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Integrative perspectives of wild and captive sifaka conservation 
 

Meredith Semel  

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 tattersalli) and the Coquerel’s sifaka (P. 

coquereli). 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 
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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 (R2 = 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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Integrative perspectives of wild and captive sifaka conservation 
 

Meredith Semel  

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 tattersalli) and the Coquerel’s sifaka (P. coquereli). 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 
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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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CHAPTER 1 

Introduction and Background 

 

Earth is in an era of rapidly accelerating environmental changes driven largely by an 

increasing human population and related activities (Steffen, Broadgate, Deutsch, Gaffney, & 

Ludwig, 2015; Folke et al., 2021). As a result, many wildlife populations are in decline or facing 

extinctions worldwide due to factors such as overhunting, habitat loss and fragmentation, 

pollution, the illegal pet trade, climate change, and emerging infectious diseases (Hoffmann et 

al., 2010; Maxwell, Fuller, Brooks, & Watson, 2016; Tilman et al., 2017). There is a growing 

body of evidence that these losses are intensified by synergies between these forces (B. W. 

Brook, Sodhi, & Bradshaw, 2008). Species and populations with small ranges, such as those on 

islands, are particularly vulnerable to these adverse pressures (Simberloff, 2000). Halting 

biodiversity loss requires coordinated efforts to safeguard and effectively manage critical species 

or landscapes and broad-scale action to minimize further threats (Boyd et al., 2008).  

The declining-population and small-population paradigms of Caughley (1994) provide a 

valuable approach to conservation of endangered species. Small populations are subject to 

additional threats characteristic to small populations (small-population paradigm) including 

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 population declines by detecting agents of 

decline and prescribing a remedy (Caughley, 1994). The underpinning of conservation biology 

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



 2 

testing hypotheses to determine whether the decline of the species is causally linked to the agent 

(Caughley, 1994).  

To successfully halt species and population losses, multifaceted in situ conservation 

management plans that employ an amalgamation of biological, physical, political, and social 

approaches are needed (Manfredo, Berl, Teel, & Bruskotter, 2021). Conservation management 

initiatives often employ behavioral studies of target species, population and habitat surveys, 

nonintrusive physiological monitoring, the use of emerging technologies, social innovations and 

community engagement, active stewardship of human actions, and sustainability-based education 

(Cooke et al., 2013; D’az et al., 2015; Folke et al., 2021). In some cases, it is even necessary to 

explore ex situ conservations efforts to ensure that a species will be able to persist long-term, 

even if wild populations go extinct (Pritchard, Fa, Oldfield, & Harrop, 2012). For example, the 

Lord Howe woodhen (Tricholimnas sylvestris) 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 species (Caughley, 1994). 

Madagascar, an island off the coast of southeast Africa, is a biodiversity hotspot in 

desperate need of multidimensional conservation initiatives. Madagascar is home to 3.2% of all 

plant and 2.8% of all vertebrate species on Earth despite it comprising <0.4% of EarthÕs land 

surface (Myers, A, Mittermeier, Fonseca, & Kent, 2010). Its people also are incredibly diverse 

and unique, comprising genetic, linguistic, and cultural characteristics from Africa, Asia, and the 

Middle East (Dewar & Wright, 1993). Despite MadagascarÕs biological and cultural diversity, 

about 80% of its population lives on less than two USD per day, well below the poverty line 

(SchŸ§ler, Richter, & Mantilla-Contreras, 2019). MadagascarÕs human population is growing 
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rapidly, and over-exploitation of natural resources places an increased burden on human health, 

the land, and wildlife throughout the nation. Currently, MadagascarÕs wildlife is experiencing 

alarming decline due to habitat destruction caused by slash-and-burn agriculture, logging, gold 

mining, cattle grazing, protected area exploitation, and a burgeoning bush meat industry (Estrada 

et al., 2017). For example, 44% of MadagascarÕs forests in existence in 1953 were lost by 2014, 

mostly due to clearing for slash and burn agriculture. Of the remaining forest, 46% is located 

within 100 m of a forest edge (Vieilledent et al., 2018).!This is particularly detrimental to 

MadagascarÕs most iconic wildlife - lemurs (Primates: Lemuridae) Ð which have been declared 

EarthÕs most threatened mammal group, with 103 of 107 species currently threatened with 

extinction (Schwitzer, 2014). 

Of MadagascarÕs lemurs, all nine extant sifaka species (genus Propithecus) are 

considered Critically Endangered by the International Union for Conservation of Nature (ÔThe 

IUCN Red List of Threatened SpeciesÕ, 2021). They are particularly threatened by forest 

degradation and loss, hunting, logging, mining, and slash-and-burn agriculture, or tavy in the 

Malagasy language (Craul et al., 2009; Ranaivoarisoa et al., 2013; Borgerson, McKean, 

Sutherland, & Godfrey, 2016; C. E. Brook et al., 2019). Due to the numerous threats facing 

sifakas, concerted efforts have been made to design effective conservation management plans 

and to maintain captive populations. Along with population assessments, a crucial step to 

successfully develop conservation management plans pertaining to sifaka species is to develop a 

thorough understanding of their resource and habitat needs (Banks, Ellis, & Wright, 2007). You 

cannot conserve what you do not understand and at this time we are still lacking an 

understanding of the basic natural history needs of several Propithecus species.    
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The critically endangered golden-crowned sifaka (Propithecus tattersalli): a charismatic 

lemur species found only in the forests surrounding the town of Daraina, is an example of a 

species for which research is desperately needed to assess current populations, their habitat 

requirements, and imminent anthropogenic threats. This species has one of the most restricted 

distributions of all lemur species, making it particularly vulnerable (Meyers, 1993; Vargas, 

JimŽnez, Palomares, & Palacios, 2002). In addition, golden-crowned sifaka are unique because 

unlike the other eight species of sifaka (Propithecus spp.) on Madagascar that are restricted to 

dry or humid forest types, P. tattersalli inhabit a range of forest types (QuŽmŽrŽ, Crouau-Roy, 

Rabarivola, Louis, & Chikhi, 2010; Goodman, Raherilalao, & Wohlhauser, 2018). The diversity 

of forest types they inhabit necessitates examining variation in their resource and habitat needs to 

allow unique management plans to be developed for distinct populations within each particular 

forest type occupied rather than the species as a whole.  

Studies of golden-crowned sifaka have documented a major decline in the overall 

population in the last decade and studies have informed researchers of the speciesÕ selective use 

of forests in a naturally fragmented landscape. However, no studies have examined their space 

use and foraging patterns across their range (QuŽmŽrŽ, Amelot, Pierson, Crouau-roy, & Chikhi, 

2012; Salmona, Heller, QuŽmŽrŽ, & Chikhi, 2017). Furthermore, Daraina currently faces an 

immediate threat to both its wildlife and way of life due to new road construction. The 160 km 

national road connecting 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 MadagascarÕs wealthy SAVA 

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 
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traffic, new migrants to the region, and resource extraction. Already, gold mines in the region 

have increased in scale and sophistication, and they are only expected to expand upon 

completion of the road. The novel threats and lack of current and more detailed information on 

this critically endangered species limits the capacity to develop effective conservation strategies.  

 In addition to golden-crowned sifakas, critically endangered CoquerelÕs sifakas 

(Propithecus coquereli) are a lemur species in urgent need of conservation action (Rakotonirina 

et al., 2014; Salmona et al., 2014). In an effort to safeguard their population, CoquerelÕs sifaka 

were imported into the United States in the 1970Õs to establish a captive breeding program. 

Currently, CoquerelÕs sifakas are the only Propithecus species housed in zoological facilities in 

the USA. All are housed at the Duke Lemur Center (Durham, NC, USA) or on loan at various 

zoological institutions across the USA and are maintained in a unique array of forested (or free-

ranging) enclosures as well as indoor enclosures with limited outdoor access. CoquerelÕs sifaka 

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 

(Cassady, Cullen, & Williams, 2018; Greene, McKenney, OÕConnell, & Drea, 2018). Sifakas 

also seem to have a predisposition to develop behavioral and physiological disorders associated 

with chronic stress. As a result of these challenges and the need for captive breeding, CoquerelÕs 

sifakas provide an 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, physiology, and mechanical and electrical engineering to improve in situ and ex situ 

conservation strategies of two Malagasy sifaka species: the golden crowned sifaka (Propithecus 

tattersalli) and the CoquerelÕs sifaka (Propithecus coquereli).   
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My research addressed several questions:  

1.! How can an understanding of movement and foraging patterns of golden-crowned sifaka 

be incorporated into the design of conservation management plans?  

