest fragments range from 1346.3 kn?. The region experiences a femonth rainy season

from December to March followed by an eighonth dry easonMeyers, 1993)The study sites
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include three distinct forest types: humid forest, moderate evergreen forest, and dry deciduous

forest.

Study Species and Subjects

Goldencrownedsifaka live in semcohesive social groups ranging in size frorh23
individuals with one or more adult males, several adult females, and several immature
individuals of both sexes. Group members typically travel in a coordinated fashion and generally
remain in visual or auditory contact with at least one other group mefiiesers, 1993)Thus,
we assume that all animals within a given social group share a home range, and therefdre treat
each group as a distinct unit of analysis. Gold@wned sifaka are frugilivores, but also
consume seeds, petioles, buds, flowers, and bark.

We studied six groups of goldenowned sifaka distributed across the three distinct
forest types (two grqas each in dry deciduous, moderate evergreen, and humid forest) in the
Loky-Manambato Protected Area. Prior to data collection, all groups were habituated to human
presence. Habituation was considered complete when lemurs no longer alarm called, fled from
human presence, or moved closer to observers out of curiosity. Similar to studies conducted with
other lemur species, this process took less than two m@Rakstonanahary et al., 2021)e
selected three of the 11 large forest fragments containing gotdemed sifaka due to their
accessibility: Solaniampilana (dry deciduous), Bak&a (moderate evergreen), and Binara
(humid) (Fig. 1). Sifaka densities within these fragments were variable with 26.7 sifakas/km
(95% CI: 16.244.1) in Solaniampilana, 78.17 sifakasfk{®5% CI: 53.1114.8) in Bekaraoka,

and 20.77 sifakas/kff95% ClI: 11.238.0) in BinargSemel et al., n.d.Within each forest
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type, we followed one group in primary forest towards the center of the forest (hereafter interior;
characterized by lemurs having a home rangeaat B00 meters from the forest edge) and one
group on the edge of the forest fragment (hereafter edge; characterized by having a home range
adjacent to the forest edge). Average group size was six individuals and ranged from five to
eight (Table 1). Althagh lemur groups were not marked or collared, we identified individual
lemurs by their distinct, permanent physical features (e.g. missing eye, ear cuts, coloration) to

ensure we were following the target group.
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Fig. 1. Map of the goldercrownedsifaka Propithecus tattersaljirange within the Loky

Manambato Protected Area in northeastern Madagascar. Different shades of green indicate the
three main forest types and hatched black lines indicate the three forest fragments surveyed: dry
(light green, Solaniampilana), moderate (green, Bekaroaka)wetddark green, Binara). The

thin orange line depicts the unpaved national road in the region.
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Table 1.Composition of goldecrowned sifakaRropithecus tattersaljifocal groups within
each foresfragment, fragment size, forest type, and forest disturbance classification of the Loky
Manambato protected area in northeastern Madagascar. Groups were followed during the dry

(JuneAugust 2019) and rainy (Februafypril 2019) seasons.

Forest Fragment Fragment Size (kn¥) Forest Type Forest Location  Group Size
Solaniampilana 14.7 Dry Deciduous Interior 5
Solaniampilana Dry Deciduous Edge 5
Bekaraoka 26.2 Moderate Evergreer Interior 7
Bekaraoka Moderate Evergreer Edge 8
Binara 43.6 Wet Humid Interior 7
Binara Wet Humid Edge 5
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Group Location Data

We collected goldewrowned sifaka group location data during two periods, February
April 2019 (rainy season) and JuAegust 2019 (dry season). Each group was followed-for 7
consecutive dag/during the rainy season and the dry season. We followed groups from sleep tree
to sleep tree (~12 hours per day) and collected location datanain@ge intervals. If no animals
were visible at the I&inute interval, observers waited to establish \isoatact with the social
group before recording any locations. During behavioral follows, we maintained a distance of at
least 10 m from the lemurs and followed slowly behind the groups in an effort to minimize
disrupting their natural behaviors. Whileethse of telemetry based tracking technology has been
shown to reduce disturbances to wildlife behavior, we chose behavioral follows due to a lack of
tracking equipment but also to avoid subjecting the animals to the stress of capture and
immobilization(Hebblewhite and Haydon, 2010 addition to daytime activity, golden
crowned sifaka are known to exhibit nocturnal movements, specifically during periods of bright
moon light(Erkert and Kappeler, 2004and thus groups were not always located in the same
sleep tree the following morning. In those instances, we reestablished contact with the group as
quickly as possible. Group locations were recorded using a GPS receiveir{®4s), using the
Universal Transverse Mercator (UTM) coordinate system (zone 39L), and points were logged at

the groupOs approximate geometric center.
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Foraging and Landscape Data

We recorded foraging data at the samariibute intervals using scaampling to record
the behavior, height in the tree, and nearest neighbor of each individual in {Ajtowgnn,
1974) If an individual was actively feeding during the scan, the plant species and.gart (
young/mature leaf, leaf petiole, un/ripe fruit, seed, or flpweare identified, GPS location
recorded, and data concerning tree species, size, and current phenology collected. In addition to
collecting foraging data specific to each of the lemur groups, we also collected general landscape
data throughout each of tBix lemur home ranges in both the rainy and dry season. We did this
by randomly generating forty GPS points within each of the six home ranges (in both rainy and
dry seasons) and collected data from potential feeding trees (species, size, phenolagfyesvithi
m of each location. This allowed us to gain an understanding of the entire landscape of all six

home ranges, not just the specific feeding trees utilized by each of the groups.

Home Range Estimation

Utilization distributions (i.e., 95% isopletheteafter home ranges and 50% isopleth,
hereafter core area) were estimated for each galdemned sifaka group using Dynamic
Brownian Bridge Movement Models (DBBMM{Kranstaubeket al., 2012)Home range
DBBMMs use behavior and movement trajectory data of the animal group that is collected in
sequential relocation studies. This method provides a spatially explicit model, which describes
the probability of the given animal groopcurring in a given location during a specified period.

This approach also accounts for temporal autocorrelation, spatial uncertainty, irregularly sampled
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data, and shifts in an animalOs behavior (resting, foraging, thermoregulating, corridor use, etc.),
making it specifically applicable to studies of group living priméésberg and Borger, 2012;
Gurarie et al., 2009; Kranstauber et al., 20123ing DBBMMSs to estimate group home ranges
requires a Brownian motion variance paramébérin meter}, which quantifies the degree of
diffusion or irregularity of an animalOs pétihanstauber et al., 2012\ moving window

analysis identifies changes in the mment behavior and estimat®%for each step. Because the
$2parameter is estimated using a Olem@methodO, the sizé the moving window must

include an odd number of GPS locations and a margin of greater than three locations bounding
each end of thevindow in which no behavioral changes can o¢&uwanstauber et al., 2012)Ve
parameterized the DBBMM with a Ztep window size, a-Step margin size, and a 15 m

location erroffor all lemur groups, as visual inspection indicated these settings were sufficient to
identify changes in home range size and overall animal movdKamstauber et al., 2012)

Home ranges were estimated for each lemur group using the DBBMM function in R package
Omoveflorne et al., 2007; Kranstauber et al., 2018 conducted a thregay analysis of

variance (ANOVA) predicting for both home range and core areas s&spectively, to

determine if season, forest type, interior or edge forests, and the interaction of forest type and
season influenced core area and home rangeAiznalysesvere conducteth version 3.6.1 of
program RIOR Core Team,0 2020Je used AkaikeOs Information Criterion corrected for small
samples sizes (AlICc) to identify a top modein the set of candidateNOVA models and the

delta of two was as a threshold for equally plausible mdBelstham and Anderson, 2002)
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Seasonal Core Area Overlap

To determine the percent of joint home range overlap between the rainy and dry season
core areas, we calculated the total area of each home range and then divideal chearlap

between seasons by the total home ranggAtreood and Weeks, 2003)

[(areasfcorearea) x (areafcore-area)]®s

Areay#s the seasonal core area overlap area commiano#, and corearea%and
corearead# are the seasonal core areas of the same group during the rainy and dry2saadon,
#, respectively. Possible core area overlap ranged from 0% overlap, indicating no shared space
use between seasons, to 100% oyeiiladicating the dry and rainy season core area ranges
overlapped completely. To determine if the core area overlap between the rainy and dry seasons
varied as a function of forest type (humid, moderate, or dry), we conducteehap@NOVA
comparing cag area overlap as a function of degree of forest type. All analygesconducted

in version 3.6.1 of program @R Core Team,0 2020)

Movement Rates

We calculated movement rates (meters/monitoring intervahiitbites]) for each lemur

group using the collected relocation data. The step length (i.e., the distance between sequential

recorded locatios) was divided by the time elapsed between each sequential location (15

minutes)to calculate speed for each gold@owned sifaka group to characterize movement
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rates. To determine how movement varied across season (rainy and dry), forest disturigance (ed
or interior), and forest types (dry, moderate, and humid) we calculated movement rates at both
the daily and seasonal scale.

Daily movement rates were bootstrapped to calculate a mean for each observational day.
Bootstrapping is a process that involvepeatedly drawing independent samples from a data set
(X) to create bootstrap data sets & E., x"). Our samples were performed with replacement
which allowed for the same observation to be sampled more than once such that each
bootstrapped sample w#he same length as our raw lemur speed data {mifities). To
calculate seasonal movement raf® (), we drew 1000 independent samp¥s(® (* (% , -
to calculate means and standard erfor, §, which we then used to geage 95% confidence

intervals for comparison of means among seasons and groups,

9
/ _017. 28%378
L =+6',

where!. , -served as our estimate of the standard err@esitimated from the raw lemur speed
data (mhour). We calculated seasonal movements rates using the bootstrapping approach
outlined above but employed the method for each observation {8asih et al., 1993;
Davison et al., 1986)

To determine how environmental variables influenced daily movement rates, we fit
LMMs to predict movement rate as a functafrall combinations of season (rainy or dry), forest
disturbance (edge or interior), and forest type (dry, moderate, and humid), while treating forest
type-forest fragmentation per group intercepts as random eff@atss et al., 2015We used
Akaike's Information Criterion corrected for small sample size (AICc) to identify a top model

from the set of candidataodels(Hurvich and Tsai, 1989We used the Satterthwaite method to
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approximate the degrees of freedom and computedyes fordirect effects and interactions

using tstatistics(Gaylor and Hopper, 1969)

Finally, to determine how environmental variables influenced seasonal movement rates,
we conducted a thregay ANOVA of seasonal movemerdtes as a function of forest type (dry,
moderate, and humid), forest disturbaneage and interior), and season (dry and rainy). We
used Akaike's Information Criterion corrected for small sample size (AlCc) to identify a top
model from the set of candidamodelgHurvich and Tsai, 1989All analysesvere conducted

in version 3.6.1 of program @R Core Team,0 2020)

Habitat Selection

To quantify habitat selection of goldenowned sifaka groups, in relation to tree sizé an
proximity to anthropogenic factors, we fit a Resource Selection Function (RSF) usirg a use
available design. A RSF is defined as any function producing a value proportional to the
probability of selection of a given habifakle et al., 2013; Manly et al., 200Any estimate
derived from an RSF is dependent on the definition of available haltagar et al., 2016; D.

J. Johnson, 1980; Lele et al., 201B)r our RSF, selection by golderowned sifaka availability
was considered within home range selection (JohnsonOs thir@@orHe Johnson, 198Pas
defined by a 95% seasonal home range using DBBMMs. Within our seasonal home ranges, we
characterized availability by systematically identifying available locations at intefvaGm,
as this was the spatial resolution of all spatial data used in thége88on, 2013)
We created our RISs by fitting generalized linear mixexdfects model (GLMM) with a

binomial exponential family and logit link function, whigftluded agroupspecific(forest type
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and disturbance) random intercept term to account foiinaependence of habitat asso@at
within groupg(Gillies et al., 2006; Hebblewhite and Merrill, 2008)pr our RSF, we used GPS
locations of all feeding trees that goldenowned sifaka utilized during the rainy and dry field
seasons and possible locations within their known home ranges. We extracted traesbasa
(crosssectional area of trees at breast height), Euclidian distance to village, road, and habitat
fragment edge for each golderowned sifaka feeding tree and each available location. These
data were generated using satellite imagery and hahitgilsig of resources within each of the
six lemur home ranges.

To relate tree basal area and crown volume to lemur GPS location data, we created
continuous surfaces of tree basal area and crown volume estimates across our study area by using
inverse distace weighting (IDW) interpolation in the package géRdbesma et al., 2019pW
uses a weighted average of estimates from nearby samplatgpitecto predict tree basal area
and crown volume estimates to the surrounding pixels of a sampling location composesd of user
specified areafDe Smith et al., 2018 ur userspecified areas of inference weig9 n?
because it most closely matched the mean distance between vegetation sampling locations
(148.85 m). This interpolation process provided spatially explicit estimates of tree basal area and
crown volume estimates which we could then associate witteowr GPS data.

To examine if lemur habitat selection varied across forest types and seasons, we
developed candidate models using various combinations of distance to habitat feature (i.e.,
village, road, and habitat fragment), and basal area, and ksgkEA Information Criterion
(AICc) corrected for small samples sizes to identify a top model from the set of candidate models
(Burnham and Anderson, 200@)determine if 1) differences in habitat selection vary as a

function of forest type, and 2) differences in habitat selection vary as a function of season at each
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site. To accounfior behavioral differences in lemur groups, we accounted for random effects

using an Oanimal IDO that consisted of each lemur groupOs respective forest type (dry, moderate,
or humid), forest disturbance classification (edge or interior), and seasonqrdairyy. We

tested for collinearity and no environmental variables used in model development exhibited high
correlation (i.e., |r| > 0.7). All coefficients were estimated using the OIme40 [8ckeget al.,

2015 OR Core Team,0 2020)

Overdispersion of the models was examined by calculating the sum of squared Pearson
(SSQ) residuals, the ratio of (SSQ residuals/residual degfdéesedom), the residual df, and the
p-value based on the appropriagdistribution. Additionally, each individual model was a
GLM which allowed us to test overdispersion using ascjuiare comparing the model deviance
by the residual degreed-freedom(Hilbe and Robinson, 2013J o estimate the explanatory
power of the models, we calculated a conditional, marginal, and psétidogach model

(Nakagawa et al., 2017; Smith and McKenna, 2013)

RESULTS

Home Range and Core Area Size Estimations

Overall, home range sizes for goldemmwned sifaka groups in the Lolanambato

Protected Area were highly variable, ramgifrom 2.78031.56 hectares (Table 2). Our top

ANOVA model (Table 3), revealed that golderowned sifaka core areas varied significantly

with season (p = 0.006, F(1,10)=11.84, residual SE = 0.005) with core areas being larger in the

rainy season (avega of 1.74 hectares in the rainy season, 0.81 hectares in the dry season).
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However, while our ANOVA model candidate set for home ranges did include season as a top
model (dry or rainy; p = 0.136, F(1,10)=2.63, SE = 0.07), it was no better than our nell mod

(Table 3).