2.! Is there a link between non-invasive measures of animal physiology (i.e., fecal 

glucocorticoid metabolite levels) and captive sifaka husbandry conditions?  

3.! Can innovative, modular, low cost, open-source tracking technology be used to gain an 

understanding of fine-scale wildlife social behaviors?  

In Chapter 2 of this dissertation, I addressed question (1) by conducting extensive behavioral 

follows of six groups of golden-crowned sifaka distributed across three distinct forest types (dry 

deciduous, moderate evergreen, and humid forest) in the Loky-Manambato Protected Area of 

northeastern Madagascar. I combined Dynamic Brownian Bridge Movement Models 

(Kranstauber, 2019) and Resource Selection Functions  to examine the impacts of abiotic, biotic, 

and anthropogenic factors (i.e. roads, villages, and forest disturbance) on golden-crowned sifaka 

movement patterns and foraging behavior. We found that sifaka core area size and movement 

rates increased during the rainy season. Additionally, golden-crowned sifaka groups in humid 

and dry deciduous forest fragments specifically avoided foraging locations near road networks in 

the rainy season%!I then applied these findings to management recommendations in the region.! 

In Chapter 3, I addressed question (2) by collecting fecal samples from captive CoquerelÕs 

sifaka housed at the Duke Lemur Center. I quantified 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 levels. I found that 

neither housing type nor season were significant predictors of fGCM levels of captive sifaka. 
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However, age and hormonal contraceptive use resulted in significantly higher fGCM levels. I 

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

In Chapter 4, I addressed question (3) by designing and building a cost-effective, open-

source proximity-based tracking device equipped with a microcontroller, GPS unit, radio, and 

accelerometer. I tested and calibrated the loggers to ensure they accurately measured proximity 

between devices and could be used to remotely collect an array of fine-scale wildlife social 

behaviors (i.e., social bonds, group cohesion, and disease transmission). The devices weighed 

approximately 130 grams and can safely be affixed to terrestrial mammals above 2.5 kg in size. I 

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 understanding of two charismatic 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 provides pertinent information and is a catalyst for 

additional research that will ultimately result in effective conservation of MadagascarÕs sifaka 

populations.  
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CHAPTER 2: Environmental and anthropogenic influences on movement and foraging in 

a critically endangered lemur species, Propithecus tattersalli: implications for habitat 

conservation planning 

 

Formatted for journal Movement Ecology; accepted 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 foraging patterns 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, extant forests rather than consider the overall 

resource needs of the target species.  

 

Methods 

To gain an understanding of golden-crowned sifaka (Propithecus tattersalli) movement patterns, 

including space use and habitat selection across their range of inhabited forest 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 roads in both 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 importance 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 golden-crowned sifaka movement and foraging behavior, 

conservation management plans can be made for the 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, and habitat loss (Allen and Singh, 2016; 

Delciellos et al., 2017; Gast—n et al., 2017; Tabarelli et al., 2010). However, efforts to conserve 

wildlife and preserve biodiversity often are based on an incomplete understanding of animal 

movement as well as variability in movement patterns among groups or populations that the 

areas are meant to protect (Festa-Bianchet and Apollonio, 2003). While a number of studies have 

demonstrated the relevance of incorporating movement, particularly animal foraging and home 

range size, into protected area design (Angeloni et al., 2008; Choi et al., 2019; GrŸss et al., 2011; 

Merrick and Koprowski, 2017), integration between the disciplines of conservation biology and 

movement (coined Òconservation behaviorÓ) is limited (Berger-Tal et al., 2011; Cooke et al., 

2014). Yet, knowledge of movement behavior, specifically how, when, where, and why animals 

move and forage within their habitat, would illuminate how populations navigate and utilize 

resources within their environment and thus develop better management plans (Berger-Tal et al., 

2016; Shillinger et al., 2008). Specifically, species, populations, or even groups often respond 

differently to factors such as seasonality, habitat characteristics, 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 



 16 

strategies shift to increase foraging efficiency (Reyna-hurtado et al., 2018; Rosenzweig, 1981; 

Trapanese et al., 2019). For example, the black-fronted titi monkey (Callicebus nigrifons; Nagy-

Reis and Setz, 2017) and collared brown lemur (Eulemur collaris; Campera et al., 2014) cope 

with dry season food shortages by reducing movement rates, while the common bumble bee 

(Bombus vosnesenskii; Pope and Jha, 2018) and African elephant (Loxodonta africana; Wato et 

al., 2018), respond by increasing foraging and movement rates. Thus, animals are coping with 

dry season conditions by shifting home range size or location (Asensio et al., 2012) and altering 

time spent foraging (Branco et al., 2019). Understanding how seasonal fluctuations influence 

movement and foraging patterns in free-living animals can allow managers to more effectively 

design protected areas and protect critical resources (Rice et al., 2017).   

In addition to abiotic factors, biotic factors such as habitat type strongly influence animal 

movement and foraging (Street et al., 2016). Various studies demonstrate that animals adjust 

their home range size and foraging patterns in response to habitat type and structure (e.g. roe 

deer (Capreolus capreolus; Said and Servanty, 2005) and coyote (Canis latrans; Holzman et al., 

1992)), indicating that landscape heterogeneity is a key factor influencing the movement of 

species. While studies of canids, ungulates, and primates have examined the influence 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 size (Campos et al., 2014; McLean et al., 2016).  The benefit 

of understanding movement behavior across distinct habitat types is that management strategies 

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., 2019). The presence of human developments and road 

networks may negatively influence animal movement behavior by increasing human-wildlife 

interactions (e.g., hunting, poaching, vehicle collisions) and pushing animals out of prime habitat 

(Peaden et al., 2017; Rogan et al., 2018). Large 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 their distributions being shared with humans 

(Cardillo et al., 2008). For instance, black bears (Ursus americanus) have been found to avoid 

areas with human development during daylight hours (Zeller et al., 2019) and woodland caribou 

(Rangifer tarandus caribou) avoid high use roads, mines, and cabins during months of high 

human activity (Polfus et al., 2011). Few studies have examined the influence of human 

infrastructure on primate movement, although they often are strongly affected by anthropogenic 

activities (Almeida-Rocha et al., 2017; Isaac and Cowlishaw, 2004).  

The lemurs of Madagascar face significant anthropogenic threats (Estrada et al., 2017). 

Between 1953 and 2014, Madagascar lost 44% of its forests due to 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 movement is limited, a few studies have examined lemur home range 

size (Gerber et al., 2012; Irwin, 2008a), dietary flexibility (Erhart et al., 2018), species 

abundance (Herrera et al., 2018), and reproduction in various forest types (Baden, 2019; Lahann 

and Dausmann, 2011). Within the genus Propithecus, groups of diademed sifakas (P. diadema) 

in humid fragmented habitats had reduced home range size and daily path length and foraged on 

sub-optimal food items compared to sifaka groups in contiguous forest environments (Irwin, 
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2008a). In contrast, groups of Milne-EdwardsÕ sifakas (P. edwardsi) inhabiting humid logged 

forests traveled shorter distances each day to feed in a low-quality food environment, yet 

maintained larger home ranges than groups in contiguous forests (Gerber et al., 2012). Further, 

groups of VerreauxÕs sifakas (P. verreauxi) in MadagascarÕs dry deciduous forests exhibited 

significant home range reduction from the rainy to the dry season (Norscia et al., 2006). While 

these studies have shed light on Propithecus behavioral responses to abiotic and biotic factors in 

extremes of the humid-dry forest gradient of forest types, we do not understand how species in 

the genus Propithecus respond in a moderate forest type. Knowledge of Propithecus movement 

behavior in regards to these factors would enable us to predict how these lemurs would adapt to 

changes in forest habitat and design a reserve accordingly.  

Golden-crowned sifaka (Propithecus tattersalli) are a critically endangered lemur 

endemic to naturally fragmented forests of northeastern Madagascar (QuŽmŽrŽ et al., 2010a). 