Seasonal Core Area Overlap

Seasonal core area overlap varied from 16.7% to 53.9% (Table 2; Fig. 2). Core area

overlap between the rainy and dry season did not vary with forest type (p = 0.824, F(2.3)=0.214,

SE = 0.072) or forest disturban{p = 0.617, F(1.4)=0.343, residual SE < 0.091).
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Table 2.Data summary of six goldesrowned sifakaRropithecus tattersalligroups followed in different forest types (dry,

moderate, and humid) in three forest fragments (Solaniampilana, BekaBawda) of two levels of forest disturbance

(interior or edge) in the LokiManambato Protected Area in northeastern Madagascar. The number of consecutive follow days,

the number of GPS locations recorded, home range size (hectares), and core arectaies)(are indicated for both the dry

(JuneAugust 2019) and rainy (Februafypril 2019) seasons. Percent core area overlap between seasons also is included.

Lemur Group ID Number of Number of GPS Home Range (ha) Core Area (ha) Core Area (%
Follow Days Locations overlap)
Dry Rainy Dry Rainy Dry Rainy Dry Rainy
Dry-interior 9 7 285 206 6.04 7.95 0.88 1.91 16.7%
Dry-edge 8 7 270 216 8.19 31.6 0.89 2.62 51.2%
Moderateinterior 8 9 266 334 2.93 9.16 0.63 1.87 41.0%
Moderateedge 8 8 299 269 2.78 4.83 0.57 0.78 16.3%
Humid-interior 8 9 282 320 3.69 25.1 0.68 1.71 32.0%
Humid-edge 9 8 290 278 12.5 111 1.18 1.90 53.9%
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Table 3 Linear mixed effects models (LMMs) tx@ain core area size and home range
size of goldercrowned sifakaFropithecus tattersalligroups in the LokyManambato
Protected Area in northeastern Madagadcaing the dry (Junédugust 2019) and rainy
(FebruaryApril 2019) seasonsSeason, disturbag, and forest type were included in the
model. Columns indicate the number of parameters (Kjlikegthood (LL), the relative
difference in AlCc values compared to the-tapked model!(AICc), and the AICc

model weights (W) of the modsklection procgure.

Model K LL AICc I'AlCc W

Core Area Size

season 1 48.407 -87.8 0.00 0.816
disturbance + season 2 48.484  -83.3 4.56 0.083
null 0 43.720 -82.1 5.71 0.047
forest type + season 3 50.968 -81.9 5.88 0.043
disturbance 1 43.755  -78.5 9.30 0.008
forest type 2 44759  -75.8 12.01 0.002
forest type + season + disturbance 4 51.086 -73.4 14.44 0.001
forest type + disturbance 3 44.801 -69.6 18.21 0.000
Home Range Size

null 0 13.999 -22.7 0.00 0.465
season 1 15.398 -21.8 0.87 0.301
disturbance 1 14558 -20.1 2.55 0.130
disturbance + season 2 16.113 -18.5 4.15 0.058
forest type 2 15,538 -17.4 5.30 0.033
forest type + season 3 17.417 -14.8 7.83 0.009
forest type + disturbance 3 16.271  -12.5 10.12 0.003
forest type + distdrance + season 4 18.443 -8.1 14.58 0.000

35



Edge

Interior

100 Meters
100 Meters

100 Meters

0

<

100 Meters
100 Meters

0
100 Meters

Aq 3)elapo\ plunH

36



Fig. 2. Maps of theBrownian Bridge utilization distributions depicting core area use for
goldencrowned sifakaFropithecus tattersalligroups in the LokyManambato Protected
Area of northeastern Madagasdairing the dry (Jundugust 2019; dark gray) and rainy
(FebruaryApril 2019; light gray) seasons. Overlapping areas were occupied during both
seasons. The six boxes display the seasonal home ranges for all six lemur groups
followed. Columns indicate foréslisturbance classification (interior or edge) and rows
indicate the occupied forest type (dry, moderate, or huri@al)d lines correspond to

theinteriorand the hashed lines correspond to the edge in the inset map of each site
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Daily and Seasonal Movement Rates

Our top model (Table 4) indicated that seasonal movement rates varied as a
function of season (Sum Squares = 0.405, 95% CI [0.13, 0.65], F(1,10)=11.27, p=0.007,
residual S.E. = 0.04), with higher rates in the rainy season (r@@sps: 83.47 m/h; dry
season: 56.70 m/h; Fig. 3; Additional file 1: Table S1). When investigating daily
movement rates, our LMM analysis supported our seasonal movement results, as the top
model included season; however, there was not support for efféotest type or forest
disturbance"(= 0.36, 95% CI [0.11, 0.60]; p=0.019; Table 4; Additional file 1: Table

S2).
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Table 4: Competing models to explain seasonal and daily movement rates of-gabdared sifakaRropithecus tattersal)i

groups in the LokyManambato Protected Area in northeastern Madagdsiceng the dry (Junéugust 2019) and rainy
(FebruaryApril 2019) seasonsSeason, disturbance, forest type, and all interactions (*) were included in the model. Columns
indicate the number of parametargshe model (K), the logjkelihood (LL), the relative difference in AlCc values compared

to the topranked model!(AlCc), and the AIC model weights (W) of the modelection procedure.
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Model K LL AlCc  !'AlCc W
Seasonal Movement Rates

season 1 3.382 2.2 0.00 0.733
disturbance + season 2 4.394 4.9 2.69 0.191
null 0 -1.145 7.6 5.39 0.050
disturbance 1 -0.691 10.4 8.15 0.012
forest type + season 2 4.779 10.4 8.21 0.012
forest type 2 -0.529 14.8 12.54 0.001
forest type + season + distarice 4 6.086 16.6 14.39 0.001
forest type + disturbance 3 -0.023 20.0 17.81  0.000
forest type + season + forest type*season S 6.158 29.7 27.45 0.000
forest type + disturbance + season + forest type*se: 6 7.856 48.3 46.05 0.000
Daily Movement Rate

season 1 -27.381 63.3 0.00 0.586
null 0 -29.393 65.1 1.82 0.236
disturbance + season 2 -28.186 67.1 3.87 0.085
disturbance 1 -30.082 68.7 5.40 0.039
forest type + season 2 -28.022  69.1 5.87 0.031
forest type 1 -30.101 71.0 7.70 0.012
foresttype + season + disturbance 3 -28.845  73.2 9.89 0.004
forest type + season + forest type*season 4 -27.815  73.6 10.28  0.003
forest type + disturbance 2 -30.777 74.6 11.38 0.002
forest type*season + disturbance 3) -28.634  71.7 14.43  0.000
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Fig. 3. Seasnal movement rates (meters/hour) of gotdeswned sifakaRropithecus

tattersalli) groups in the LokyManambato Protected Area in northeastern Madagascar.

Data was collected during the dry (Juhagust 2019) and rainy (Februafypril 2019)

seasons usingelocation data collected every 15 minutes. The step length (e.g., the

distance between sequential locations) was divided by the time elapsed between each step
to calculate speed for each lemur group. Black lines correspond to 95% confidence

intervals.
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Habitat Selection

We found that lemur habitat selection varied between humid, moderate, and dry
forest types as indicated by AICc (Table 5). We also found that selection by lemurs
varied between the wet and dry season, within forest types, as indicaté@dgTAble
6). Given selection varied by forest type and season, we elected to make inferences on
selection by forest type and by season. This necessitated we change our models from
GLMMs to generalized linear models (GLMs) wherein we droppedtbhigpspesific
(forest type and disturbance) random intercept term given our final models retained only
two groupgBolker et al., 2009)Tests for overdispersion and explanatory power raised
no concern (Additional file 1: Table S3 & Table S4).

We found that groups in dry deciduousdstisselected locations with greater
crown volume in the dry seasdn£ 1.22, S.E. + 0.11, p<0.001). During the rainy
season, groups in dry forest selected locations with greater crown vélunie@4, S.E.

+ 0.12, p<0.001) and greater tree basal dreaq89, S.E. + 0.73, p<0.001), and avoided
habitat closer to villages = 3.06, S.E. £ 0.74, p<0.001) and rodds .42, S.E. = 0.50,
p< 0.001; Fig. 4).

Lemur groups in moderate evergreen forests selected locations with greater crown
volume ( =0.52, S.Ex 0.07, p<0.001), greater tree basal atea (.35, S.E. £ 0.17, p =
0.03), and locations farther from villageés<1.30, S.E. £ 0.32, p<0.001) in the dry

season. In the rainy season, groups selected feeding locations with greater tree crown
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volume ( =1.24, S.E. £ 0.07, p<0.001) and greater tree basallare@.65, S.E. £ 0.19,

p = 0.003) and avoided habitats closer to villages 1.91, S.E. £ 0.38, p<0.001; Fig. 4).
Finally, we found that lemur groups in the humid forests selected feeding

locatiors characterized with greater crown volurhe=(0.98, S.E. £ 0.0p<0.001),

closer to villages!(=-0.76, S.E. £ 0.30, p = 0.01), and closer to the forest eédge (

"1.04, S.E. £ 0.17, p<0.001), and avoided locations near rbad2.79, S.E. £ 0.93, p =

0.003) in the dry season. In the rainy season groups in humid forests selected locations

with greater tree basal arda< 0.085, S.E. = 0.04, p = 0.049) and greater crown volume

(! =1.34, S.E. £ 0.06, p<0.001) that were closer to villages-1.28, SE. + 0.19,

p<0.001), and forest edgds£" 0.24, S.E. + 0.05, p<0.001), and avoided habitats near

roads [ = 3.26, S.E. £ 0.73, p<0.001). While the effects of crown volume, villages, forest

edges and roads were the same across seasons, these effestiongee in the rainy

season (Fig. 4).
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Table 5. Generalized linear models (GLMej goldencrowned sifakasRropithecus
tattersall) depicting differences in foraging tree selection among lemurs occupying
different forest types in the Lokylanamiato Protected Area in northeastern Madagascar
during the dry (Junéugust 2019) and the rainy (Februakpril 2019) season€olumns
indicate the number of parameters (K), the relative difference in AICc values compared
to the top ranked mode#¥AICc), the AlCc weights (W), and the lddkelihood (LL) of

the modeiselection procedure examining foraging tree selection of lemurs based on
occupied forest type (humid, moderate, and dry). CV: Crown Volume, TBA: Tree basal
area, V: Distance to villag®: Distance to roads, F: Distance to forest edge, FT: Forest

type. Based on the models, forest types could not be grouped and were parsed to make

assumptions.
K AlCc #AICc W LL
(CV+ TBA +V + R+ F)*FT 19 11353.62 0.00 1.00 -5657.81
CV+TBA+V +R+F 7 11425.18 71.56 0.00 -5705.59
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Table 6.Generalized linear model&{Ms) of goldencrowned sifakasRropithecus tattersalliforaging tree selection based on
occupied forest type in the Lokylanambato Protected Area in northeastern Madagdsicang he dry (Junédugust 2019) and rainy
(FebruaryApril 2019) seasonLolumns indicate the number of parameters (K), the relative difference in AICc values compared to
the top ranked mode! AICc), the AlCc weights (W), and the lddgelihood (LL) of the modekelection procedure examining

foraging tree selection of lemurs based on occupied forest type (dry, moderate, and humid). CV: Crown Volume, TBA: Tree basal

area, V: Distance to villag®: Distance to roads, F: Distance to forest edge, F: Forest type.

Dry Forest

K AlCc I'AlCc W LL
(CV+ TBA + V + R + F)*Season 13 4085.42 0.00 1.00 -2029.71
CV+TBA+V+R+F 7 4105.11 19.7 0.00 -2045.56

Moderate Forest

K AlCc I'AlCc W LL
(CV+ TBA +V + R + F)*Season 13 2944.24 0.00 1.00 -1459.12
CV+TBA+V+R+F 7 3043.27 99.04 0.00 -1514.64

Humid Forest

K AlCc I'AlCc W LL
(CV+ TBA + V + R + F)*Season 13 4158.31 0.00 1.00 -2066.15
CV+TBA+V+R+F 7 4206.98 48.68 0.00 -2096.49
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Fig. 4. Selection coefficient plot for goldesrowned sifakasRropithecus tattersaljiin the LokyManambato Protected Area in

northeastern Madagascar in the dry (JAngust 2019) and rainy (Februafypril 2019) seasons within three forest types (dry,

moderde, and wet)This coefficient plot displays beta estimates for tree basal area and tree crown volume and distance to forest edge,
roads, and villages. Blue points represent habitat selection during the rainy season and red points represent habithiresjeitte

dry season. Solid lines above and below each point represent the 95% confidence intervals around each beta estimate.
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DISCUSSION

There are three primary results from our study. First, getdewned sifakaRropithecus
tattersall) movementates are greater in the rainy season and in more humid forests. Second,
goldencrowned sifaka core area size is impacted by season, with larger core areas used in the
rainy season. Third, goldemmowned sifakas select foraging locations where the langest in
their home range are located. Similarly, we also detected variation in behavioral responses to
villages, road networks, and the forest edge. Getrlewned sifaka groups in humid and dry
deciduous forest fragments specifically avoided foragingitmtsnear road networks in the
rainy season, while lemurs in the moderate evergreen forest did not select or avoid locations near
road networks. In sum, groups of goldgoewned sifaka showed marked variation in behavioral
responses to human disturbanwoe, for all groups, higheuse zones were characterized by
locations having larger trees. Thus, season, forest type, and disturbance all have effects on
goldencrowned sifaka space use and ranging behavior.

Across seasons and regardless of forest typesturblance, goldenrowned sifaka group
daily movement rates shifted, with groups moving farther per unit time in the rainy season. This
contrasts with previous studies on MilBdwardsO sifak®(opithecus edwardsthat found no
seasonal effects on distae moved per day (i.e., daily path lendtBgrber et al., 2012Y hus,
there exists some degree of variability amomaksi species. Movement rates in gokdeowned
sifaka groups were also closely linked to home range size in that as home range size increased in
the rainy season, so did the average distance moved per hour. This finding is consistent with

other studies afighly mobile mammals that found that movement rates and resource availability
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determined home range size of whiéled deer @Qdocoileus virginianysand Iberian ibex
(Capra pyrenaica(Rhoads et al., 2010; Viana et al., 2018)

Goldencrowned sifaka group home range sizes varettveen 332 hectares. These
home range sizes were smaller than those of diademed $¥atmdema groups in
MadagascarOs eastern humid forests, which range fr@eHa{Irwin, 2008b) but were larger
than those of VerreauxOs sifaRa\erreauxi groups in MadagascarOs southern dry forests,
which have home range sizes ranging fred05ha(Benadi et al., 208). Similar to this trend,
mouse lemursMicrocebusspp) inhabiting western dry forests were able to maintain higher
population densities than mouse lemur species inhabiting eastern humid(foetssh et al.,

2017) Contrary to previous findings, and our predictions, we found that gold@med sifaka
groups in dry deciduous and humid fasedid not occupy significantly larger home range or

core area sizes compared to groups living in moderate evergreen forest fragments. This finding
was unexpected because goldeowned sifaka densities were substantially larger in moderate
forest fragmerg compared to dry deciduous and humid forest fragniSetsel et al., n.d.)Jn

sum, our study was the first determining that the same species of sifaka can inhabit drastically
different forest types and displayegt variation in home range size. However, while animal
densities have implications for spatial ecol¢@¥ebber and Vander Wal, 2018)oldencrowned
sifaka densities did not appear to predict home range and core areéSeamekeéal., n.d.)