Unlike the other eight species of sifaka (Propithecus spp.) on Madagascar that are restricted to 

dry or humid forest types, P. tattersalli inhabit a range of forest types (Goodman et al., 2018; 

QuŽmŽrŽ et al., 2010b). The diversity of forest types they inhabit provides a unique opportunity 

to examine the influence of seasonality, forest type, and anthropogenic factors on movement and 

foraging behavior in a primate. Studies of golden-crowned sifaka have documented a major 

decline in the overall population in the last decade and studies have informed 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 

(QuŽmŽrŽ et al., 2012; Salmona et al., 2017). An understanding of how abiotic, biotic, and 

anthropogenic factors influence golden-crowned sifaka space use and foraging throughout their 
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range would allow unique 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 golden-crowned sifaka 

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 patterns and space 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 polygon, line-based kernel density, 

etc.) (Lehmann and Boesch, 2002; Steiniger and Hunter, 2013). More modern and sophisticated 

approaches such as Dynamic Brownian Bridge movement models (DBBMM) and Bayesian 

methods (Avgar et al., 2016; Kranstauber, 2019) reduce the likelihood of both Type I and Type 

II errors which can bias our understanding of animal space use and habitat selection (Fieberg and 

Borger, 2012). By selecting DBBMM to estimate space use we were able to incorporate both 

temporal and behavioral characteristics of movement trajectories into estimation of an animalÕs 

home range (Kranstauber et al., 2012). To test our first objective, using dynamics outlined by 

Optimal Foraging 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 season would be conserving 

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 similar energetic reasons (Wright, 1999), as well as 

differences in sifakas densities between the three forest types (Semel et al., n.d.). Second, we 

predicted that home range size and core area range size would be larger 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 energy-rich resources may 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 golden-crowned sifaka densities are lower, and smaller in the moderate forests where 

golden-crowned sifaka densities are higher (Semel 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 the most available fruits (Worman and Chapman, 2006), and avoid locations 

near human settlements or man-made structures, where we expected forest disturbance to be 

greatest (Jaeger et al., 2005).  

 

METHODS 

 

Study Area   

 

Research was conducted in the Loky-Manambato Protected Area (49¡56ÕE, 13¡31ÕS) of 

northeastern Madagascar (Fig. 1). This protected area encompasses a unique biogeographical 

transition zone from MadagascarÕs northern and western dry deciduous forests to southern humid 

forests. The Loky-Manambato region contains a mosaic of various forest types including dry 

deciduous, dry evergreen, humid, and littoral forests separated by agricultural areas and savanna 

(QuŽmŽrŽ et al., 2012). The total forest cover of this protected area is 475.3 km2 and individual 

forest fragments range from 11.6-46.3 km2. The region experiences a four-month rainy season 

from December to March followed by an eight-month dry season (Meyers, 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  

 

Golden-crowned sifaka live in semi-cohesive social groups ranging in size from 3-12 

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 member (Meyers, 1993). Thus, 

we assume that all animals within a given social group share a home range, and therefore treated 

each group as a distinct unit of analysis. Golden-crowned sifaka are frugo-folivores, but also 

consume seeds, petioles, buds, flowers, and bark.  

We studied six groups of golden-crowned sifaka distributed across the three distinct 

forest types (two groups 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 months (Rakotonanahary et al., 2021). We 

selected three of the 11 large forest fragments containing golden-crowned sifaka due to their 

accessibility: Solaniampilana (dry deciduous), Bekaraoka (moderate evergreen), and Binara 

(humid) (Fig. 1). Sifaka densities within these fragments were variable with 26.7 sifakas/km2 

(95% CI: 16.2-44.1) in Solaniampilana, 78.17 sifakas/km2 (95% CI:  53.1-114.8) in Bekaraoka, 

and 20.77 sifakas/km2 (95% CI:  11.2-38.0) in Binara (Semel 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 range at least 300 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). Although 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 golden-crowned sifaka (Propithecus tattersalli) range 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), and wet (dark green, Binara). The 

thin orange line depicts the unpaved national road in the region. 
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Table 1. Composition of golden-crowned sifaka (Propithecus tattersalli) focal groups within 

each forest fragment, fragment size, forest type, and forest disturbance classification of the Loky-

Manambato protected area in northeastern Madagascar. Groups were followed during the dry 

(June-August 2019) and rainy (February-April 2019) seasons. 

Forest Fragment Fragment Size (km2) Forest Type Forest Location Group Size 

Solaniampilana 14.7 Dry Deciduous Interior 5 

Solaniampilana  Dry Deciduous Edge 5 

Bekaraoka 26.2 Moderate Evergreen Interior 7 

Bekaraoka  Moderate Evergreen Edge 8 

Binara 43.6 Wet Humid Interior 7 

Binara  Wet Humid Edge 5 
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Group Location Data 

 

We collected golden-crowned sifaka group location data during two periods, February-

April 2019 (rainy season) and June-August 2019 (dry season). Each group was followed for 7-9 

consecutive days during the rainy season and the dry season. We followed groups from sleep tree 

to sleep tree (~12 hours per day) and collected location data at 15-minute intervals. If no animals 

were visible at the 15-minute interval, observers waited to establish visual contact 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. While the use 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). In addition to daytime activity, golden-

crowned sifaka are known to exhibit nocturnal movements, specifically during periods of bright 

moon light (Erkert and Kappeler, 2004), and 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 receiver (Garmin 64s), using the 

Universal Transverse Mercator (UTM) coordinate system (zone 39L), and points were logged at 

the groupÕs approximate geometric center.  
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Foraging and Landscape Data 

 

We recorded foraging data at the same 15-minute intervals using scan sampling to record 

the behavior, height in the tree, and nearest neighbor of each individual in a group (Altmann, 

1974). If an individual was actively feeding during the scan, the plant species and part (e.g., 

young/mature leaf, leaf petiole, un/ripe fruit, seed, or flower) were 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 the six 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, phenology) within five 

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% isopleth, hereafter home ranges and 50% isopleth, 

hereafter core area) were estimated for each golden-crowned sifaka group using Dynamic 

Brownian Bridge Movement Models (DBBMM); (Kranstauber et 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 group occurring 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 animalÕs behavior (resting, foraging, thermoregulating, corridor use, etc.), 

making it specifically applicable to studies of group living primates (Fieberg and Borger, 2012; 

Gurarie et al., 2009; Kranstauber et al., 2012).  Using DBBMMs to estimate group home ranges 

requires a Brownian motion variance parameter ($2, in meters), which quantifies the degree of 

diffusion or irregularity of an animalÕs path (Kranstauber et al., 2012). A moving window 

analysis identifies changes in the movement behavior and estimates $2 for each step. Because the 

$2 parameter is estimated using a Òleave-one-methodÓ, the size of the moving window must 

include an odd number of GPS locations and a margin of greater than three locations bounding 

each end of the window in which no behavioral changes can occur (Kranstauber et al., 2012). We 

parameterized the DBBMM with a 21-step window size, a 9-step margin size, and a 15 m 

location error for all lemur groups, as visual inspection indicated these settings were sufficient to 

identify changes in home range size and overall animal movement (Kranstauber et al., 2012). 

Home ranges were estimated for each lemur group using the DBBMM function in R package 

ÔmoveÕ (Horne et al., 2007; Kranstauber et al., 2013). We conducted a three-way analysis of 

variance (ANOVA) predicting for both home range and core areas sizes, respectively, to 

determine if season, forest type, interior or edge forests, and the interaction of forest type and 

season influenced core area and home range size. All analyses were conducted in version 3.6.1 of  

program R (ÒR Core Team,Ó 2020). We used AkaikeÕs Information Criterion corrected for small 

samples sizes (AICc) to identify a top model from the set of candidate ANOVA models and the 

delta of two was as a threshold for equally plausible models (Burnham 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 divided the area of overlap 

between seasons by the total home range size (Atwood and Weeks, 2003).  

 

[(area%#/core-area%) x (area%#/core-area#)]0.5  

 

Area%# is the seasonal core area overlap area common to % and #, and core-area % and 

core-area # are the seasonal core areas of the same group during the rainy and dry season, % and 

#, respectively. Possible core area overlap ranged from 0% overlap, indicating no shared space 

use between seasons, to 100% overlap, indicating 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 conducted a one-way ANOVA 

comparing core area overlap as a function of degree of forest type. All analyses were conducted 

in version 3.6.1 of  program R (ÒR Core Team,Ó 2020). 