Our prediction that goldearowned sifaka home range sizes would vary between the
rainy season and the dry season was partially supported. While home range sizes were not
significantly different between seasons, core area size was sadltidacger for goldercrowned
sifaka groups in the rainy season compared to the same groupsO core area range sizes in the dry

season. Similar to findings of MildedwardsO sifaka, we found that goldeswned sifaka
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maintained similar home range location$oth seasons, but displayed considerable seasonal
shifts in core area locatioi&erber et al., 2012 his differene was likely due to the nen
uniform and seasonal variation in resource distribution that influenced how gotiened

sifaka distributed their space use to forage efficigiistro et al., 1999)Surprisingly, the
degree of core area overlap we observed did not vary basbkd forest type or forest
disturbance level occupied.

We predicted that goldecrowned sifaka groups in more degraded, edge, habitats would
occupy larger home ranges and have larger core areas than those in interior forests; however, our
data did not suppt that assumption. Previous studies have demonstrated varying effects of
disturbance on home range size of eastern sifaka species in rainforest habitats. For instance,
diademed sifaka living along forest edges occupied significantly smaller home raagythan
conspecifics in interior, undisturbed foreftsvin, 2008a) as is consistent with many other
mammalian specigd ucker et al., 2018 However, MilneEdwardsO sifaka in disturbed (logged)
forests maintained laeg home range sizes than those in undisturbed fd@stber et al., 2012)
Unfortunately, the majority of lemur studié®/%) examining the effects of forest disturbance on
lemur health, genetics, biodiversity, and behavior were conducted in the humid forests of eastern
MadagascafKling et al., 2020) Further, lemur responses to habitat edges in dry forest are often
highly variable, with groups avoiding, selecting, or demonstrating no response in regards to
feeding along forest edgékling et al., 2020; Lehman et al., 2008)s a result, further
investigation of home ranges of goldemwned sifaka and other dry forest lemurs are needed to
understand how increasing anthropogenic changes &renoing lemur ecology and

conservation.
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While we expected goldetrowned sifaka groups to avoid villages and roanfsilar to
other studieswe found a mixed respong&aynor et al., 208; Suraci et al., 2019While no
sifaka groups selected for foraging locations near roadgeneforest types and seasons sifaka
groups avoided foraging locations near ro&dsioremixed response was found in regard to
foraging locations near villageSpecifically, we suspecsifakasin the humid forestypefed in
close proximity to the nearby village due to large fruiting mango tress plantedithadelition,
sifakas in the moderate forest type likely avoided feeding in close proximity to theilacge
because of the adjacent gold mining operation. Ovehaljuxtapositiorof thevillages and
nationalroad network likely played a role in tla@oidance or selection of feeding ndsgse
locationsand their configurations need to be furtherestigated.

Additionally, thenational road that bisects the global range of getdewned sifaka is
currently being paved to improve access to mineral reserves and transportation through the
region. While infrastructure improvement will likely provide rhuzeeded improvement to local
economies, our results demonstrate that even narrow road networks can restrict suitable sifaka
habitat. Improved road access also is likelyncrease resource extraction within the region
(e.g., selective logging of hardwaodnd gold mining), with negative impacts expected for
sifakas(Estrada et al., 2017 he negative impacts of road networks are well documented for
mammalian species. Forample, elk Cervus canadengisind caribouRangifer tarandustend
to avoid road crossings and seek cover when in close proximity to road nefiAakspenko et
al., 2017) Road expasion and paving also increases the prevalence of vehicle collisions with
wildlife (e.g., Asiatic cheetalACinonyx jubatus venaticuslohammadi et al., 201&nd Florida
pantier (Puma concolor coryiCriffield et al., 2018)Importantly, even low vehicle traffic {80

vehicles/12hrs) caused wolverin€u{o gulg to alter their movement patterns and to avoid
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areas with road networkScrafford et al., 2018 Consequently, increasing human activity and
road prevalences likely to impact foraging and space use behavior of wildlife species, with

potentially disastrous consequences for already crucially endangered-galdered sifaka.

Limitations and future directions

Although our data revealed various patternsaligncrowned sifaka movement and
foraging, we could onlgstablish general conclusions due to our limited monitoring efforts (15
18 days/year for each group) and small sample size (six sifaka groups). Additionally, due to our
rotationbased field schedulevewere only able to follow one group of sifaka at a time. Future
work with morecontinuous monitoring, preferably with the use of remote tracking devices,
would enable us to better tease apart the relationships between season, forest type, anthropogenic
factors, and movement, as well as to increase model robustness. $lsemndiere limitations
regarding the covariates used in the RSF. Specifically, we assumed that all village disturbance
was equal. However, each village differed in populatioe, sigree of infrastructuralistance
from the forest edgeand distance from the national roéd a result, some villages could have
had greater anthropogenic influences than others. Third, we could not claim that human
disturbance was directly related to d@tcrowned sifaka groups selecting for the largest trees
within their respective home ranges. Feeding on the largest trees could have been related to
increased food availability and security, rather than human driven fa€targh, we used
simple categoes (e.g., OrainyO and OdryO) to reflect seasons, forest types, and disturbance levels

While this uncovered broad patterns, more sophisticated resource measurements, such as
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precipitation amounts or Landsat imagery, would improve the context within wiiahterpret

sifaka movement and resource selection.

Conservation implications

Our study illustrates the complex anthropogenic and ecological processes that influence
movement behavior of goldemmowned sifaka groups. We found evidence that human
settements and road networks play an important role in shaping sifaka foraging and ranging
behavior. Additionally, ecological factors such as season are drivers of home range size and
space use in this species. Our study enforces the importance of studyiaig groups in both
the rainy and dry seasons to ensure that conservation efforts meet the full range of a speciesO
movement, home range size, and resource needs. By understanding how forest type influences
goldencrowned sifaka movement and foraging hebig conservation management plans can be
appropriately crafted to the unique forest types throughout the-Makyambato Protected Area
(humid, moderate evergreen, dry deciduous, littoral, etc.), rather than the region as a whole. Our
findings can also besed to inform Malagasy infrastructure and road development plans by
working with local conservation NGOs, government officials, and construction teams to limit
construction nearby lemur home ranges that are most impacted by human activity. We would
advie that the national road not berpaited towards Binara, the humid forest fragment, due to
the strong avoidance lemurs display towards existing road networks and the increased movement
of lemurs within this forest fragment. We detected the least avoidémeeghropogenic activity
for lemurs in the moderate evergreen forest type, suggesting they are more resilient to the

negative effects of human infrastructure. Overall, as anthropogenic disturbance continues to alter
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habitat structure throughout Madagaseadeeper knowledge of how fragmentation, habitat loss,
and infrastructure development influence goldemwned sifaka space use, density, and
population health will be essential for wildlife managers to make well informed decisions that

improve conserv@on plans for atisk species.
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APPENDIX A

Table Al. Mean seasonal speed (meters/15 minutes) and corresgaaafidence intervals for each goldemowned sifaka
(Propithecus tattersalligroup across each season monitored.

Forest Fragment Forest Type Season Forest Location Mean Speednfeters/15minuteg
Bekaraoka Moderate Evergreen Dry Interior 60.2 (70.5, 8.9)
Bekaraoka Moderate Evergreen Rainy Interior 66.4 (78.1, 54.7)
Bekaraoka Moderate Evergreen Dry Edge 48.5 (57.1, 39.9)
Bekaraoka Moderate Evergreen Rainy Edge 68.8 (82.1, 55.5)
Binara Humid Dry Interior 42.6 (48.9, 36.3)
Binara Humid Rainy Interior 102.6 (119, 86.2)
Binara Humid Dry Edge 71.3 (84.3, 58.3)
Binara Humid Rainy Edge 94.6 (114.5, 74.7)
Solanamampilana Dry Deciduous Dry Interior 50.2 (58.1, 42.3)
Solanamampilana Dry Deciduous Rainy Interior 71 (81.5, 60.5)
Solanamampilana Dry Decidwus Dry Edge 67.4 (77.8, 57)
Solanamampilana Dry Deciduous Rainy Edge 97.3 (122.8, 71.8)




Table A2. Mean daily speed (meters/15 minutes) and corresponding confidence intervals for eachkrgalded sifaka
(Propithecus tattersalligroup acnss each day monitored.

Forest Fragment Forest Type Season Date Mean daily speefimeters/1&minutes)(95% CI)
Bekaraoka Interior dry 6/7/2019 60.36 (41.86, 78.86)
Bekaraoka Interior dry 6/8/2019 49 (33.8, 64.2)
Bekaraoka Interior dry 6/9/2019 62.66 (4296, 82.36)
Bekaraoka Interior dry 6/10/2019 86.89 (32.59, 141.19)
Bekaraoka Interior dry 6/11/2019 62.39 (40.29, 84.49)
Bekaraoka Interior dry 6/12/2019 54.49 (35.09, 73.89)
Bekaraoka Interior dry 6/13/2019 45.55 (32.95, 58.15)
Bekaraoka Interior rainy 2/8/2019 64.87 (27.27, 102.47)
Bekaraoka Interior rainy 2/9/2019 61.45 (30.95, 91.95)
Bekaraoka Interior rainy 2/10/2019 70.89 (47.79, 93.99)
Bekaraoka Interior rainy 2/11/2019 53.26 (31.26, 75.26)
Bekaraoka Interior rainy 2/12/2019 79.95 (44.35, 13.55)
Bekaraoka Interior rainy 2/13/2019 60.54 (31.64, 89.44)
Bekaraoka Interior rainy 2/14/2019 76.41 (41.21, 111.61)
Bekaraoka Interior rainy 2/15/2019 64.98 (27.68, 102.28)
Bekaraoka Edge dry 6/16/2019 36.2 (23.4, 49)
Bekaraoka Edge dry 6/17/2019 48.15 (32.55, 63.75)
Bekaraoka Edge dry 6/18/2019 34.07 (23.87, 44.27)
Bekaraoka Edge dry 6/19/2019 87.23 (39.93, 134.53)
Bekaraoka Edge dry 6/20/2019 34.11 (16.51, 51.71)
Bekaraoka Edge dry 6/21/2019 49.44 (29.94, 68.94)
Bekaraoka Edge dry 6/22/2019 51.56 (35.76, 67.36)
Bekaraoka Edge rainy 2/18/2019 27.06 (10.76, 43.36)
Bekaraoka Edge rainy 2/19/2019 84.77 (59.67, 109.87)
Bekaraoka Edge rainy 2/20/2019 74.88 (42.48, 107.28)
Bekaraoka Edge rainy 2/21/2019 96.57 (58.97, 134.17)
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Interior
Interior
Interior
Interior
Interior
Interior
Interior
Interior
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge
Edge

rainy
rainy
rainy
dry
dry
dry
dry
dry
dry
dry
rainy
rainy
rainy
rainy
rainy
rainy
dry
dry
dry
dry
dry
dry
dry
rainy
rainy
rainy
rainy
rainy
rainy

3/16/2019
3/17/2019
3/18/2019
7/28/2019
7/29/2019
7/30/2019
7/31/2019
8/1/2019
8/2/2019
8/3/2019
3/29/2019
3/30/2019
3/31/2019
4/1/2019
4/2/2019
4/3/2019
8/5/2019
8/6/2019
8/7/2019
8/8/2019
8/9/2019
8/10/2019
8/11/2019
4/6/2019
4/7/2019
4/8/2019
4/9/2019
4/10/2019
4/11/2019

72.59 (45.89, 99.29)
73.27 (48.37, 98.17)
124.79 (44.49, 205.09)
67.4 (45.8, 89)
48.48 (35.28, 61.68)
77.09 (5.39, 96.79)
56.02 (38.92, 73.12)
57.12 (37.52, 76.72)
39.52 (10.62, 68.42)
16.12 (1.98, 34.22)
58.65 (16.15, 101.15)
68.66 (47.76, 89.56)
91.8 (66.1, 117.5)
69.57 (46.57, 92.57)
63.81 (44.91, 82.71)
63.39 (39.29, 87.49)
53.9 (28.3, 79.5)
69.1 (32.2, 106)
70.64 (40.94, 100.34)
67.24 (46.64, 87.84)
76.92 (52.52, 101.32)
77.43 (49.43, 105.43)
52.9 (25.1, 80.7)
85.95 (56.25, 115.65)
105.04 (42.44, 167.64)
81.63 (58.33, 104.93)
195.01 (78.01, 312.01)
58.49 (40.19, 76.79)
54.71 (38.11, 71.31)
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Table A3. GLM of goldencrowned sifakaFropithecus tattersalliforaging tree selection based on occupied forest pleimns

indicate the number of parameterg,(ke relative difference in AlCc values compared to the top ranked moal€lg), the AICc

weights (W), and the Ietikelihood (LL) of the modekelection procedure examining foraging tree selection of lemurs based on
occupied forest type (dry, moderaéd@d humid)Model dispersion was examined tglculating the sum of squared Pearson (SSQ)
residuals, the ratio of (SSQ residuatsidual degreesf-freedom), the residual df, and thealue based on the

appropriate' 2 distribution. Goodnessf-model fit was examined by calculating a conditional and margidal Re marginal R

considered only the variance of the fixed effects, while the conditigriabR both the fixed and random effects into account. Model
variables includedCV: Crown Volume, TBA: Tee basal area, V: Distance to village, R: Distance to roads, F: Distance to forest edge,
FT: Forest type.
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Dry Forest
(CV+ TBA+V +R + 13 4085.4 0.00 1.0 -2029.71 5597.4 0.89 6311 1.00 0.27 0.53
F)*Season 2 0 9 5 5
CV+TBA+V+R+F 7 4105.1 19.7 0.0 -2045.56 5711.0 0.90 6317 1.00 0.25 0.58
1 0 5 2 4
Moderate Forest
(CV+ TBA+V +R + 13 29442 0.0 1.0 -1459.12 27475 0.88 3120 0.999999 0.45 0.63
F)*Season 4 0 4 5 3 0
CV+TBA+V+R+F 7 3043.2 99.04 0.0 -1514.64 2848.8 0.91 3126 0.999844 0.34 0.42
7 0 5 5 9 4
Humid Forest
(CV+ TBA+V +R + 13 4158.3 0.00 1.0 -2066.15 5149.5 0.86 5975 1.00 0.40 0.64
F)*Season 1 0 9 2 4
CV+TBA+V+R+F 7 4206.9 48.68 0.0 -2096.49 5110.3 0.85 5981 1.00 0.37 0.53
8 0 2 9 7




Table A4. Formulation of the resource selection GLM models of goeldemwned sifakaRropithecus tattersallibroken up by forest
type and seasoQverdispersion was tested using asdpiared comparing the model deviance by the resithgabesof-freedom.
Values greater than one fodepersion statistic indicate overdispersiGoodnesof-model fit was examined by calculating a pseudo
R? for each modelModel variables includedCV: Crown Volume, TBA: Tree basal area, V: Distancgillage, R: Distance to roads,
F: Distance to forest edge.

Data Model Pearson CRi dispersion statistic  pseudo R
Humid Forest, Wet Season CV+TBA+V+R+F 3626.23 0.86 0.33
Humid Forest, Dry Season CV+TBA+V+R+F 1958.66 0.93 0.25
Moderate Foest, Wet Season CV+TBA+V+R+F 1674.30 0.84 0.38
Moderate Forest, Dry Season CV+TBA+V+R+F 1124.53 1.00 0.10
Dry Forest, Wet Season CV+TBA+V+R+F 3305.44 0.82 0.26
Dry Forest, Dry Season CV+TBA+V+R+F 1937.99 0.98 0.12




CHAPTER 3: The influence of housing conditions, age, and contraceptive use on fecal
glucocorticoid metabolite concentrations in captive CoquerelOs sifakar¢pithecus

coquerel)

ABSTRACT

The goal of captive breeding programs is to maintain viable captive populations long-
term. Achieving this goal depends on providing adequate husbandry, simulating natural
environments, and limiting physiological stress. One of the most common methods for assessing
the physiological stress of animals is through adrenal-derived glucocorticoid (GC) hormone
analysis. In this study, we aimed to investigate the influence of housing conditions (free-ranging
and indoor), season, sex, age, and contraceptive use on excreted fecal glucocorticoid metabolite
(fGCM) levels in captive Coquerel’s sifaka (19 females, 11 males) housed at the Duke Lemur
Center. To do this, we quantified f{GCM levels using a radioimmunoassay (RIA). Our study
determined that neither housing type, season, or sex were significant predictors of {GCM levels
of captive sifaka. Age was a significant predictor of sifaka f{GCMSs, with older animals exhibiting
higher f{GCM levels. Female sifakas on hormonal contraceptives had significantly higher {GCM
levels than females not on hormonal contraceptives. These results indicate that both indoor and
free ranging enclosures may be sufficient for captive Coquerel’s sifaka. Non-invasive
endocrinology provides a useful tool for assessing the stress physiology of captive wildlife, but,
more research is needed to understand causal relationships between glucocorticoid levels and

captive husbandry practices.



INTRODUCTION

Captive breeding and research programs play an increasingly important role in animal
conservation programs (Conde et al., 2011). For some species, in Situ conservation efforts come
too late (e.g., black footed ferrets (Mustela nigripes; Dobson and Lyles, 2012); California condor
(Gymnogyps californianus; Ralls and Ballou, 2004), and various amphibian species (Griffiths
and Pavajeau, 2008)), and ex Situ conservation efforts become necessary to prevent extinction.
For many endangered species, the uncertainty facing individuals in their native environments is
enough to warrant maintaining a captive population as a safety net to one day supplement wild
populations (e.g., Golden lion tamarin (Leontopithecus rosalia; Kierulff et al., 2012); Tasmanian
devil (Sarcophilus harrisii; Grueber et al., 2018)) (Western, 1986). The success of these actions
depends on managing captive populations in a way that maintains genetic diversity (Woodworth
et al., 2002) while promoting animal welfare (Grueber et al., 2017; Minteer and Collins, 2013).
To accomplish this, species-specific husbandry practices including mate selection, availability,
and contraceptive use (Slade et al., 2014), veterinary care (Greggor et al., 2018), and housing

conditions must be carefully considered (De Rouck et al., 2005).

One of the most common methods for assessing the physiological stress of animals is
through adrenal-derived glucocorticoid (GC) hormone analysis (McEwen, 2000; Narayan et al.,
2019). In vertebrates, the activation of the evolutionary conserved hypothalamic-pituitary-
adrenal (HPA) axis and the subsequent secretion of GC hormones (e.g., cortisol and
corticosterone) is an important mechanism for dealing with dynamic environments, challenges,
and stressors (Johnstone et al., 2012; McEwen and Wingfield, 2003). As a result, GC hormones

are widely used as biomarkers to examine physiological stress and welfare of free-living and



captive organisms (Palme, 2019; Romero, 2004). An acute secretion of glucocorticoids in
response to unexpected stressors allows individuals to cope with emergency situations. However,
in otherwise controlled, captive environments (e.g., conspecific aggression), chronic stress (due
to improper husbandry practices, forced proximity to humans, abnormal social groups, etc.) may
negatively influence an individual’s fitness and overall physiological health (Bassett and
Buchanan-Smith, 2007; Thierry et al., 2013; Wingfield, 2013). The “CORT-fitness hypothesis”
has been built on the hypothesis that there is an inverse relationship between GC secretion and an
organisms fitness but support is not universal (Bonier et al., 2009). However, while GC
hormones can be indicative of physiological stress, they are context-dependent (Crespi et al.,
2013). Elevated levels can reflect both a maladaptive state and a healthy response to a stressor
(Sapolsky, 2004). Additionally, GC levels are not monotonic. Low GC levels can indicate low
stress levels, but may also indicate an intolerance or weakening of the adaptive stress response
(Sapolsky et al., 2000). Thus, understanding an individual animal’s physiological stress is vital
for captive species management because chronic stress can suppress reproduction and diminish
individual survival (Fischer and Romero, 2019) or render a population of captive animals
incapable of being able to adapt to any type of abrupt change.

Studies of organisms ranging from mammals (McPhee and Carlstead, 2010) to
cephalopods (Tonkins et al., 2015) have found that housing conditions (i.e., enclosure size,
lighting, temperature, proximity to humans, social group organization) influence the behavior
and physiological health of captive animals (Baumans and Van Loo, 2013; Morgan and
Tromborg, 2007). Often, physiological health is assessed based on glucocorticoid (GC) hormone
levels (Morgan and Tromborg, 2007; Romero, 2004). For example, investigators found that

higher GC levels in captive polar bears (Ursus maritmus) were associated with increased



presence of stereotypic behaviors (pacing) and smaller dry land exhibit areas (Shepherdson et al.,
2013). Additionally, captive margay (Leopardus wiedii) and tigrina (Leopardus tigrinus) females
experienced elevated fecal glucocorticoid metabolite (fGCM) levels after being transferred from
large, natural-setting enclosures to smaller cages (Moreira et al., 2007). Similarly, captive
Canada lynx (Lynx canadensis) housed alone, and in larger enclosures, had lower adrenocortical
activity than pairs of lynx in smaller enclosures (Fanson and Wielebnowski, 2013).

Traditionally, GC levels were mostly obtained from blood plasma/samples (Nemeth et
al., 2016; Sheriff et al., 2010). Advanced lab methods now facilitate GC metabolite
quantification from urine, saliva, feces, baleen, hair, claws, horns, and a variety of other
biological samples (Behringer and Deschner, 2017; Keay et al., 2006; Sheriff et al., 2011).
Notably, fecal sample collection generally does not require the physical or chemical
immobilization of an animal (Goymann, 2012; Millspaugh et al., 2002). Measuring f{GCM levels
provides a non-invasive method to quantify various aspects of physiological health in captive
wildlife, without compounding an additional source of stress (Palme, 2019; Wilkening et al.,
2016).

Madagascar’s lemurs are considered among the most at-risk mammal groups on Earth
(Schwitzer et al., 2014). All nine extant sifaka species (genus Propithecus) are considered
Critically Endangered by the International Union for Conservation of Nature (“The IUCN Red
List of Threatened Species,” 2021). Due to the numerous threats facing sifakas (e.g., habitat
destruction, mining, logging, infrastructure development, hunting), concerted efforts have been
made to maintain captive colonies. Success, however, has been limited. Currently, only one
sifaka species is housed in zoological facilities in the USA.: the Coquerel’s sifaka (Propithecus

coquereli). The Duke Lemur Center (Durham, NC, USA) maintains sifakas in a unique array of



forested (or free-ranging) enclosures as well as indoor enclosures with limited outdoor access.
Coquerel’s sifaka (henceforth, sifakas) are notoriously difficult to maintain in captivity due to
their specialized frugo-foliage-based diet and the structurally diverse gut microbiome that they
rely on to meet their nutritional demands (Greene et al., 2018). Sifakas also seem to have a
predisposition to develop behavioral and physiological disorders associated with chronic stress.
As a result of their challenges and the need for captive breeding, sifakas provide an excellent
opportunity to investigate the effects of husbandry conditions on GC hormones.

To understand how captive sifaka physiology is affected by their housing and care
conditions, we investigated the influence of different housing conditions on their fecal GC
metabolite levels. Based on gut passage rates in a closely related Propithecus (Campbell et al.,
2000), we assumed that measured f{GCM levels reflected average (baseline) hormone levels over
the previous 12 - 48 hr period. We hypothesized that access to forested enclosures (i.e., free-
ranging access) would be associated with lower f{GCM levels. We predicted lower f{GCM levels
in free-ranging sifaka compared to those housed indoors due to large outdoor enclosures likely
leading to decreased proximity to humans, increased exposure to natural lighting, fewer
restrictions on social activity, and increased dietary options. We also predicted that free-ranging
sifaka would have reduced f{GCM levels compared to indoor sifaka in the warmer months (April-
October), when forest access is most consistent. Additionally, we accounted for covariates (e.g.,
season, sex, age, reproductive status) to examine if they had additional or interactive effects on
sifaka hormone levels. We predicted that because female sifakas are dominant over males,
female fGCM levels would tend to be lower in females than in males. Lastly, we predicted
females on contraceptives would experience decreased f{GCM levels due to females not

experiencing the energetic demands of pregnancy.



METHODS

Study subjects and housing conditions

We studied 29 captive bred Coquerel’s sifakas (18 females, 11 males) at the Duke Lemur
Center (DLC) from May 2018 — February 2020. Animals ranged in age from 1-26 years (Table
1) and were housed in 12 mixed-sex social groups composed of a dominant breeding pair and
their offspring. Each social group was housed in an indoor enclosure (2.3 m wide x 2.1 m deep x
3 m tall per individual) year-round with sliding door access to an outdoor enclosure (2.3 m wide
x 4.3 m deep x 3 m tall per individual) when outdoor temperatures were above 5°C (X = 150 m?/
individual). Nine sifaka groups gained additional access to forested natural habitat enclosures
(NHEs; 0.6-5.8 ha), in which they free-ranged when ambient temperatures remained above 5°C
for three days in a row. Free-ranging enclosures consisted of loblolly pine (Pinus taeda) forest
surrounded by 2.5 m tall electric fence. Trees were cut back 4 m from both sides of the fence to
prevent animals from jumping or bridging over the fence. Most free-ranging animals also
maintained access to their indoor/outdoor enclosures. Sifaka groups were selected to free-range
based on various factors including the individual health of group members and their ability to

respond to simple caretaker commands (e.g., come at the sound of food, whistles, or visual cues).



Table 1: List of individual Coquerel’s sifakas (Propithecus coquereli) housed at the Duke

Lemur Center. Research was conducted from May 2018 — February 2020. Social groups were

defined as either “indoor” or “free-ranging” within their respectively numbered habitat

enclosures. Individual sexes were known and age and contraceptive status noted upon the

collection of the first fecal sample for each individual.

Social Group/Enclosure Sex Age Contraceptive Status Individual
Indoor 1 F 4 Injection Isabella
Indoor 1 M 4 - Wenceslaus
Indoor 2 F 8 Injection Bertha of Sulzbach
Indoor 3 F 7 Injection Justa
Indoor 3 M 3 - Sigismund
Free Range 1 F 3 - Francesca
Free Range 1 F 10 Injection Pompeia
Free Range 2 F 2 Injection Furia
Free Range 2 F 7 Injection Gisela
Free Range 2 M 9 - Rupert
Free Range2/Indoor 2 M 3 - Hostilian
Free Range 3 F 4 Injection Lupicina
Free Range 3 F 8 - Euphemia
Free Range 3 M 1 - Elagabalus
Free Range 4 F 12 Implant Rodelinda
Free Range 4 M 1 - Eustace
Free Range 4 M 14 - Marcus
Free Range 5 F 5 Injection Gertrude
Free Range 5 M 7 - Remus
Free Range 6 F 6 Injection Beatrice of Swabia
Free Range 6 M 6 - Elliot
Free Range 7 F 2 - Magdalena
Free Range 7 F 20 Injection Rupillia
Free Range 7 M 23 - Gordian
Free Range 8 F 4 Injection Valeria
Free Range 8 M 6 - Ferdinand
Free Range 9 F 3 Injection Calpurnia
Free Range 9 F 5 Injection Aemilia
Free Range 9 F 26 - Drusilla




Social Group/Enclosure  Sex Age Contraceptive Statu$

Individual

Free Range 9 M 26 -

Julian

2The contraceptive status of all male sifaka is noted with a dash (-)
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Throughout the year, all sifakas were fed a once-daily diet of primate chow (Mazuri!
Leaf-Eater Primate Diet Mini-Biscuit, No. 5672) supplemented with fresh vegetables, nuts, leafy
greens, and locally harvested fresh or frozen leaves. From spring to fall, all sifakas received fresh
foliage from winged sumac (Rhus copallinum), tulip poplar (Liriodendron tulipifera), redbud
(Cercis canadensis), and mimosa (Albizia julibrissin). During the winter months, all sifakas were
provided with defrosted winged sumac that was harvested the preceding summer. Free-ranging
sifakas supplemented their diets with available poison ivy (Toxicodendron radicans), grape-wine
(Vitis spp.), silverberry (Elaegnus spp.), American hornbeam (Carpinus caroliniana), white
mulberry (Morcus alba), black cherry (Prunus serotina), multiflora rose (Rosa multiflora),
poison oak (T. pubescens), bark, grasses, and clay-soil located within their natural habitat

enclosures (Greene et al., 2018).

All sifakas were individually identifiable by colored nylon collars, patterned tail shaves,
and other distinguishing features (e.g., eye color, behavior, color patterns). To strategically
manage the genetic and behavioral integrity of the colony, select females were placed on
hormonal contraception (Depo-Provera injection or MGA (melengestrol acetate) implant). DLC
lemurs are maintained in accordance with the US Department of Agriculture (USDA) regulations
and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Research protocols for this study were approved by Duke University’s Institutional Animal Care

and Use Committee (IACUC; protocol number A171-09-06).



Sample collection, storage, and preparation

Sifaka fecal samples were collected opportunistically when known individuals were
observed defecating. Samples were stored in 20 mL scintillation vials with 99% ethanol that
were weighed prior to the addition of feces. Fecal pellets were added to ethanol at approximately
a 1:2.5 ratio (~1.5-4 grams of feces or 6-25 fecal pellets per vial) and thoroughly mixed. Vials
were labeled with the individual's name (ID), enclosure type, sample date, and time of collection.
Samples were kept at room temperature for 1-5 months before being transported to Virginia
Tech. Once at Virginia Tech, samples were immediately opened and evaporated under a fume
hood and stirred every 2-4 h to facilitate uniform drying. Samples (i.e., dried fecal particulates)
were then frozen and lyophilized (i.e., freeze dried) for 72 h to remove all water content. All
samples were analyzed for f{GCMs within six months of collection to limit hormone degradation.

All hormone values in this study are reported per gram of dried feces.

Extraction and corticosterone assay

Processed samples were mixed and 0.50 g (= 0.02 g) of each sample was transferred into
glass tubes. Maintaining sample weights within 0.02 g of the target weight ensured accuracy of
the f{GCM concentration and helped to avoid inflated values (Millspaugh and Washburn, 2004).
We often collected multiple samples from the same individual sifaka throughout the day. To
prevent pseudo-replication, we only retained data from the sample with the highest mass for a
given individual each day, since larger fecal samples are more likely to have good hormone

detectability, repeatability, and precision (Ayres et al., 2012).



We quantified total f{GCM concentrations using a direct *H corticosterone
radioimmunoassay (Wingfield et al., 1992). Samples were randomized within each of five assays
to avoid batch processing errors. We used a corticosterone antibody from MP Biomedicals
(catalogue number #07-120016). This antibody was raised in rabbits against corticosterone, has
very low cross-reactivity with cortisol, but binds well to fecal metabolites of corticosterone and
cortisol (Wasser et al., 2000). Known cross-reactivities are: desoxycorticosterone (6.10%),
progesterone (0.29%), cortisol (0.19%), aldosterone (0.08%), 20" -dihydroprogesterone (0.08%),
testosterone (0.08%), 11-desoxycortisol (0.03%), androstenedione (0.01%), and <0.01% for
cholesterol, DHEA, DHEA-—sulfate, Dihydrotestosterone, 17" - and 17#-estradiol, estriol,
estrone, pregnenolone, 17" -hydroxyprogesterone, and 17" -hydroxypregnenolone.