 

Movement Rates 

 

We calculated movement rates (meters/monitoring interval [15-minutes]) for each lemur 

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

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

minutes) to calculate speed for each golden-crowned sifaka group to characterize movement 
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rates. To determine how movement varied across season (rainy and dry), forest disturbance (edge 

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 involves repeatedly drawing independent samples from a data set 

(x) to create bootstrap data sets (x1, x2,É., x n). Our samples were performed with replacement 

which allowed for the same observation to be sampled more than once such that each 

bootstrapped sample was the same length as our raw lemur speed data (m/15-minutes). To 

calculate seasonal movement rates (!"#$ ), we drew 1000 independent samples (%&' (%&) (* (%&+ , - 

to calculate means and standard error (!./ + ), which we then used to generate 95% confidence 

intervals for comparison of means among seasons and groups, 

!./ +  =0 1 234 56 -347 8
97

: ; <

=+6 ' ,
 

where !./ + -served as our estimate of the standard error of %& estimated from the raw lemur speed 

data (m/hour). We calculated seasonal movements rates using the bootstrapping approach 

outlined above but employed the method for each observation season (Booth 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 function of all 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 effects (Bates et al., 2015). We used 

Akaike's Information Criterion corrected for small sample size (AICc) to identify a top model 

from the set of candidate models (Hurvich and Tsai, 1989). We used the Satterthwaite method to 
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approximate the degrees of freedom and computed p-values for direct effects and interactions 

using t-statistics (Gaylor and Hopper, 1969).  

Finally, to determine how environmental variables influenced seasonal movement rates, 

we conducted a three-way ANOVA of seasonal movement rates as a function of forest type (dry, 

moderate, and humid), forest disturbance (edge and interior), and season (dry and rainy). We 

used Akaike's Information Criterion corrected for small sample size (AICc) to identify a top 

model from the set of candidate models (Hurvich and Tsai, 1989). All analyses were conducted 

in version 3.6.1 of  program R (ÒR Core Team,Ó 2020). 

 

Habitat Selection 

 

To quantify habitat selection of golden-crowned sifaka groups, in relation to tree size and 

proximity to anthropogenic factors, we fit a Resource Selection Function (RSF) using a use-

available design. A RSF is defined as any function producing a value proportional to the 

probability of selection of a given habitat (Lele et al., 2013; Manly et al., 2002). Any estimate 

derived from an RSF is dependent on the definition of available habitats (Avgar et al., 2016; D. 

J. Johnson, 1980; Lele et al., 2013). For our RSF, selection by golden-crowned sifaka availability 

was considered within home range selection (JohnsonÕs third order (D. H. Johnson, 1980)) as 

defined by a 95% seasonal home range using DBBMMs. Within our seasonal home ranges, we 

characterized availability by systematically identifying available locations at intervals of 10 m, 

as this was the spatial resolution of all spatial data used in the RSF (Benson, 2013). 

We created our RSFs by fitting generalized linear mixed-effects model (GLMM) with a 

binomial exponential family and logit link function, which included a group-specific (forest type 
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and disturbance) random intercept term to account for non-independence of habitat associations 

within groups (Gillies et al., 2006; Hebblewhite and Merrill, 2008). For our RSF, we used GPS 

locations of all feeding trees that golden-crowned sifaka utilized during the rainy and dry field 

seasons and possible locations within their known home ranges. We extracted tree basal area 

(cross-sectional area of trees at breast height), Euclidian distance to village, road, and habitat 

fragment edge for each golden-crowned sifaka feeding tree and each available location. These 

data were generated using satellite imagery and habitat sampling 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 distance weighting (IDW) interpolation in the package gstat (Pebesma et al., 2019). IDW 

uses a weighted average of estimates from nearby sampling locations to predict tree basal area 

and crown volume estimates to the surrounding pixels of a sampling location composed of user-

specified areas (De Smith et al., 2018). Our user-specified areas of inference were 169 m2 

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 with our lemur 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 used Akaike's Information Criterion 

(AICc) corrected for small samples sizes to identify a top model from the set of candidate models 

(Burnham and Anderson, 2002) to 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 account for behavioral differences in lemur groups, we accounted for random effects 

using an Ôanimal IDÕ that consisted of each lemur groupÕs respective forest type (dry, moderate, 

or humid), forest disturbance classification (edge or interior), and season (rainy or dry). 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 Òlme4Ó package (Bates et al., 

2015; ÒR Core Team,Ó 2020).  

Overdispersion of the models was examined by calculating the sum of squared Pearson 

(SSQ) residuals, the ratio of (SSQ residuals/residual degrees-of-freedom), the residual df, and the 

p-value based on the appropriate "2 distribution. Additionally, each individual model was a 

GLM which allowed us to test overdispersion using a chi-square comparing the model deviance 

by the residual degrees-of-freedom (Hilbe and Robinson, 2013). To estimate the explanatory 

power of the models, we calculated a conditional, marginal, and pseudo R2 for each model 

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

 

RESULTS 

 

Home Range and Core Area Size Estimations 

 

Overall, home range sizes for golden-crowned sifaka groups in the Loky-Manambato 

Protected Area were highly variable, ranging from 2.78 Ð 31.56 hectares (Table 2). Our top 

ANOVA model (Table 3), revealed that golden-crowned 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 (average 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 null model 

(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 disturbance (p = 0.617, F(1.4)=0.343, residual SE < 0.091). 
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Table 2. Data summary of six golden-crowned sifaka (Propithecus tattersalli) groups followed in different forest types (dry, 

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

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

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

(June-August 2019) and rainy (February-April 2019) seasons. Percent core area overlap between seasons also is included. 

Lemur Group ID  Number of 

Follow Days 

Number of GPS 

Locations 

Home Range (ha) Core Area (ha) Core Area (% 

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% 

Moderate-interior 8 9 266 334 2.93 9.16 0.63 1.87 41.0% 

Moderate-edge 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 11.1 1.18 1.90 53.9% 
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Table 3: Linear mixed effects models (LMMs) to explain core area size and home range 

size of golden-crowned sifaka (Propithecus tattersalli) groups in the Loky-Manambato 

Protected Area in northeastern Madagascar during the dry (June-August 2019) and rainy 

(February-April 2019) seasons. Season, disturbance, and forest type were included in the 

model. Columns indicate the number of parameters (K), log-likelihood (LL), the relative 

difference in AICc values compared to the top-ranked model (! AICc), and the AICc 

model weights (W) of the model-selection procedure.  

Model K LL  AICc ! AICc 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 44.759 -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 14.558 -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 + disturbance + season 4 18.443 -8.1 14.58 0.000 
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Fig. 2. Maps of the Brownian Bridge utilization distributions depicting core area use for 

golden-crowned sifaka (Propithecus tattersalli) groups in the Loky-Manambato Protected 

Area of northeastern Madagascar during the dry (June-August 2019; dark gray) and rainy 

(February-April 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 forest disturbance classification (interior or edge) and rows 

indicate the occupied forest type (dry, moderate, or humid). Solid lines correspond to 

the interior and 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 (rainy season: 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 effects of forest 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 golden-crowned sifaka (Propithecus tattersalli) 

groups in the Loky-Manambato Protected Area in northeastern Madagascar during the dry (June-August 2019) and rainy 

(February-April 2019) seasons. Season, disturbance, forest type, and all interactions (*) were included in the model. Columns 

indicate the number of parameters in the model (K), the log-likelihood (LL), the relative difference in AICc values compared 

to the top-ranked model (! AICc), and the AIC model weights (W) of the model-selection procedure. 
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Model K LL  AICc ! AICc 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 + disturbance  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 5 6.158 29.7 27.45 0.000 
forest type + disturbance + season + forest type*season 6 7.856 48.3 46.05 0.000 
 
Daily Movement Rates 
 

 

    
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 

forest type + 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 5 -28.634 77.7 14.43 0.000 
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Fig. 3. Seasonal movement rates (meters/hour) of golden-crowned sifaka (Propithecus 

tattersalli) groups in the Loky-Manambato Protected Area in northeastern Madagascar. 

Data was collected during the dry (June-August 2019) and rainy (February-April 2019) 

seasons using relocation 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 indicated by AICc (Table 

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 dropped the group-specific 

(forest type and disturbance) random intercept term given our final models retained only 

two groups (Bolker 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 deciduous forests selected locations with greater 

crown volume in the dry season (!  = 1.22, S.E. ± 0.11, p<0.001). During the rainy 

season, groups in dry forest selected locations with greater crown volume (!  = 1.04, S.E. 