We extracted f{GCMs by adding 10 mL of 90% dichloromethane to each tube containing
0.50 g of sample. Samples were ground for 30 seconds using a tissue homogenizer. Tubes were
then sealed with silicon plugs and left in a refrigerator overnight. The next day, tubes were
centrifuged at 2000 rpm and 1 mL of supernatant (i.e., dichloromethane containing the extract
material) was transferred into a microcentrifuge tube. These tubes were dried in a 40°C water
bath under nitrogen gas. Samples were resuspended with 500 uL. PBSg buffer and incubated
overnight in 100 mL of antiserum (Esoterix Endocrinology, Calabasas Hills, CA) and 100 mL of
tritiated steroid. We separated the unbound steroid from bound steroid using dextran-coated
charcoal and counted the amount of bound steroid in each sample using a liquid scintillation
counter. We performed serial dilutions for the standard curve in triplicate (GC metabolite curve
range: 2000-4 pg). The limit of detection was ~1pg/g feces depending on amount of feces used in

the sample. We calculated the inter-assay coefficient of variation (CV) from six pooled standards



run within each assay, resulting in a CV of 17%. We expressed hormone results as nanograms of
y g p g

immunoreactive fecal hormone metabolite per gram of dried mixed feces (ng/g).

Data Analysis

To examine the effects of our variables of interests on baseline f{GCM levels in captive
Coquerel’s sifaka, we used linear mixed effect models with f{GCMs as the response. We used a
natural log (In) transformation to satisfy assumptions of normality of residuals. We included
“Individual ID” as a random effect in each model. Fixed effects for the two different mixed
models are discussed as they pertain to each model. Model 1 focused on addressing several
hypotheses about f{GCM levels in all sifakas. Model 2 focused only on female sifakas and the
effects of reproductive status on f{GCM levels.

Model 1 assessed the effects of free-ranging on baseline f{GCMs in sifaka. The model
included two measures of free-range capability: 1) a simple binary indicator of whether the lemur
was free-ranging or indoors when the sample was collected and 2) the percent of time spent free-
ranging in the last 30 days (number of days free-ranging/30 days; % time outside). Both
measures were included in the model since the first measure captured the short-term housing
condition of the sifaka, while the second captured the long-term (30-day) housing condition.
Additionally, the model included the covariates season (spring, summer, fall, winter), sex, and
the age of the lemur. Interaction terms between sex and measures of free-range capability were
included to examine if there were differences in baseline f{GCMs between female and male sifaka

kept indoors compared to those allowed to free-range. Interaction terms for season and the



measures of free-range capability were also included to examine if there were any differences in
baseline f{GCM levels between indoor and free-ranging lemurs during different seasons.

Model 2 assessed the effects of different reproductive statuses on baseline f{GCMs in
female lemurs kept indoors compared to those allowed to free-range. The model included the
same fixed effects as Model 1, but also included reproductive status. Reproductive status was
broken down into two categories: contraception and none. Observations where the lemur was
nursing or pregnant (n = 18) were excluded because the sample sizes were too small to consider
these categories on their own. There were also several observations where a female sifaka was
still receiving birth control while pregnant. These observations were excluded from both models.
Interaction terms between reproductive status and the measures of free-range capability and
between season and the measures of free-range capability were also included in Model 2.

We performed all statistical analyses using R version 4.1.0 (R Core Team, 2021). We fit
the mixed models using the ImerTest package, version 3.1-3 (Kuznetsova, Brockhoff, &
Christensen, 2017). The ImerTest package is an extension of the Ime4 package and produces the
same model with some additional testing features. The p-values provided are based off
approximate methods for computing the degrees of freedom for the F-statistics (Satterthwaite,
1946) (Kenward & Roger, 1997). Instead of relying on these approximations, we opted to
perform a parametric bootstrap to construct confidence intervals for the coefficient estimates for
inference. We performed the bootstrap using the bootMer function from the Ime4 package,
version 1.1-27.1 (Bates, Machler, Bolker, & Walker, 2015).

We used bootstrapping for both models to produce parameter estimates and 95%
confidence intervals around the estimates. These were constructed by simulating 10,000 data sets

via sampling with replacement from the original data. The same linear mixed model (either of



the two models specified above) was then fit to each simulated data set to obtain parameter
estimates. We found the overall bootstrap coefficient estimates by taking the mean across the
10,000 model results for each effect. The 95% confidence intervals were constructed using the
0.025 and 0.975 quantiles of the 10,000 coefficient estimates for each effect. We used these
intervals to infer whether the coefficient for each effect included in the model was significant or
not. If the confidence interval overlapped zero, the effect was considered not significant. If the
confidence interval did not overlap zero, the effect was considered significant. While we opted
not to rely on the p-values provided by the ImerTest package, the conclusions drawn from the

bootstrap intervals agreed with the resulting approximate p-values.

RESULTS

In total, we assayed 475 Coquerel’s sifaka fecal samples for fecal glucocorticoid
metabolites (fGCMs), with 184 samples from males and 291 from females. f{GCMs levels ranged
from 0.58-56.9 ng/g (¥ = 6.5 ng/g). According to our first linear mixed effect model, which
included samples from all sifaka, there was no significant difference in f{GCM levels between
sifakas housed indoors and those given free-ranging access (p > 0.05; Table 2, Fig 1). There
were also no significant differences in f{GCMs based on season (p > 0.05; Table 2, Fig 2) or sex
(p > 0.05; Table 2, Fig 3). The only significant predictor of f{GCMs of captive sifakas was age (p
< 0.05; Table 2, Fig 4). For each year increase in age, we expected to observe a 3.7% increase in

fGCMs (95% CI: 2.1-5.3%).



Table 2: Parameter estimates (") from the most parsimonious linear mixed effects model

examining predictors of fecal glucocorticoid metabolite (fGCMs) levels (ng/g) of male and

female Coquerel’s sifaka (Propithecus coquereli) housed at the Duke Lemur Center (Durham,

NC, USA). Fecal samples were collected from 18 female and 11 male sifakas between May 2018

— February 2020. Fixed effects included sex, season, housing type (free-range or indoor), percent

of time spent outside in the 30 days preceding sample collection, and age. Interactions between

these predictors also were investigated. “Individual ID” was included as a random effect in the

model. SE = standard error; 95% CI = 95% confidence interval; * = p<0.05

Model Predictors ESt(l.r.l;ate SE 91;%)%1 9175?,231 Significance
(Intercept) 1.00 034 032 1.66 *
Sex (male) 0.10 035 -0.59 0.80
Season (spring) 0.20 0.58 -0.94 1.31
(summer) 0.16 0.45 -0.74 1.03
(fall) 0.13 046 -0.76 1.05
Free-Range -0.39 032 -1.02 0.23
% Time Outside -0.01 0.01 -0.02 0.01
Age 0.04 0.01  0.02 0.05 *
Season (spring): Free-Range -0.08 0.55 -1.14 1.00
(summer): Free-Range 0.32 044 -0.54 1.18
(fall): Free-Range 0.77 0.41 -0.06 1.57
Sex: Free-Range -0.14 033 -0.81 0.50
Season (spring): % Time Outside 0.00 0.01 -0.02 0.02
(summer): % Time Outside 0.00 0.01 -0.01 0.02
(fall): % Time Outside 0.01 0.01 -0.01 0.02
Sex: % Time Outside 0.00 0.00 -0.01 0.01
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Fig. 1.Fecal glucocorticoid metabolite (fGCM) concentrations (ng/g) of free-ranging (n = 191)
and indoor (n=279) Coquerel’s sifaka (Propithecus coquereli) at the Duke Lemur Center in

Durham, NC, USA between May 2018 — February 2020.
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2.Fecal glucocorticoid metabolite (fGCM) concentrations (ng/g) of free-ranging and indoor
Coquerel’s sifaka (Propithecus coquereli) collected from May 2018 — February 2020 based

on season. Black bars indicate the mean standard error of the mean fGCMs.
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Fig. 3.Fecal glucocorticoid metabolite (fGCM) concentrations (ng/g) of male and female
Coquerel’s sifaka (Propithecus coquereli) at the Duke Lemur Center in Durham, NC, USA
from May 2018 — February 2020, based on housing condition. Black bars indicate the mean

standard error of the mean fGCMs.
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Contraceptive use was a significant, positive predictor of female sifaka f{GCM
concentrations (p < 0.05; Table 3; Fig 5). fGCM levels wer8%8ower in norcontracepted
sifakas compared to sifakas on contraceptives (95% CL&E8626).We found no significan
difference in fGCM levels between freanging and indoor sifaka fGCM levels based on
contraceptive use (p > 0.05; Table 3, Figl&sly, we observed a significant interaction
between housing condition and season that impacted female fGCM levels (Tabl83).Fig
Among indoor female sifakas, fGCMs were significantly higher in fall than in winter (p < 0.05,

TableB1).
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Table 3: Parameer estimate$! ) from the most parsimonious linear mixed effects model

examining predictors of fecal glucocorticoid metabolite (fGCM) levels (ng/g) of female
CoquerelOs sifakBrppithecus coquereli) housed at the Duke Lemur Center (Durham, NC,

USA). Fecal samples weoellected from 18 female sifakas between May 2DE&bruary 2020.

Fixed effects included contraception, season, housing typeréinge or indoor), percent of time
spent outside in the 30 days preceding sample collection, and age. Interactions be&tseeen th
predictors also were investigated. Olndividual IDO was included as a random effect in the model.

SE = standard error; 95% CI = 95% confidence interval; * = p<0.05

Estimate Lower Upper
Model Predictors () SE 95% CI  95% CI Significance
(Intercept) 1.90 0.51 0.89 291 *
Contraception -6.62 0.26 -1.19 -0.14 *
Season (spring) 1.01 0.83 -0.63 2.64
(summer) -4.92 0.61 -1.69 0.69
(fall) -7.48 0.64 -1.99 0.52
FreeRarge -1.02 0.51 -2.03 -0.03 *
% Time Outside -1.86 0.01 -0.04 0.01
Age 2.16 0.01 -0.01 0.05
Season (spring): Fregange -8.80 0.80 -2.46 0.67
(summer): Fredkange 7.82 0.59 -0.36 1.95
(fall): FreeRange 1.35 0.58 0.21 2.49 *
Contraception: FreRange 5.41 0.35 -0.16 1.23
Season (spring): % Time Outside -8.68 0.01 -0.03 0.03
(summer): % Time Outside 1.65 0.01 -0.01 0.04
(fall): % Time Outside 1.76 0.01 -0.01 0.04
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Fig. 5. Fecal glucocorticoidnetabolite (f[GCM) concentrations (ng/g) of female CoquerelOs
sifaka Propithecus coquereli) at the Duke Lemur Center (Durham, NC, USA) on hormonal
contraception and those not on hormonal contraceptionNtayn2018DFebruary 2020

Black bars indicate theean standard error of the mean fGCM concentrations.
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6.Fecal glucocorticoid metabolite (f[GCM) concentrations (ng/g) of female CoquerelOs
sifaka Propithecus coquereli) at the Duke Lemur Center (Durham, NC, USA) on hormonal
contraception and thos®mt on hormonal contraception, based on housing condition from
May 2018bFebruary 2020Black bars indicate the mean standard error of the mean fGCM

concentrations.
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DISCUSSION

In this study, we aimed to investigate the influence of housing comsliffceeranging
and indoor), season, sex, age, and contraceptive use on excreted glucocorticoid metabolite
(fGCM) levels in captive CoquerelOs sifaka housed at the Duke Lemur Center. Our study yielded
complex patterns of variation in fGCM output amonglsif influenced by interactions between
housing condition, season, age, and contraception. Specifizailhg kept indoors didot
increasesifakaglucocorticoid levelsSecondyhile seasonal patterns between indoor and free
ranging sifaka were observadboth male and female sifak&CM levels of indoor female
sifakas wer@nly significantly higher in fall compared to wint&rhird, age was a significant
predictor of sifaka fGCMs, with increasing age being associated with higher fGCM levels. Last,
femalks on hormonal contraceptives had significantly higher fGCM levels than females not on

hormonal contraceptives.

Housing conditions and time spent outdoors

Contrary to our predictions, fGCM levels of fre@nging CoquerelOs sifaka were not
different fran their indoor counterparts. In addition, the percent of time individual sifaka spent
outdoors (in the thirty days leading up to sample collection) was not a predictor of f{GCM levels.
While freeranging lemurs have more space to move about, they alsoesqmea variety of
environmental and social experiences that indoor lemurs do not experieneearfgiag lemurs
may experience precipitation events, temperature fluctuations, variable forage opportunities, and

social interactions with other lemur spediegluding black and white ruffed lemurBdyecia
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variegata), red ruffed lemursiarecia rubra), mongoose lemur&lemur mongoz), ring-tailed
lemurs Lemur catta), and blueeyed black lemursfulemur flavifrons)) and wildlife (e.g., white
tailed deer, sgjrrels, snakes, and birds of prey) that share the sameafigeng habitat. On the
other hand, indoor lemurs have predictable and reliable foraging opportunities, experience
consistent temperature and humidity, and seldom encounter other speciesalfyolesnding to
decreased adrenocortical activiBassett and Buchangmith, 2007) Additionally, while
various studies found that animalsused in smaller enclosures displayed increased
glucocorticoid levels (pygmy rabbiBrachylagus idahoensis (Scarlata et al., 2013 re DavidOs
deer;Elaphurus davidianus (Li et al., 2007) and giant river otter$teronura brasiliensis
(Metrione et al., 2013) we did not observe this in captive CoquerelOs sifaka. Our results suggest
that indoor enclosures at the Duke Lemur Center may be large enaeglu¢enegative social
interactions between conspecifics (and increaskdnocortical activity) that are observed in

overcrowded zoological facilitigfearson et al., 2015)

Seasonal variability

Many wildlife species experience seasonal fluctuations in glucocorticoid levels, with
patterns often related to reproductive state and/or food availgEéghner and McCann, 2008;
Jeanniard du Dot et al., 2009; Mart’Adpta et al., 2017; Moore and Jessop, 2068y
example, male yellow baboonBdpio cynocephalus) in the Amboseli basin, Kenya exhibited
higher fGCM levels during the dry season (pewbtbw food availability), compared to the wet
seasor{Gesquiere et al., 2011pespite seasonal oscillatiomsfGCM levels reported in many

species, our study detected no profound circannual fluctuation in overall CoquerelOs sifaka
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fGCM output. While we did not observe a significant relationship between housing condition
and fGCMs among all sifakasiean fGCM leels of indoor female sifakas were significantly
higher in fall compared to winter. We attribute this difference to the estrous period of sifaka
housed in North America, which coincides with the early FRaltthermore, it is worth noting

that the season tdwest fGCM excretion in female sifakas (winter) coincided with the time of
year with the fewest visitors to the Duke Lemur Center, as well as a period when visitors have

the most indirect access to the animats, (ess frequent public tour options).

Age

Similar to findings in humans and other Aamman primates, we found that age was a
significant predictor of fGCM levels, with increasing age being associated with higher fGCM
levels(Goncharova and Lapin, 2002; Sapolsky and Altmann, 1991; Thompson et al., At120)
suggests that as captive sifaka age, they experience an increase in adrenocortical activity and
potental blunting of their diurnal rhythr(iviallouris et &, 2019) However, when we examined
only female sifaka fGCM levels, age was not a significant predictor. Thus, age may have more of
an impact on male than on female sifaka fGCM levels. This could be due to the subordinate
status of male sifakdunham, 2008; Kubzdela et al., 199€pnsistently, the oldest sifaka
sampled (male, 26) exhibited the highB5CM levels of all sifaka. This is contrary to wild grey
mouse lemursMicrocebus murinus), for which agerelated changes in GC secretion tend to be
more pronounced in females compared to m@&snSISinen et al., 2018)is important to note
that we did not account for factors including agkted status, social setting, body condition, or

individual nutrition in our analyses. Broader longitudinal data are necessary to better udderstan
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whether aging and adrenal activation are linked within CoquerelOs sifaka.

Sex and hormonal contraceptives

While little information is available on the effect of progedtased contraceptives on
HPA function, a study of African lionganthera leo) found that nearly all females on
contraceptives (progestins or GrRH agonist) showed a significant decrease in fGCM excretion
(Putman et al., 2015 ontrary to these findings, we found that female sifaka injected with
DepoProverd (medroxyprogesterone acetate in snsp@n) had significantly higher fGCM
levels. Various studies report that contraceptive use is associated with changes in behavior, body
weight, and overall pathology of organisMcShea et al., 1997; Nettles, 199Female sifakas
may exhibit more aggression while using hormonal contraceptives due to continued copulation
solicitations by their male partner. Additionally, Delpooverd is an ovulation suppressant
(Westhoff, 2003)meaning female sifakas may experience similar side effects to contraceptives
as they do pregnancy. Studies of fmuman primates and other mammals have found an
increase in glucocorticoid levels in pregnamtiuduals compared to other agex classes

(Burgess et al., 2017, 2013; Mart’'Aetota et al., 2017)

However, we were unabte determine if the difference in fGCMs between females using
contraceptives and those not using contraceptives was due to physiological or behavioral effects.
Our results may also reflect the effects of season on hormone excretion. Female sifakas only
reeived contraceptives in the summer and fall, during the mating season at the Duke Lemur
Center. We also investigated the potential for cross reactivity between progesterone and

corticosterone, but found no biochemical pathway for this to occur. Howeuegegperone is a
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precursor to other endogenous steroid hormones includindl®0Gw&-du Toit et al., 2017)
Therefore, if the rate limiting step in GC synthesis is progesterone, progestin based hormonal
contraceptives would increase GC lev@thieston and Deak, 2014)/e also suspect the
dominance hierarchy between female sifakas may influence glucocorticoid levetsallyym a
captive sifaka social group, the subordinate female is given birth control while the dominant
female is allowed to breeds a result, the differences in glucocorticoid levels could be due to
dominance status rather than contraceptive@sgetall, while much remains unknown about the
mechanisms driving this finding, our study provides some of the first documentation on the

impact of contraceptive use on GC production in almaman primate.

fGCM measurements in previous studies

Studies quaiflying fGCMs in wild sifaka species (VerreauxOs sifakadrreauxi;
Brockman et al., 2009nd diademed sifak®(diadema; Tecot et al., 2019¥yeported f{GCM
levels ranging from 5:144.1 ng/gX = 62.1 ng/g) and-80 ng/g, respectively. Only one study to
date has quantified wild CoquerelOs sifaka fGCM levels, specifically in relation to lactation, and
reportedaverage fGCM levels 200 ng(Ross, 2020)This is substantially higher théime levels
we observed in captive CoquerelOs sifaka. Several captive CoquerelOs sifaka from the Duke
Lemur Center population have recently been diagnosed and/or died from AddisonOs disease, a
condition resulting in adrenal deficiency. We suspect thatthgl potentially be responsible
for the low fGCM levels observed in some captive sifakas at the Duke Lemur Qdmteret
al., 2022) However, without further investigation, itirmpossible to determine if any individual

sifaka is expressing low fGCM levels in response to living in a predictable environment with
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consistent food availabilitpMidal et al., 2019pr as a result of AddisonOs disease.

Limitations and future directions

Although our study adds to a growing body of research that finds relationships between
excreted GC levels and captive sifaka husbanmduch about specific mechanisms of causality
is unknown. In contextualizing these results, it is important to consider that we did not account
for every factor that could influence sifaka fGCM levels. Several individuals in our study went
through period of disease (e.gGryptosporidium, Listeria, renal disease, skin infections).
Additionally, we did not account for social dynamics within sifakaugs (conspecific
aggressionghanges to group compositiomithin-groupcompetitiveprocesses, dominance
hierarchy), extreme weather events, animal handling (for veterinary care purposes), or exposure
to the general public during tours. We also used a simple definition of&fgaegO and
OindoorO to reflect the housing conditions of each sifaka. Whitiawied us to reveal broad
associations between housing conditions and fGCMs, more detailed sampling efforts, such as
behavioral data collection or additional indicators of individual health and reproduction, may
provide deeper insights. It is also impaittéo note that the majority of samples that represented
a month of fGCM levels in our analyses were collected during-ttagesampling periods. As a
result, our sampling efforts produced a snapshot of {GCM levels during the months of our study.

In the uture, we hope to collect additional forms of data to assess the metabolism and
overall fitness of captive CoquerelOs sifaka. We also hope to further investigate the influence of
hormonal contraception on sifaka fGCM concentrations to tease apart tromnshlgis between

season, contraceptives, social behavior, and fGCM levels. Lastly, we hope to expand our
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sampling efforts to other facilities currently housing CoquerelOs sifaka (Saint Louis Zoo,
Cincinnati Zoo, Philadelphia Zoo, Houston Zoo, Jackson¥itle, Sacramento Zoo, San Diego

Zoo, San Francisco Zoo, Bronx Zoo, Chester Zoo, Tierpark Berlin, etc.). While these facilities

all follow care guidelines outlined by the Duke Lemur Center, the enclosures vary in size, access
to natural vegetation, and otHactors. Future research is also needed to examine the factors
affecting the direction and magnitude of the GC response in captive and wild CoquerelOs sifakas

as well as additional metrics of physiological he@tbphamel et al., 2022)

Implications for conservation

The goal of captive management is to maintain viable captive populationtelomgas
well as to maintain a reserve for wild pdgtions(Fraser, 2008; Pritchard et al., 2012)
Achieving this goal depends @noviding adequate captive husbandry conditions including
proper enclosure design, social group organization, and carefully managed reproduction. All of
these factors have important impacts on indivighigisiological health and ultimately their
ability toreproducgFischer and Romero, 2019; Greggor et al., 20BB)adly, our results
suggest that both enclosure types at the Duke Lemur Center are adequate to meeting the
biological and behavioral needs of tipesies.The low glucocorticoid levels of captive sifaka
also suggest that captivity may not be causing probleneatits of physiological stress.
Additionally, using contraceptives with a shorter duration of effectiveness and minimal impacts
on fGCM leves may improve the wellbeing of female sifakas. By improving the livelihood and
well-being of these captive animals, not only do we ensure that captive conservation efforts

maintain a high ethical standard, but we provide captive animals with the beduoppado live
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longer, healthier lives and to produce more offspring. This is critical to these animals being able
to act as ambassadors for their wild conspecifics within zoological institutions, and to ensure that
viable captive stock is maintained ferintroductions into the wildthe ultimate purpose, but

often last resort, for the modern zoological ark.
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Figure B1: Threeway interaction plot of mean fecal glucocorticoid metabolite (fGCM) levels
between freganging and indoor female CoquerelOs sifBkap(thecus coquereli) based on
season and contraceptive use. Bars indicate 95% confidence intervals and lines that do not

overlap indicate the presence of a significant interaction.
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Table B1: Multiple comparisons exploring significant differences in fecal glucocodicoi

metabolite (fGCM) levels between female sifaka based on housing condition (Ind; Indoor and
FR; Free Range), contraceptive use (Contra; contraceptive use and None; no contraceptive use),
and season. The Bonferroni method was applied post hoc to limit ¢yper. Bolded text

indicates statistical significanc® € 0.05)

Contrast Estimate SE df tratio p value
Fall/FR - Fall/Ind -0.60 0.38 250.00 -1.60 1.00
FR/Contra FR/None 0.66 0.26 131.00 2.50 0.27
FR/Contra- Ind/Contra 0.70 0.34 247.00 2.06 0.80
FR/None- Ind/None 0.17 0.27 253.00 0.63 1.00
Ind/Contra- Ind/None 0.12 0.25 152.00 0.51 1.00
Spring/FR- Fall/FR 1.11 0.50 253.00 2.23 0.54
Spring/FR- Spring/Ind 1.63 0.71 252.00 2.29 0.46
Spring/FR- Summer/FR 0.89 0.47 254.00 1.90 1.00
Spring/Ind - Fall/Ind -1.12 0.46 254.00 -2.44 0.31
Spring/Ind- Summer/Ind -0.76 0.49 252.00 -1.55 1.00
Summer/FR Fall/FR 0.22 0.40 254.00 0.55 1.00
Summer/FR Summer/Ind -0.03 0.42 254.00 -0.06 1.00
Summer/ind Fall/Ind -0.36 0.30 253.00 -1.18 1.00
Winter/FR - Fall/FR 0.10 0.47 242.00 0.21 1.00
Winter/FR- Spring/FR -1.01 0.49 251.00 -2.09 0.76
Winter/FR- Summer/FR -0.12 0.43 242.00 -0.28 1.00
Winter/FR- Winter/Ind 0.75 0.42 252.00 1.77 1.00
Winter/Ind - Fall/Ind -1.25 0.39 244.00 -3.19 0.03
Winter/nd - Spring/Ind -0.13 0.52 254.00 -0.26 1.00
Winter/Ind- Summer/Ind -0.90 0.42 241.00 -2.13 0.69




CHAPTER 4: Open-source proximity loggers to collect finescale behavioral data ingroups

of critically endangered lemurs

Formatted for submission journal Methods in Ecology and Evolution

ABSTRACT

Traditional approaches to studying wildlife movement and social behavior have taken a
Oboots and binocularsO approach, requiring direct observation of study subjects. In recent years,
data collection mébds have shifted towards the use of automated and technologically based
methods in the form of tracking collaksere we developed a novel, automated tracking device
to study finescale, grougevel behavior in frediving animals. Our devices utilize opsource
hardware and can be programmed to collect data salient to a variety of research questions and
taxa.The devices weigh roughly 120 grams, can safely be affixed to terrestrial mammals over
2.5 kg in size, and can collect data for extended periotismief We calibrated our devices and
determined there wasdliaear relationship between distance aadio signal strength indicator
(RSS!t R?=0.8812), with decreased RS$1 Bm) readings as the distance between devices
increasedThese devices are signed to collect data on proximibased behaviors relevant to

studies of social bonds, disease transmission, mating, and group cohesion.
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INTRODUCTION

Traditional approaches to studying wildlife movement have taken a Oboots and
binocularsO approaatequiring researchers to directly observe their study subjects. While this
approach has produced remarkable results, it is time consumihgbanochtensive.ln recent
years, data collection methods have shifted from manual means towards the useateauto
and technologically based methd@ooke et al., 2004; Wilson et al., 200B) particular, data
collected using wildlife tracking devices, particularly those equipped with Global Pasgtioni
System (GPS) units, have been pivotal in expanding our understanding of movement patterns,
dispersal and prospecting behavior, migration patterns, habitat and resource selection, and
survival of freeliving animals(Kays et al., 2015)Remote tracking devices have also expanded
our ability to study animals in environments that are not conducive to direct observations
including wildlife that are aquatic, burrowing, flyingocturnd dangerousglusive or travel vast
distancesn potentially hazardous terrafdusticia et al., 2018; Smith et al., 201Byrthermore,
the application of tracking technology redudas ¢ffects of human observation on focal animals,
leading to less disruption of their natural behaydebblewhite and Haydon, 2010)

GPS tracking devices arewavidely used in wildlife studies due to cost reductions,
increased device production, reliable sensor manufacturing, and advances in machine learning
(Wang, 2019)While the advent of GPS biologgers has transformed our data collecting abilities,
remainng challenges andisadvantages of GPS tracking devices aredsgdifficulty of
collecting finescale behavioral datkycation precision, and the tradeoff between miniaturization
andbattery consumptio(ifhomas et al., 2011Yypical GPS processors have location error-of 3

10 meters and their reliability is dependent upon factors including consistent satellite signal,



topography, and vegetation dengiBOEon, 2003; Hebblewhite et al., 2007; Moen et al., 1996)
Commercial GPS tracking collars cantesveral thousand USD per device, resulting in an
increased financial burden and need for large sources of fuflding et al., 2018)his high

price is particularly burdensome for scientists from less affluent countries who are studying
native wildlife. The high cost associated with GPS tracking devices also negatively impacts
sample sizes, which magduce the understanding of wildlife at a population S¢ddédblewnhite
and Haydon, 2010)

In addition to GPS processorther data logging sensaran providenformation about
animal behavior. Accelerometers, which measure forces of accelerations due to gravity and
movement, are increasingly being utilized in wildlife reseéBrown et al., 2013; Yoda et al.,
1999) Accelerometers can provide data pertaining to wildlife locomotor activity and energetics
on an individual basis without prohibitive battery consump(i®hepard et al., 2008~or
example, accelerometers gagrmitan understanding of energetic costs associated with different
movements (flying, running, swimming, etc.) and behaviors (feeding, chasing prey, sleeping,
playing, grooming, dispersirgic.)(Brown et al., 2013)Additionally, othersensors including
heartrate monitors (ECG electrodes), newelivity monitors (EEG electrodes), ventilation rate
monitors (EMG), body or tissue thermistors, and devices that measure chemistry of body fluids
are also being added to wildlife biologging devi¢askan et al., 2017; Wilson et al., 2015)