± 0.12, p<0.001) and greater tree basal area (!  = 2.89, S.E. ± 0.73, p<0.001), and avoided 

habitat closer to villages (!  = 3.06, S.E. ± 0.74, p<0.001) and roads (!  = 2.42, S.E. ± 0.50, 

p< 0.001; Fig. 4). 

Lemur groups in moderate evergreen forests selected locations with greater crown 

volume (!  = 0.52, S.E. ± 0.07, p<0.001), greater tree basal area (!  = 0.35, S.E. ± 0.17, p = 

0.03), and locations farther from villages (!  = 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 basal area (!  = 0.55, 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 

locations characterized with greater crown volume (!  = 0.98, S.E. ± 0.07, p<0.001), 

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

" 1.04, S.E. ± 0.17, p<0.001), and avoided locations near roads (!  = 2.79, 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 area (!  = 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, S.E. ± 0.19, 

p<0.001), and forest edges (!  = " 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 effects were stronger in the rainy 

season (Fig. 4).  
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Table 5.  Generalized linear models (GLMs) of golden-crowned sifakas (Propithecus 

tattersalli) depicting differences in foraging tree selection among lemurs occupying 

different forest types in the Loky-Manambato Protected Area in northeastern Madagascar 

during the dry (June-August 2019) and the rainy (February-April 2019) seasons. Columns 

indicate the number of parameters (K), the relative difference in AICc values compared 

to the top ranked model (#AICc), the AICc weights (W), and the log-likelihood (LL) of 

the model-selection 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 village, R: 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 AICc #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 models (GLMs) of golden-crowned sifakas (Propithecus tattersalli) foraging tree selection based on 

occupied forest type in the Loky-Manambato Protected Area in northeastern Madagascar during the dry (June-August 2019) and rainy 

(February-April 2019) seasons. Columns indicate the number of parameters (K), the relative difference in AICc values compared to 

the top ranked model (! AICc), the AICc weights (W), and the log-likelihood (LL) of the model-selection 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 village, R: Distance to roads, F: Distance to forest edge, F: Forest type. 

Dry Forest  
 K AICc ! AICc 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 AICc ! AICc 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 AICc ! AICc 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 golden-crowned sifakas (Propithecus tattersalli) in the Loky-Manambato Protected Area in 

northeastern Madagascar in the dry (June-August 2019) and rainy (February-April 2019) seasons within three forest types (dry, 

moderate, 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 habitat selection during the 

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, golden-crowned sifaka (Propithecus 

tattersalli) movement rates are greater in the rainy season and in more humid forests. Second, 

golden-crowned sifaka core area size is impacted by season, with larger core areas used in the 

rainy season. Third, golden-crowned sifakas select foraging locations where the largest trees in 

their home range are located. Similarly, we also detected variation in behavioral responses to 

villages, road networks, and the forest edge. Golden-crowned sifaka groups in humid and dry 

deciduous forest fragments specifically avoided foraging locations near 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 golden-crowned sifaka showed marked variation in behavioral 

responses to human disturbance, but for all groups, higher-use zones were characterized by 

locations having larger trees. Thus, season, forest type, and disturbance all have effects on 

golden-crowned sifaka space use and ranging behavior. 

Across seasons and regardless of forest type or disturbance, golden-crowned sifaka group 

daily movement rates shifted, with groups moving farther per unit time in the rainy season. This 

contrasts with previous studies on Milne-EdwardsÕ sifaka (Propithecus edwardsi) that found no 

seasonal effects on distance moved per day (i.e., daily path length) (Gerber et al., 2012). Thus, 

there exists some degree of variability among sifaka species. Movement rates in golden-crowned 

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 of highly mobile mammals that found that movement rates and resource availability 
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determined home range size of white-tailed deer (Odocoileus virginianus) and Iberian ibex 

(Capra pyrenaica) (Rhoads et al., 2010; Viana et al., 2018).  

Golden-crowned sifaka group home range sizes varied between 3-32 hectares. These 

home range sizes were smaller than those of diademed sifaka (P. diadema) groups in 

MadagascarÕs eastern humid forests, which range from 19-79 ha (Irwin, 2008b), but were larger 

than those of VerreauxÕs sifaka (P. verreauxi) groups in MadagascarÕs southern dry forests, 

which have home range sizes ranging from 5-10 ha (Benadi et al., 2008). Similar to this trend, 

mouse lemurs (Microcebus spp) inhabiting western dry forests were able to maintain higher 

population densities than mouse lemur species inhabiting eastern humid forests (Setash et al., 

2017). Contrary to previous findings, and our predictions, we found that golden-crowned sifaka 

groups in dry deciduous and humid forests did not occupy significantly larger home range or 

core area sizes compared to groups living in moderate evergreen forest fragments. This finding 

was unexpected because golden-crowned sifaka densities were substantially larger in moderate 

forest fragments compared to dry deciduous and humid forest fragments (Semel et al., n.d.). In 

sum, our study was the first determining that the same species of sifaka can inhabit drastically 

different forest types and display great variation in home range size. However, while animal 

densities have implications for spatial ecology (Webber and Vander Wal, 2018), golden-crowned 

sifaka densities did not appear to predict home range and core areas sizes (Semel et al., n.d.).  

Our prediction that golden-crowned 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 statistically larger for golden-crowned 

sifaka groups in the rainy season compared to the same groupsÕ core area range sizes in the dry 

season. Similar to findings of Milne-EdwardsÕ sifaka, we found that golden-crowned sifaka 
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maintained similar home range locations in both seasons, but displayed considerable seasonal 

shifts in core area locations (Gerber et al., 2012). This difference was likely due to the non-

uniform and seasonal variation in resource distribution that influenced how golden-crowned 

sifaka distributed their space use to forage efficiently (Ostro et al., 1999). Surprisingly, the 

degree of core area overlap we observed did not vary based on the forest type or forest 

disturbance level occupied.  

We predicted that golden-crowned 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 support 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 range sizes than 

conspecifics in interior, undisturbed forests (Irwin, 2008a), as is consistent with many other 

mammalian species (Tucker et al., 2018). However, Milne-EdwardsÕ sifaka in disturbed (logged) 

forests maintained larger home range sizes than those in undisturbed forests (Gerber et al., 2012). 

Unfortunately, the majority of lemur studies (87%) examining the effects of forest disturbance on 

lemur health, genetics, biodiversity, and behavior were conducted in the humid forests of eastern 

Madagascar (Kling 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 edges (Kling et al., 2020; Lehman et al., 2006). As a result, further 

investigation of home ranges of golden-crowned sifaka and other dry forest lemurs are needed to 

understand how increasing anthropogenic changes are influencing lemur ecology and 

conservation.   
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While we expected golden-crowned sifaka groups to avoid villages and roads, similar to 

other studies, we found a mixed response (Gaynor et al., 2018; Suraci et al., 2019). While no 

sifaka groups selected for foraging locations near roads, in some forest types and seasons sifaka 

groups avoided foraging locations near roads. A more mixed response was found in regard to 

foraging locations near villages. Specifically, we suspect sifakas in the humid forest type fed in 

close proximity to the nearby village due to large fruiting mango tress planted there. In addition, 

sifakas in the moderate forest type likely avoided feeding in close proximity to the local village 

because of the adjacent gold mining operation. Overall, the juxtaposition of the villages and 

national road network likely played a role in the avoidance or selection of feeding near these 

locations and their configurations need to be further investigated. 

Additionally, the national road that bisects the global range of golden-crowned sifaka is 

currently being paved to improve access to mineral reserves and transportation through the 

region. While infrastructure improvement will likely provide much needed improvement to local 

economies, our results demonstrate that even narrow road networks can restrict suitable sifaka 

habitat. Improved road access also is likely to increase resource extraction within the region 

(e.g., selective logging of hardwoods and gold mining), with negative impacts expected for 

sifakas (Estrada et al., 2017). The negative impacts of road networks are well documented for 

mammalian species. For example, elk (Cervus canadensis) and caribou (Rangifer tarandus) tend 

to avoid road crossings and seek cover when in close proximity to road networks (Prokopenko et 

al., 2017). Road expansion and paving also increases the prevalence of vehicle collisions with 

wildlife (e.g., Asiatic cheetah (Acinonyx jubatus venaticus; Mohammadi et al., 2018) and Florida 

panther (Puma concolor coryi; Criffield et al., 2018). Importantly, even low vehicle traffic (0-30 

vehicles/12hrs) caused wolverines (Gulo gulo) to alter their movement patterns and to avoid 
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areas with road networks (Scrafford et al., 2018). Consequently, increasing human activity and 

road prevalence is likely to impact foraging and space use behavior of wildlife species, with 

potentially disastrous consequences for already crucially endangered golden-crowned sifaka.  