These physiological based sensors are capable of collectirgchteedata on individual animals
and have novel apphtions in wildlife research and conservation. While these arrays of sensors
can collect insightful data, they do not have the ability to collect data salient to our understanding

of proximity-basedanimal behavior amongyoup living species.
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Many animal pecies engage iproximity-basedoehaviorswvhich includecollective
behaviorqschooling fish, flocking birdsjest building antsswarming insects)iving in social
groups (primate troops, cetacean pods, lion prisksgoloniesungulate herds)r digplays of
complex group dynamicg.g., fissionrfusion coalition formatiof (Sumpter, 2010; Ward and
Webster, 2016)Mostwildlife tracking studiesneasuringheseproximity-based behaviotsave
thus far been dependent fmtal sampling whereesearchers observe several animals
simultaneouslyfWeissbrod et al., 2013 his existing fieldbased method can be difficult due to
the requirement of human observédnsaddition, it carbe challenging to follow species that
form large groupsr occupygroups that fluctuate in their degree of cohegiusticia et al.,
2018; Kays et al., 2011; Tonra et al., 2019)e gability of animal groups, viewed as a
continuum ranging from animal groupsileh remain extremely stable ov@ne to groups that
have a fluid group composition.§., fissionfusion dynamics), can make observational studies
difficult due to the evechanging grougtructure(Aureli et al., 2008)Deeper knowledge of
proximity-basedanimal behaviais important not only to our basic scientific knowledge but for
conservation of at risk speci@Suttal and Couzin, 2010An understanding groximity-based
animal behavi@ can provide precise details about social bonds, sksgansmission, mating,
predatofprey dynamics, and group ranging patterns, all of which were previously done through
visual meang$Chen and Lanzas, 2016; MacGregor et al., 2028y et al., 2008)While data
collected via direct observation can be usednalyze proximitybased behavioysitilizing
tracking devices equipped with proximity sensors has become a novel way to understand wildlife

group dynamics.
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The use of proximitypased trackingevices can allow investigators the ability to
qguantifygroup level behaviors arabhesivenesat a submeter scaléGelardi et al., 2020)
Proximity sensors detect closange animal encounters by exchanging tligd frequency
radio signals and recording theividualidentity of nearby loggersThe signal strength between
two radios can be used to determineapproximateairwisedistance between twagged
individuals.These distances can then be used to understand unique details of collective behaviors
and group dgamics.These sensors can attached to freéving animals (mobile loggers) or be
deployed at specific focal sites (fixed loggedssi et al., 2017)Proximity loggers have been
used in studies of wild racoonBrocyon lotor; Prange, Jordan, Hunter, & Gehrt, 200@hite-
tailed deer Qdocoileus virginianus, Walrath, Van Deelen, & Vercauteren, 201Eurasian
badgers Meles meles;, Drewe et al., 2012l asmanian devilsSarcophilus harrisii; Hamede,
Bashford, McCallum, & Jones, 200%alapagos sea lion8dlophus wollebaeki; Meise, KrYger,
Piedrahita, Mueller, & Trillmich, 2013brown trout §almo trutta L.; Tentelier, Aymes, Spitz, &
Rives, 2016)New Caledonian crows orvus moneduloides; Rutzet al., 2015)and barn
swallows {Hirundo rustica erythrogaster; Levin, Zonana, Burt, & Safran, 201%dditionally,
proximity dataloggers hag been successfully used with wieeled manakinsKipra filicauda)
to construct weighted social networks to depict the social interactions between individuals
(Ryder et al., 2012)Previous studies have determined that using technology to assess animal
social proximity maximizes thquality and quantity of data needed to test hypotheses which are
biologically relevant to animal social behav{btughey et al., 2018Additionally, astudy
conducted bypavis, Crofoot, & Faring(2018)determined thatnaximizing the number of
interactions recorded for each animal observation resulted in more robust estimations of social

networks. Thus, the application pfoximity-loggingtechnology leads to more accurate
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estimations of social networks compared to ¢hgsnerated through direct focal animal
observation. However, these devices are expensive and thus their practical application is limited
They also have the ability to record proximity between individuals, but identifying specific

behaviorgduring those ecounters in often not possible.

Thegoalof this work wado address a technological gap in the ability to automate the
collection of animal proximitybased data in a cesffective manner. We set out to design and
construct a wildlife tracking devicedhwould allow us to remotely document how grdiumg
animals interact with each other and their environment. Our design goals were thteefold
construct a device that dascapable of collectingeliable,fine-scale, individual as well as
group levelproximity data, 2) utilized commercially available technology, and&@jcost
effective. Our application goals were to apply pneximity-based trackinglevices to captive
and wild lemurs to examirfene-scalesocial behaviorghat can be measured thgbuproximity
data(Figure 1). By designing and constructing a device that used low cost yet durable open
source hardwaras well as publicly available softwarf@ture investigators will be able to alter

our guidelines and find other applications of tleshinology.
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Figure 1: Potentialuses of tracking devices equipped with proximity sentsossudy wildlife

By remotely tracking multiple individuals simultaneously we can collect data pertaining to (a)
social bonds: close range interactions thailifate social bonds such as grooming, sleeping,
aggressionetc., (b) fissioAusion patterns: subgroup formation and individual identification, (c)
disease transmission between group members, and (d) mating events: including individual
identification, fequency, and timindistinguishing between these different proxirdigsed
behaviors will be possible by altering parameters of data collection frequency and calibrating

proximity signals using observational data.
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Tracking collar development

Ourtracking devices were constructed using epeurce, readily available hardware
(Table 1) and the Arduino programming platfaffassher and Gould, 2012y he microcontroller
used in our device wam Adafruit Feather 32u4 Dataloggevhich is an ultrdow power
microcontroller that enables precise datecessing and uses higipeed flash memory. Our
zerageneration prototype used the Arduino Feather MO, however we found it did not have the
computing power or powesaving modes needed four project. TheAdafruit Feather 32u4
microcontrollerweighing 5.1g and measuring 5.1 cm x 2.3 cm x 0.8 cm) vegrietly 3.3V
tolerant, so all peripherals were configured to run on 3.3V. The main peripheealdo the
microcontroller were the GR#it, radio (used here as a proximity sensor and for data sharing),
and accelerometer (Table 1). Our devices were equippedaMfiK3339 GPS RF Feather
(weighing 8.8 g and measuring 2.3 cm x 5.1 cm x 0.7veingh recordedhe realtime absolute
position of each lemur (latitude/longitude/eleva}idrhe onboard GPS also fciioned as an
internal clock to prevent timing drift and allow for simultaneous data recording of all devices.
The GPS unit was the largest power drawing peripheral on the dbutogas programmed to
sleep between periods of data collection to reduceepoansumption.

Proximity sensing was achieved with REM95 LoRa Radio (915mHzperipheral
(weighing 5.5 g and measuring 5.1 cm x 2.3 cm x 0.8 &img radios were loypower, close
range sensors that used a Serial Peripheral Interface (SPI) to contmuiiilcaa
microcontroller. Each tracking device was equipped wiRF& 95 LoRa Radio that broadcasts
its own unique ID and wagsrogrammed to OlistenO for other nearby radios (nodes) at

preprogrammed time intervadsmdwas able to det¢ the presence of ndxy radios If the radio
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received a wireless connection with another radio, it recdtdedode ID, date, starting time,
andsignal strength of thpairwiseinteraction. Using the signal strengths, the relative distance
between two nodes (individual anitslecan bedeterminedhrough calibration testing hese
signal strengths and subsequent distances prbinflamation about the proximity of two
animals to one another and @ildn the quantification of social struceuand grougevel
interactionsand exch animalsO relative position compared to their group members.

The devices weralso equipped with an AdafrkDXL343 DTriple-Axis Accelerometer
(weighing 4.0 g and measuring 5.1 cm x 2.3 cm x 0.3 wrhich was used tmonitor activity
patternsThe devices wergpowered by a high density, rechargeditheum ion battery pack
(4400mAnh, 3.7V weighing 95 g and measuring 0.7 cm x 3.7 cm x 1.8 The battery was the
heaviest component of the tracking device and is typically the limiting factor thandeterthe
length of time a device can run and the size animal that it can be affixed to. The layout of the
peripherals and microcontroller were baseaase obattery removal (Figure &nd 3,

however, the battery could be placed in various locations.
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Table 1: Description of the hardware, functionalityebsite link,cost, and massf all components used in our proximity tracking

devices. Costs were based on current Ardwates(April 2022).

Hardware Functionality Link Cost |Mass (g
(USD)
Adafruit Feaher 32u4 Main microcontroller https://www.adafruit.com/product/27 $21.95( 5.19g
Adalogger
Lithium lon Battery Paclp Battery https://www.adafruit.com/product/3§ $19.95| 95.0 g
3.7V 4400mAh
ADXL343 BTriple-Axis Measures acceleration daiiatensity of |https://www.adafruit.com/product/41 $11.95( 4.0g
Accelerometer movement
MTK3339 GPS RF Feather Determines GPS coordinates https://www.adafruit.com/product/31 $24.95( 8.8 g
RFM95 LoRa Radio Main radio module for wireless https://www.ad&uit.com/product/3071 $34.95( 5.5¢g
communications
Wiring and Solder Material used to connect electronics $2.00 | 3.8¢
Total $115.75| 122.2 g

***Total mass does not include the external case analylon strap




Figure 2: Layout of tracking device peripherals (from left to right). (a) aerial view;
ADXL343 BTriple-Axis AccelerometeandMTK3339 GPS RF Feathefb) side view(c)

bottom view;RFM95 LoRa Radi@andAdafruit Feather 32u4 Adaloggdt is not critical that the
peripherals are placed in theseact locations, however, this was timseriayou to allow for

battery removal and ergonomic placement on captive lemurs.
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Our devices were programmed using the Arduino repositories based on the C++ language
(Stroustrup, 2000)Thecustom software allows the user to easily modify sensor timing
parameters for the GPS, accelerometer, and tadimphasize short tirrseale data or long
battery life Energy saving measures were also employed to maximize tracking device power
efficiency.Our devices werprogrammed taollect a GPS location every fifteen minutes, listen
for nearby nodes every five minutes, and record accelerometer data every(Rgure4).
However, all of these sensors could be modified to collect data nearly carsliynoo at more
extended time interval&etween data collection periods, the devices were programnséskin
in an effortto prolong battery life. For our application on diurnal lemurs, we programmed the
radio, microcontroller, and GPS to sleep duringquks of darkness and between each data
collection interval.

In addition to the tracking devices, our syst@ascomposed of an Arduino base station
and computer interfag&igure3). Retrieving data can be a challenge with many tracking
devices and to cobat that issue we also designed and constructed a base station that allows for
remote data retriev@ll omkiewicz et al., 2010)All collected dataverestored on an SD card but
couldalso be remotely retrieved aty time. Each device wasogrammed to listen briefly at the
start of each daylight hour for instructions from the baseostali the base station requested
data, tle data stored in the SD card cobklremotely transmittegind downloadedFigure 4) To
minimize battery consumption, data weansmitted angtored in pure bytes (which codlter
be converted into a&sv file). This remote download feature presetibeduser with the ability to
retrieve data withoutecapturing an animal and reduaah loss due to device malfunctions or

damage.



To protect the devices from damage, they were wrapped in high quality rubber gasket
material. A 3D printed housing was thgrmoducedusing 1.75mm filament. The 3D housing was
coated in XTC3D two-part clear epoy to enhance durability and water resistance. The housings
were attached to a conventional polyester collar designed for outdoor domestic cats. These
housing materials were suitable for use on small primates but could be customized for use on
other terregial species. The completed tracking devices were lightwei@ddams), including
all hardware, the external housing, nylon strap, and battery (Table 1). There is potential to
decrease this weight further by creating a custom printed circuit boagdumimg the size of the

battery.
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Figure 3: Block diagramof a tracking collar and the base station used for remote data retrieval.
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Figure 4: Flow chart illustrating the sequence of program steps involveatlio communicatiobetweerthreecollars(colored in

green blue, and redand data retrieval via the base station (black).
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Preliminary calibration and reliability testing

Proximity loggers do not directly measure the detection distance between two individuals
(Williams et al., 2020y0we calibrated the proximity loggg functionality of the collarby
recording the radio signal strength (RSSI: received sigreigin indicator) at set distance
intervals between zero and 300 cm by(bcm steps. For each distance, our tracking devices
were left for five minutes and RS@®hks recordeden times. We found a linear relationship
between distance and RS®& = 0.8812) with decreased RSSI (dBm) readings as the distance
between devices was increagedyure5). These results confirm that raebased proximity data
can provide spatial resolutions of less than one meter. While our lab testing produced clear
results, trialsn a field setting would likely produce more variable signal strengths. For example,
the orientation of the radio antenna has been shown to influence radio signal gtrevigtiet
al., 2015) Additionally, environmentabstructions including vegetation, rocks, soil, water, or
nearby individualeould altersignatattenuation propertig¥Valrath et al., 2011)We plan to
further test our devices in environments where natural or artificial elements affect the
performance of our radios. Specifically, we plan to calibratdamgers in forests of various
densities (e.gscrub, gallery, and primary forest) to ensure our measurements adequality reflect
the probabilistic relationship between contact detection andlogger distanc€Ossi et al.,

2021)
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Figure 5: Received signal strength indicator (RSSI) ealuecorded between two proximity
logging devices across distances ranging from zero to 300 cm. RSSI was recorded ten times at
each distance. Standard error of each trial distance was less than 0.5 dBm, thus error bars were

not included.
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In addtion to calibrating radio signal strength in different forest densities, we plan to
calibrate our devices to distinguish between various beha¥tissonrfusion behavior and basic
socialgroup geometry can be derived directly from proximity readingsgekiewy distinguishing
between cooperative and agonistic behavionsush more challenging using collars aloRer
instance, close proximity between individuals could indicate stmriading,grooming resting,
or mating,butalso aggressioBy alteringthe frequency of accelerometer data collectian, (
from instantaneous points in timedontinuous time series) iconcert with machine learning
we can identify accelerometer signatures of various behaviors. We plan to directly observe
lemurs to creata large training data set to establish accelerometer profiles for vagbasios.

This will allow usto infer these behaviors frolccelerometer data when the animals ate no
beingdirectly observed

The performance of our tracking devices was evatlby running three loggers until all
batteries died. When collecting data continuously, our devices ran for ~72 hours before reaching
insufficient voltage. During our longest test, one battery failed to reach a full charge prior to the

test and only rarok 62 hours.

Deployment of tracking devices on frediving animals

To ensure our devices are safel effectivdor use on wild lemurs, we will test them on
captive CoquerelOs sifalRr@pithecus coquerdliat the Duke Lemur CenteD(.C, Durham,
NC, USA). Research suggests that mammalian wildlife tracking collars should weigh no more
than five percent of the animalOs body wefghitrray and Fuller, 2000)0ur collars are within

that suggested standard at ~4% of an adult sifakas body weight. The captivatdifiekBLC
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live in familial groups of two to four individuals. All adult individual®n three lemur family

units will receive collars. This will allow us to ensure the collars do not inhibit lemur movement
or cause the animals any visible discomfort. In warmer months (typically-lpvember),

sifaka at théDLC free-range in multihectarenatural habitat enclosures. Remotely tracking their
movements will also simulate how our devices will function in a wild setting on Madagastar
provide proof of concepiWe will confirm that the radio sensors are collecting accurate

proximity data by snultaneously following the lemurs and comparing the manually collected
data to that of the tracking devices. Visual observation combined with our proximity logging
devices will enable us to calculate the probability that close range sifaka encounterte cted

by our devices and vice versa. Additionally, we will assess the safety and comfort of the collars
by following the lemurs and recording any instances where the animals touch or manipulate the
devices. This field testing will ensure that the callare fully waterproof and able to withstand

the rigorous precipitation and heat of Madagascar.

Once the collars have been successfully deployed on captive sifaka, they will be used to
study collective social behavior and group ranging patterns in wiittigorowned sifaka
(Propithecus tattersalliin the LokyManambato Protected Area of northern Madagascar.

Groups of this critically endangered lemur species are-seh@sive and range in size frori3
individuals.Groups of goldertrowned sifaka frequélly split into feeding subgroups during the
day and rejoin as a cohesive unit prior to sunsgditionally, goldencrowned sifaka are the
only sifaka species that inhabit a range of forest types including dry deciduous, moderate
evergreen, humid, and lital forests. They are also urgently threatened by forest loss,
fragmentation, regional mining operations, bushmeat hunting, and road exgahsyens,

1993; QuZmZrZ et al., 201These charderistics make goldecrowned sifaka a unique species
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to examine the influence of forest type and anthropogenic threats ohs$iemfusion

dynamics and seasonal ranging behaviors.