 

Limitations and future directions  

 

Although our data revealed various patterns in golden-crowned sifaka movement and 

foraging, we could only establish 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 

rotation-based field schedule, we were only able to follow one group of sifaka at a time. Future 

work with more continuous 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. Second, there were limitations 

regarding the covariates used in the RSF. Specifically, we assumed that all village disturbance 

was equal. However, each village differed in population size, degree of infrastructure, distance 

from the forest edge, and distance from the national road. As a result, some villages could have 

had greater anthropogenic influences than others. Third, we could not claim that human 

disturbance was directly related to golden-crowned 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 factors. Fourth, we used 

simple categories (e.g., ÔrainyÕ and ÔdryÕ) 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 which we interpret 

sifaka movement and resource selection.  

 

Conservation implications  

 

Our study illustrates the complex anthropogenic and ecological processes that influence 

movement behavior of golden-crowned sifaka groups. We found evidence that human 

settlements 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 studying primate groups in both 

the rainy and dry seasons to ensure that conservation efforts meet the full range of a speciesÕ 

movement, home range size, and resource needs. By understanding how forest type influences 

golden-crowned sifaka movement and foraging behavior, conservation management plans can be 

appropriately crafted to the unique forest types throughout the Loky-Manambato Protected Area 

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

findings can also be used 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 

advise that the national road not be re-routed 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 avoidance of anthropogenic 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 Madagascar, a deeper knowledge of how fragmentation, habitat loss, 

and infrastructure development influence golden-crowned sifaka space use, density, and 

population health will be essential for wildlife managers to make well informed decisions that 

improve conservation plans for at-risk species. 
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APPENDIX A  

Table A1. Mean seasonal speed (meters/15 minutes) and corresponding confidence intervals for each golden-crowned sifaka 
(Propithecus tattersalli) group across each season monitored. 

Forest Fragment Forest Type Season Forest Location Mean Speed (meters/15-minutes) 
Bekaraoka Moderate Evergreen Dry Interior 60.2 (70.5, 49.9) 
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 Deciduous Dry Edge 67.4 (77.8, 57) 
Solanamampilana Dry Deciduous Rainy Edge 97.3 (122.8, 71.8) 
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Table A2. Mean daily speed (meters/15 minutes) and corresponding confidence intervals for each golden-crowned sifaka 
(Propithecus tattersalli) group across each day monitored. 
 

Forest Fragment Forest Type Season Date Mean daily speed (meters/15-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 (42.96, 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, 115.55) 
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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Bekaraoka Edge rainy 2/22/2019 82.34 (39.94, 124.74) 
Bekaraoka Edge rainy 2/23/2019 38.53 (18.73, 58.33) 
Bekaraoka Edge rainy 2/24/2019 39.74 (4.64, 74.84) 
Binara Interior dry 7/7/2019 43.38 (26.98, 59.78) 
Binara Interior dry 7/8/2019 47.27 (30.47, 64.07) 
Binara Interior dry 7/9/2019 39.67 (23.67, 55.67) 
Binara Interior dry 7/10/2019 37.75 (20.75, 54.75) 
Binara Interior dry 7/11/2019 36.01 (20.51, 51.51) 
Binara Interior dry 7/12/2019 43.39 (27.39, 59.39) 
Binara Interior dry 7/13/2019 51.39 (34.19, 68.59) 
Binara Interior rainy 3/2/2019 115.4 (55.1, 175.7) 
Binara Interior rainy 3/3/2019 79.34 (50.64, 108.04) 
Binara Interior rainy 3/4/2019 121.08 (69.98, 172.18) 
Binara Interior rainy 3/5/2019 125.12 (78.82, 171.42) 
Binara Interior rainy 3/6/2019 88.47 (57.17, 119.77) 
Binara Interior rainy 3/8/2019 111.58 (65.28, 157.88) 
Binara Interior rainy 3/9/2019 91.19 (46.09, 136.29) 
Binara Interior rainy 3/10/2019 90.42 (50.32, 130.52) 
Binara Edge dry 7/15/2019 80.07 (49.27, 110.87) 
Binara Edge dry 7/16/2019 69.74 (30.04, 109.44) 
Binara Edge dry 7/17/2019 60.45 (22.05, 98.85) 
Binara Edge dry 7/18/2019 82.4 (49.8, 115) 
Binara Edge dry 7/19/2019 75.27 (45.07, 105.47) 
Binara Edge dry 7/20/2019 69.02 (30.82, 107.22) 
Binara Edge dry 7/21/2019 64.88 (35.28, 94.48) 
Binara Edge rainy 3/12/2019 116.35 (27.65, 205.05) 
Binara Edge rainy 3/13/2019 73.22 (39.92, 106.52) 
Binara Edge rainy 3/14/2019 75.98 (48.08, 103.88) 
Binara Edge rainy 3/15/2019 139.56 (79.96, 199.16) 
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Binara Edge rainy 3/16/2019 72.59 (45.89, 99.29) 
Binara Edge rainy 3/17/2019 73.27 (48.37, 98.17) 
Binara Edge rainy 3/18/2019 124.79 (44.49, 205.09) 
Solanamampilana Interior dry 7/28/2019 67.4 (45.8, 89) 
Solanamampilana Interior dry 7/29/2019 48.48 (35.28, 61.68) 
Solanamampilana Interior dry 7/30/2019 77.09 (57.39, 96.79) 
Solanamampilana Interior dry 7/31/2019 56.02 (38.92, 73.12) 
Solanamampilana Interior dry 8/1/2019 57.12 (37.52, 76.72) 
Solanamampilana Interior dry 8/2/2019 39.52 (10.62, 68.42) 
Solanamampilana Interior dry 8/3/2019 16.12 (1.98, 34.22) 
Solanamampilana Interior rainy 3/29/2019 58.65 (16.15, 101.15) 
Solanamampilana Interior rainy 3/30/2019 68.66 (47.76, 89.56) 
Solanamampilana Interior rainy 3/31/2019 91.8 (66.1, 117.5) 
Solanamampilana Interior rainy 4/1/2019 69.57 (46.57, 92.57) 
Solanamampilana Interior rainy 4/2/2019 63.81 (44.91, 82.71) 
Solanamampilana Interior rainy 4/3/2019 63.39 (39.29, 87.49) 
Solanamampilana Edge dry 8/5/2019 53.9 (28.3, 79.5) 
Solanamampilana Edge dry 8/6/2019 69.1 (32.2, 106) 
Solanamampilana Edge dry 8/7/2019 70.64 (40.94, 100.34) 
Solanamampilana Edge dry 8/8/2019 67.24 (46.64, 87.84) 
Solanamampilana Edge dry 8/9/2019 76.92 (52.52, 101.32) 
Solanamampilana Edge dry 8/10/2019 77.43 (49.43, 105.43) 
Solanamampilana Edge dry 8/11/2019 52.9 (25.1, 80.7) 
Solanamampilana Edge rainy 4/6/2019 85.95 (56.25, 115.65) 
Solanamampilana Edge rainy 4/7/2019 105.04 (42.44, 167.64) 
Solanamampilana Edge rainy 4/8/2019 81.63 (58.33, 104.93) 
Solanamampilana Edge rainy 4/9/2019 195.01 (78.01, 312.01) 
Solanamampilana Edge rainy 4/10/2019 58.49 (40.19, 76.79) 
Solanamampilana Edge rainy 4/11/2019 54.71 (38.11, 71.31) 
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Table A3. GLM of golden-crowned sifaka (Propithecus tattersalli) foraging tree selection based on occupied forest type. Columns 
indicate the number of parameters (K), the relative difference in AICc values compared to the top ranked model (! AICc), the AICc 
weights (W), and the log-likelihood (LL) of the model-selection procedure examining foraging tree selection of lemurs based on 
occupied forest type (dry, moderate, and humid). Model dispersion was examined by calculating the sum of squared Pearson (SSQ) 
residuals, the ratio of (SSQ residuals/ residual degrees-of-freedom), the residual df, and the p-value based on the 
appropriate "2 distribution. Goodness-of-model fit was examined by calculating a conditional and marginal R2. The marginal R2 

considered only the variance of the fixed effects, while the conditional R2 took both the fixed and random effects into account. Model 
variables included- CV: Crown Volume, TBA: Tree 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 + 
F)*Season 