Future considerationsand limitations

While we are applying ourrpximity devices to study finecale aspects of sifaka group
dynamics, the basic architecture and technology could be used to examine mating patterns,
disease transmission, social bond formation, and other proxasigd behaviors in an array of
animal goups. Future users could also apply sensors, such as acoustic recorders, magnetometers,
pressure sensors, light monitors, among others, that are salient to their specific research. Our
devices also allow for sensor integration, making it possible todestiovements,
vocalizations, temperature, and social interactions influence one another. A limitation of our
proximity devices ist this pointhey cannoteliably differentiate betweedifferentcooperative
interactions (grooming, social foraging, matetg.) and agonistic interactions (aggression).
Additionally, even if a small battery is used (> 10 g), the devices are only suited for wildlife
above 750 grams. Currently, the devices are not equipped with a remote drop off future. Thus,
retrieving the deices after the data collection has ended requires capture of the animal. To limit
the need for recapture, we are exploring the integration of a remote control drop off using an

Arduino servedriven locking mechanisiBuil et al., 2019)



Conclusions

Studies ofanimal movement and social behavior have been greatly advanced through the
use of technology. However, technology has a cost. Additionally, location error in GPS telemetry
can prevent the collection of fireeale data with high spatial resolutisuch asocial
interactions Here we describesample proof of concept of a custdmilt, low-cost fully-
customizable proximitglevice, capable of collecting data salient to close rgnggplevel
behavior.The inexpensiveness, modular design, and open saftease of our device means
there is an opportunity for a far greater level of wildlife monitorfay. instance, a 10,000 USD
research budget would typically allow an investigator to purchase five commercially available
collars, however, eighty of our dees can be constructed for that cost. This offers great power
to determine fissiofiusion dynamicsor other behaviors that require data from many individuals,
in sifaka and other specidse to the large sample size that can be obtairteste is still nuch
scope to improve the basic hardware of our devices and optimize the software; howewer, the u
of this basic system will allow us to gain insight into the social and ranging behaviors of
critically endangered lemurs and allow other investigators tarekgheir work to new animals

as well as increase tmeimbers of individuals followed.
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CHAPTER 5

Summary and Conclusions

In this dissertation, | conducted integrative studies of the gald®med sifaka, a
critically threatened lemur from Madagascar to better understand its biology and ultimately
contribute to its conservation. | asked questions relateddcsifakamovement patterns and
resource needs, the use of novel proximity loggersrtwtely study wildlife behavior, and
captive sifaka husbandry conditioms.Chapter 1, | introducedhe importance ofleveloping a
thoroughunderstanding of sifaka natural history and resonesgido successfully develom
situ andex situmanagemenplans In Chapter 2, | examinedseasonal movement patterns and
foraging tree selection of gold@nowned sifaka groups in the Lolanambato Protected Area
of northeastern Madagascar. | found that movement rates and core area use were greater in the
rainy season than in the dry season. My findings also indicated that roads and human villages
influenced the locations where sifakas choose to forage. These results demonstrate both that
seasonality should be considered in developing management plans anfiakttioture should
be strategically placed to limit the negative effects on sifaka as much as possiltiaptar 3, |
assessed whether husbandry conditiors (ndoor or freerange access enclosures), season, age,
and sex explained variation in feglicocorticoid metabolite levels of captive CoquerelOs
sifakas. | found that age and contraceptive use, but not enclosure type, season, or sex, influence
glucocorticoid excretion. These results highlight the importance of assessing the physiological
impads of captive husbandry conditions to ensure that the best animal welfare practices can be
maintained. IrChapter 4, | designed an automated tracking collar system to explormstdr,

grouplevel behaviors in terrestrial wildlife. | provided proof of cept by documenting a
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relationship between radio signal strength and distance between tracking devices, demonstrating
that proximity sensors can effectively collect data on-§cele movements and behaviors. These
modular devices can be used on an arfayildlife species to explorproximity-based

behaviors, group structure, and group dynanhasrequire high resolution spatial data. Lastly,

in this chapter, | discuss future directions that build upon the framework established by my
dissertation reseeln and focus on synthesizing our understanding of factors influencing sifaka

conservation below.

Information about the relationships between animal movement, dispersal patterns, and

anthropogenic factorsis lacking

In various wildlife species, individualleave their existing home to find another due to
ultimate {.e.,competition for resource and mates, inbreeding avoidance) and proximate (
conspecific aggression, lack of close natal social bonds) re¢&@mseth & Lidicker, 1992;
Ferreras et al., 2004frior to permanently leaving their home, animals often take excursions,
known as prospecting, to assess new locatioranor, Walters, Morris, Sexton, & Moody,

2013) These acts of prospting and dispersing from oneOs home range are of great interest to
investigators because they affects organisms at the individual, population, and species level,
specifically in regard to population genet{@wler & Benton, 2005)From management and
conservation perspectives, understanding dispersal behavior is important in predicting how
individuals and populations will respond to anthropogenic habitat chéinges, Diefenbach,

Wallingford, & Rosenberry, 2010; Bergdral & Saltz, 2019)



Studies of goldewwrowned sifakas have informed us of the genetic diversity and structure
of their populatior(QuZmZrZ, CrouaRoy, Rabarivola, Louis, & Chikhi, 2010; Parreira,
QuZmZrZyanpZ, Carvalho, & Chikhi, 202@nd the myriad of threats that they fvargas,

JimZnez, Palomares, & Palacios, 200@wever, veryittle is knownabout theidispersal

behavior. Both male and female sifakas disperse from their natal groups when they reach
subadult status, however, the timing of dispersal events, the distance that sifakas disperse, and
the individual fitness of dispsers are unknowgbDelgado, Bart8, Bonte & Travis, 2014;

Leimberger & Lewis, 2017) ocal people in the Daraina region of Madagascar reported

observing goldertrowned sifakas crossing open spans of farm field during the rainy season, but
specific details of their travel between forest fragmentuunknown. Furthermore, logistical

difficulties make detailed studies of sifaka dispersal strategies extremely challenging without the
use of technology. Perhaps more modern methods of tracking can help us understand dispersal in

this species.

By usingproximity loggers (Chapter 4), future studies can remotely monitor dispersal
events in goldercrowned sifakas across their range to understand the temporal, spatial, and
social factors influencing natal disperé@bx & Kesler, 2012)Our automated devices will
allow for data collection related gyoup spatial geometry and ranging without adding
complications from human disturbance factors. We will be able to identify timinfyequency
of prospecting excursions, preferred locations used by sifakas while dispersing within and
between forest fragemts, and detailed information on emigration, displacement, and
immigrationin a more effective manner and at a larger sample Begend dispersal behavior,
we can also examine social group fissioision dynamics and social bond formations between

newly formed groups. These data, combined with sifaka foraging data (Chapter Bglwill
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identify barriers to sifaka dispersal aimdorm how and where reforestation efforts should be
implemented to improve landscape connectivity and to support wild sifgkdgtions(Baguette

& Van Dyck, 2007)

The use of proximity loggers will also allow us to better understand whether roads and
other anthropogenic factors play a direct role in shaping sifaka dispersal and overall movement
patterns Apart from potentially increasing deforestation activities, mining presence, and further
infrastructure development, paving the national road that bisects the sifakasO range also poses a
direct threat to goldenrownedsifaka.My initial studies Chapter 2) used traditional
observational methods to understand the influence of roads and villages ongoldeed
sifaka movement and foraging. While useful, the data were group based and did not identify
individual level patterns. By using proximitgdgers, future studies could identify if and where
roads impede the dispersal of sifakas on a group and individual level. This would improve efforts
to mitigate the negative effects of habitat barriers and restore population connectivity via
corridor congtuction. Additionally, identification of dispersal barriers may assist delineation of
different management actionse(, animal oerpasses or speed bumps). Moreoviicdlt road
conditionsof the unpaved dirt roadspecially during the wet seasonake vehicular travian
the Loky-Manambato region incredibly slow (typically <kt/hr). However, the paved road is
allowingincreased vehicle speeds, which cawsult indirect mortality to sifakathrough
collisions(Jaeger et al., 2005Fhe use of tracking technology would allow us to assestotig
term impacts of thisaad improvement ogoldencrowned sifaka and provide insight into
potential increases of sifaka vehicular mortality. It would also allow us to monitor the influence

of expanding villages and mining operations on gold@wned sifakas.
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By combining behavioral and physiological datawe can improve both captive and wild
conservation strategies

Captive and frediving animals face a variety of natural and human induced stressors that
can negativelympact their health and reproductiffarlow & Blumstein, 2007; Fischer &
Romero, 2019)Conservation pysiology is a burgeoning, integrative discipline that seeks to
understand how organisms and populations functionally and mistibally respond to stressors
(Cooke et al., 2013}-or vertebrats,glucocorticoids (GCs) are of particular interest because
they play aole in virtually all bodily functions including the regulation of homeostasisjune
function reproductionbehavior, and energy mobilizatiqirefferman & Romero, 2013)
Glucocorticoids can be measured in a range of samples typeglé@sma, urine, feces, hair,
baleen, claws, and saliva) each holding its own set of pros and cons in regards to sample
collection methods, validation procedures, and the time span reflected by the quantified GC
levels(MSstl & Palme, 2002; Mormede et al., 2000f particular interest in the current study is
the role of GCs in the organismal sgesspons€Angelier & Wingfield, 2012) The use of non
invasively collected fecal samples can be particularly useful in studieswiidtiée stress
response because samples can be collected without adding additional stress by immobilization
and capturéSheriff, Dantzer, Delehanty, Palme, & Boonstra, 2011; Thompson, Crouse,
McDonough, Barboza, & Jaques, 2020)

To understand how knowledge of glucocorticoids can inform captive husbandry
conditions, | tested the hypothesis that captive carditons {.e.,enclosure type and use of
contraceptives) and life history traiise(,age and sex) influence fecal glucocorticoid metabolite
(fGCM) levels in captive CoquerelOs sifakiene CoquerelOs sifaka is the only sifaka species in

captivity in tre United States and maintaining a healthy population is vital to ensure continued
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breeding success. | found that sifaka age was a significant predictor of {GCM levels, with older
sifakas excreting increased glucocorticoids. Additionally, female sifakhormonal

contraceptives had significantly higher f{GCM levels compared to female sifakan
contraceptives (Chapter 3). By continuing to comprehensively test hypotheses concerning
captive care conditions and measures of stress physiology, we canaassalthy colony of

captive sifakafor years to coméBonier, Martin, Moore, & Wingfield, 2009)

Furthermore, studies 66CM levels can be extended to studies ofdrei@ag animals.
Quantification of f{GCM levels in wild sifakaould allow us to identifythe environmental and
socialconditions in whth glucocorticoid excretion increases and allow us to compare
fluctuationsin hormonal excretion pfiles among individual§Jimeno, Hau, & Verhulst, 2018)
Specifically, we could examine the influence of habitat disturbaneegp(oximity to roads,
villages, forest edge, mining site) and variation in habitat quality on goldewmel sifaka
glucocorticoid levels. Since glucocorticoid levels can be reflective of an individualOs health and
fitness(Bonier et al., 2009)his information coulgbrovide information regaing the degree of
habitat disturbance sifakas can handle before declines impthaiological healtloccur
(Millspaugh & Washburn, 2004; McCormick & Romero, 2Q0Ais woul allow us ¢ identify
how ecological and anthropogenic factors interact to cause or alleviate physiological stress in
specific sifaka groupd.hus, endocrinology techniquesuld be used to provide an early
warning sign of declines in sifalgnysiological healttfFefferman & Romero, 2013We could
also predict responséo further environmental changes as well as assess the success of
restoration activities in decreasing physiological stress. However, more research is needed to
understand relationships between physiological health and fitness in sifakas and idehgfying

cause(s) of the decline in the goldaowned sifaka population.
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Local education and entrepreneurial programs can be aeffectiveinstrument in the

conservation toolbox.

Resources for conservation, especially in impoverished nations, are often.limited
Deciding where to invest and what conservation tools to employ is fundamental to ensuring that
conservation is both economical and succeg¢sarhes, Gdsn, & Balmford, 1999; McDonald
Madden, Baxter, & Possingham, 2008; Waldron et al., 20a3ddition to traditional
conservation initiatives including demographic studies, threat identification, and protected area
design, education and local capacitylding play an important role in wildlife conservation
(Brewer, 2002; Singh & Rahman, 2013}udies indicate that childhood experiences in nature
are fundamental determinants for the cultivation of ecological stewardship and a positive
environmental attitudéReibelt, Richter, Rendigs, & Mantil@ontreras, 2017)As a result, my
team and vorked diligently with locaktakeholdersi ., local NGO Fanamby, mayor of
Daraina, primary and secondary school teachers, parents, and students) to develop an

environmental outreach program for individuals in the Daraina community (Fig. 1).

Figure 1: The Fanilo Outreach CentBrconstructed Fall 2020. This building serves as the site

for outreach and entrepreneurial activities in the Eblgnambato region.
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Every step of our outreach program has been driven by local involvement in a way that
encourages diverse citizen voicestmtribute to decision making. To create an effective
education program, we identified our target audience (primary and secondary students),
translated all outreach into Malagasy (Sakalava dialect), garnered support from local NGOs, and
worked to empoweiokal citizens. Outreach topics have included erosion control, sustainable
water use and resource extraction, sanitation, health, nutrition, biodiversity within the region, and
local entrepreneurship. We have infused environmental themes into our outreahum
through storytelling, games, guided walks, exhibits, videos, and art prdj@éat®bson, McDuff,

& Monroe, 2015) Students are also learning skills that will help them more efédgtprotect

their environment. These skills include efficient farming practices (agroecology), tree farming,
waste disposal methods, and sustainable harvesting practices. In addition to outreach, we have
introduced three entrepreneurial projects in Daravhich include chicken rearing, beekeeping,
and sap harvesting @anarium velutinifoliuntrees. These projects have been spearheaded by
individuals in the community (predominantly local guides) with the goals of providing a
sustainable protein source etlithan bushmeat, bolstering the local economy, and providing
alterative job opportunities oth#ran miningor charcoal production. A portion of the funds
generated from these projects is also going back into the Fanilo Outreach Center to ensure the
cente can become sefufficient in regard to acquiring funding required to run on a-tengp

basis.

While evidence supports the need for conservation education and alternative livelihoods,
conservation practitioners must evaluate and analyze the effesveiheonservation practices
(Salafsky, Margoluis, Redford, & Robinson, 200@ing a standardized framework, we are

gatheing baseline data on attitudes and behavior of local individuals of the Daraina community.
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This will be used to quantify the value and effectiveness of the educational and entrepreneurial
programs to ultimately assess if positive behavioral change hased@apos et al., 2008)

Overall, through the outreach and entrepreneurial programs, we hope to provide a cooperative
context for learning and engagement, to motivate students to develop strategies for responsibl

citizenship, to encourage the entrepreneurial spirit of the local guide association, to encourage

dialogue within the community, and to support alternatives to activities such as gold mining and

bushmeat hunting.

Conclusion

By connecting behavioral, elogical, physiological, technological, and educational
approaches, we can gain critical insight into the multidimensional nature of wildlife
conservation. My dissertation advances our understanding of how a unique combination of tools
can be used to idafyt and address the threats facing captive andliveey sifakas. My hope is
that the framework established in this dissertation serves as a useful foundation toward

understanding and addressing the complex dynamics shaping conservation in Madagascar.
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