13 4085.4
2 

0.00 1.0
0 

-2029.71 5597.4
9 

0.89 6311 1.00 0.27
5 

0.53
5 

CV+ TBA + V + R + F 7 4105.1
1 

19.7 0.0
0 

-2045.56 5711.0
5 

0.90 6317 1.00 0.25
2 

0.58
4 

Moderate Forest 
(CV+ TBA + V + R + 
F)*Season 

13 2944.2
4 

0.0 1.0
0 

-1459.12 2747.5
4 

0.88 3120 0.999999
5 

0.45
3 

0.63
0 

CV+ TBA + V + R + F 7 3043.2
7 

99.04 0.0
0 

-1514.64 2848.8
5 

0.91 3126 0.999844
5 

0.34
9 

0.42
4 

Humid Forest 
(CV+ TBA + V + R + 
F)*Season 

13 4158.3
1 

0.00 1.0
0 

-2066.15 5149.5
9 

0.86 5975 1.00 0.40
2 

0.64
4 

CV+ TBA + V + R + F 7 4206.9
8 

48.68 0.0
0 

-2096.49 5110.3
2 

0.85 5981 1.00 0.37
9 

0.53
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Table A4. Formulation of the resource selection GLM models of golden-crowned sifaka (Propithecus tattersalli) broken up by forest 
type and season. Overdispersion was tested using a chi-squared comparing the model deviance by the residual degrees-of-freedom. 
Values greater than one for a dispersion statistic indicate overdispersion. Goodness-of-model fit was examined by calculating a pseudo 
R2 for each model. Model variables included- CV: Crown Volume, TBA: Tree basal area, V: Distance to village, R: Distance to roads, 
F: Distance to forest edge. 

Data Model Pearson Chi2 dispersion statistic pseudo R2 
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 Forest, 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 
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CHAPTER 3: The influence of housing conditions, age, and contraceptive use on fecal 

glucocorticoid metabolite concentrations in captive CoquerelÕs sifaka (Propithecus 

coquereli) 

 

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 fGCM levels using a radioimmunoassay (RIA). Our study 

determined that neither housing type, season, or sex were significant predictors of fGCM levels 

of captive sifaka. Age was a significant predictor of sifaka fGCMs, with older animals exhibiting 

higher fGCM levels. Female sifakas on hormonal contraceptives had significantly higher fGCM 

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.  
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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 
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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 
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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 fGCM 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 
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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 fGCM 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 fGCM levels. We predicted lower fGCM 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 fGCM 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 fGCM levels due to females not 

experiencing the energetic demands of pregnancy.  
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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 m2/ 

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). 
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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 Statusa 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 
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Social Group/Enclosure Sex Age Contraceptive Statusa Individual  
Free Range 9 M 26 - Julian 

a The 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).  
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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 fGCMs 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 fGCM 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).  
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We quantified total fGCM concentrations using a direct 3H 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 fGCMs 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 µL 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 
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run within each assay, resulting in a CV of 17%. We expressed hormone results as nanograms of 

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 fGCM levels in captive 

Coquerel’s sifaka, we used linear mixed effect models with fGCMs as the response. We used a 

natural log (ln) 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 fGCM levels in all sifakas. Model 2 focused only on female sifakas and the 

effects of reproductive status on fGCM levels.  

Model 1 assessed the effects of free-ranging on baseline fGCMs 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 fGCMs between female and male sifaka 

kept indoors compared to those allowed to free-range. Interaction terms for season and the 
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measures of free-range capability were also included to examine if there were any differences in 

baseline fGCM levels between indoor and free-ranging lemurs during different seasons.   

Model 2 assessed the effects of different reproductive statuses on baseline fGCMs 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 lmerTest package, version 3.1-3 (Kuznetsova, Brockhoff, & 

Christensen, 2017). The lmerTest package is an extension of the lme4 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 lme4 package, 

version 1.1-27.1 (Bates, Mächler, 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 



!
!

87 

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 lmerTest 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. fGCMs levels ranged 

from 0.58-56.9 ng/g (x! = 6.5 ng/g). According to our first linear mixed effect model, which 

included samples from all sifaka, there was no significant difference in fGCM 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 fGCMs based on season (p > 0.05; Table 2, Fig 2) or sex 

(p > 0.05; Table 2, Fig 3). The only significant predictor of fGCMs 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%). 
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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 Estimate 
(" ) SE Upper 

95% CI 
Lower 
95% CI Significance 

(Intercept) 1.00 0.34 0.32 1.66 * 
Sex (male) 0.10 0.35 -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 0.46 -0.76 1.05  

Free-Range -0.39 0.32 -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 0.44 -0.54 1.18  

            (fall): Free-Range 0.77 0.41 -0.06 1.57  

Sex: Free-Range -0.14 0.33 -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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Fig. 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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Fig. 4. Fecal glucocorticoid metabolite (fGCM) concentrations (ng/g) of individual male (left) and female (right) CoquerelÕs sifaka 

(Propithecus coquereli) by age (in years) at the Duke Lemur Center in Durham, NC, USA from May 2018 Ð February 2020. The 

linear trend line is in blue and the shaded region indicates 95% confidence interval. 
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Contraceptive use was a significant, positive predictor of female sifaka fGCM 

concentrations (p < 0.05; Table 3; Fig 5). fGCM levels were 48.3% lower in non-contracepted 

sifakas compared to sifakas on contraceptives (95% CI: 13.2-69.6%). We found no significant 

difference in fGCM levels between free-ranging and indoor sifaka fGCM levels based on 

contraceptive use (p > 0.05; Table 3, Fig 6). Lastly, we observed a significant interaction 

between housing condition and season that impacted female fGCM levels (Table 3; Fig B1). 

Among indoor female sifakas, fGCMs were significantly higher in fall than in winter (p < 0.05, 

Table B1).  
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Table 3: Parameter estimates (! ) from the most parsimonious linear mixed effects model 

examining predictors of fecal glucocorticoid metabolite (fGCM) levels (ng/g) of female 

CoquerelÕs sifaka (Propithecus coquereli) housed at the Duke Lemur Center (Durham, NC, 

USA). Fecal samples were collected from 18 female sifakas between May 2018 Ð February 2020. 

Fixed effects included contraception, 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. ÒIndividual IDÓ was included as a random effect in the model. 

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

Model Predictors 
Estimate 

(! ) SE 
Lower 
95% CI 

Upper 
95% CI Significance 

(Intercept) 1.90 0.51 0.89 2.91 *  
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  
Free-Range -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): Free-Range -8.80 0.80 -2.46 0.67  
            (summer): Free-Range 7.82 0.59 -0.36 1.95  
            (fall): Free-Range 1.35 0.58 0.21 2.49 *  
Contraception: Free-Range 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 glucocorticoid metabolite (fGCM) concentrations (ng/g) of female CoquerelÕs 

sifaka (Propithecus coquereli) at the Duke Lemur Center (Durham, NC, USA) on hormonal 

contraception and those not on hormonal contraception from May 2018 Ð February 2020. 

Black bars indicate the mean standard error of the mean fGCM concentrations. 
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Fig. 6. Fecal glucocorticoid metabolite (fGCM) concentrations (ng/g) of female CoquerelÕs 

sifaka (Propithecus coquereli) at the Duke Lemur Center (Durham, NC, USA) on hormonal 

contraception and those not on hormonal contraception, based on housing condition from 

May 2018 Ð February 2020. Black 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 conditions (free-ranging 

and indoor), season, sex, age, and contraceptive use on excreted glucocorticoid metabolite 

(fGCM) levels in captive CoquerelÕs sifaka housed at the Duke Lemur Center. Our study yielded 

complex patterns of variation in fGCM output among sifaka influenced by interactions between 

housing condition, season, age, and contraception. Specifically, being kept indoors did not 

increase sifaka glucocorticoid levels. Second, while seasonal patterns between indoor and free-

ranging sifaka were observed in both male and female sifaka, fGCM levels of indoor female 

sifakas were only significantly higher in fall compared to winter. Third, age was a significant 

predictor of sifaka fGCMs, with increasing age being associated with higher fGCM levels. Last, 

females 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 free-ranging CoquerelÕs sifaka were not 

different from 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 fGCM levels. 

While free-ranging lemurs have more space to move about, they also experience a variety of 

environmental and social experiences that indoor lemurs do not experience. Free-ranging lemurs 

may experience precipitation events, temperature fluctuations, variable forage opportunities, and 

social interactions with other lemur species (including black and white ruffed lemurs (Varecia 
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variegata), red ruffed lemurs (Varecia rubra), mongoose lemurs (Eulemur mongoz), ring-tailed 

lemurs (Lemur catta), and blue-eyed black lemurs (Eulemur flavifrons)) and wildlife (e.g., white-

tailed deer, squirrels, snakes, and birds of prey) that share the same free-ranging habitat. On the 

other hand, indoor lemurs have predictable and reliable foraging opportunities, experience 

consistent temperature and humidity, and seldom encounter other species, potentially leading to 

decreased adrenocortical activity (Bassett and Buchanan-Smith, 2007). Additionally, while 

various studies found that animals housed in smaller enclosures displayed increased 

glucocorticoid levels (pygmy rabbit; Brachylagus idahoensis (Scarlata et al., 2013), P•re DavidÕs 

deer; Elaphurus davidianus (Li et al., 2007), and giant river otters; Pteronura brasiliensis 

(Metrione et al., 2018)), we did not observe this in captive CoquerelÕs sifaka. Our results suggest 

that indoor enclosures at the Duke Lemur Center may be large enough to reduce negative social 

interactions between conspecifics (and increased adrenocortical activity) that are observed in 

overcrowded zoological facilities (Pearson et al., 2015).  

 

Seasonal variability  

 

Many wildlife species experience seasonal fluctuations in glucocorticoid levels, with 

patterns often related to reproductive state and/or food availability (Beehner and McCann, 2008; 

Jeanniard du Dot et al., 2009; Mart’nez-Mota et al., 2017; Moore and Jessop, 2003). For 

example, male yellow baboons (Papio cynocephalus) in the Amboseli basin, Kenya exhibited 

higher fGCM levels during the dry season (period of low food availability), compared to the wet 

season (Gesquiere et al., 2011). Despite seasonal oscillations in fGCM levels reported in many 

species, our study detected no profound circannual fluctuation in overall CoquerelÕs sifaka 
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fGCM output. While we did not observe a significant relationship between housing condition 

and fGCMs among all sifakas, mean fGCM levels 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 fall. Furthermore, it is worth noting 

that the season of lowest 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 animals (i.e., less frequent public tour options).  

 

Age 

 

Similar to findings in humans and other non-human 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., 2020). This 

suggests that as captive sifaka age, they experience an increase in adrenocortical activity and 

potential blunting of their diurnal rhythm (Yiallouris et al., 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 sifaka (Dunham, 2008; Kubzdela et al., 1992). Consistently, the oldest sifaka 

sampled (male, 26) exhibited the highest fGCM levels of all sifaka. This is contrary to wild grey 

mouse lemurs (Microcebus murinus), for which age-related changes in GC secretion tend to be 

more pronounced in females compared to males (HŠmŠlŠinen et al., 2015). It is important to note 

that we did not account for factors including age-related status, social setting, body condition, or 

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

 

Sex and hormonal contraceptives 

While little information is available on the effect of progestin-based contraceptives on 

HPA function, a study of African lions (Panthera leo) found that nearly all females on 

contraceptives (progestins or GrRH agonist) showed a significant decrease in fGCM excretion 

(Putman et al., 2015). Contrary to these findings, we found that female sifaka injected with 

Depo-Provera!  (medroxyprogesterone acetate in suspension) had significantly higher fGCM 

levels. Various studies report that contraceptive use is associated with changes in behavior, body 

weight, and overall pathology of organisms (McShea et al., 1997; Nettles, 1997). Female sifakas 

may exhibit more aggression while using hormonal contraceptives due to continued copulation 

solicitations by their male partner. Additionally, Depo-Provera!  is an ovulation suppressant 

(Westhoff, 2003), meaning female sifakas may experience similar side effects to contraceptives 

as they do pregnancy. Studies of non-human primates and other mammals have found an 

increase in glucocorticoid levels in pregnant individuals compared to other age-sex classes 

(Burgess et al., 2017, 2013; Mart’nez-Mota et al., 2017).  

However, we were unable to 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 

received 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. However, progesterone is a 
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precursor to other endogenous steroid hormones including GCs (Louw-du Toit et al., 2017). 

Therefore, if the rate limiting step in GC synthesis is progesterone, progestin based hormonal 

contraceptives would increase GC levels (Hueston and Deak, 2014). We also suspect the 

dominance hierarchy between female sifakas may influence glucocorticoid levels. Typically, in a 

captive sifaka social group, the subordinate female is given birth control while the dominant 

female is allowed to breed. As a result, the differences in glucocorticoid levels could be due to 

dominance status rather than contraceptive use. Overall, 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 a non-human primate. 

 

fGCM measurements in previous studies  

 

Studies quantifying fGCMs in wild sifaka species (VerreauxÕs sifaka (P. verreauxi; 

Brockman et al., 2009) and diademed sifaka (P. diadema; Tecot et al., 2019)) reported fGCM 

levels ranging from 5.1-144.1 ng/g (x" = 62.1 ng/g) and 5-40 ng/g, respectively. Only one study to 

date has quantified wild CoquerelÕs sifaka fGCM levels, specifically in relation to lactation, and 

reported average fGCM levels 200 ng/g (Ross, 2020). This is substantially higher than the levels 

we observed in captive CoquerelÕs sifaka. Several captive CoquerelÕs sifaka from the Duke 

Lemur Center population have recently been diagnosed and/or died from AddisonÕs disease, a 

condition resulting in adrenal deficiency. We suspect that this could potentially be responsible 

for the low fGCM levels observed in some captive sifakas at the Duke Lemur Center (Kline et 

al., 2022). However, without further investigation, it is impossible 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 availability (Vidal et al., 2019) or as a result of AddisonÕs 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 husbandry, much 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 periods of disease (e.g., Cryptosporidium, Listeria, renal disease, skin infections). 

Additionally, we did not account for social dynamics within sifaka groups (conspecific 

aggression, changes to group composition, within-group competitive processes, 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 Ôfree-rangingÕ and 

ÔindoorÕ to reflect the housing conditions of each sifaka. While this allowed 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 important to note that the majority of samples that represented 

a month of fGCM levels in our analyses were collected during three-day sampling periods. As a 

result, our sampling efforts produced a snapshot of fGCM levels during the months of our study.  

In the future, we hope to collect additional forms of data to assess the metabolism and 

overall fitness of captive CoquerelÕs sifaka. We also hope to further investigate the influence of 

hormonal contraception on sifaka fGCM concentrations to tease apart the relationships 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 CoquerelÕs sifaka (Saint Louis Zoo, 

Cincinnati Zoo, Philadelphia Zoo, Houston Zoo, Jacksonville Zoo, 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 other factors. Future research is also needed to examine the factors 

affecting the direction and magnitude of the GC response in captive and wild CoquerelÕs sifakas 

as well as additional metrics of physiological health (Kophamel et al., 2022).  

 

Implications for conservation 

 

The goal of captive management is to maintain viable captive populations long-term, as 

well as to maintain a reserve for wild populations (Fraser, 2008; Pritchard et al., 2012). 

Achieving this goal depends on providing adequate captive husbandry conditions including 

proper enclosure design, social group organization, and carefully managed reproduction. All of 

these factors have important impacts on individual physiological health and ultimately their 

ability to reproduce (Fischer and Romero, 2019; Greggor et al., 2018). Broadly, our results 

suggest that both enclosure types at the Duke Lemur Center are adequate to meeting the 

biological and behavioral needs of the species. The low glucocorticoid levels of captive sifaka 

also suggest that captivity may not be causing problematic levels of physiological stress. 

Additionally, using contraceptives with a shorter duration of effectiveness and minimal impacts 

on fGCM levels 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 best opportunity to 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 for re-introductions into the wild Ð the ultimate purpose, but 

often last resort, for the modern zoological ark.  
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APPENDIX B 

!

!

Figure B1: Three-way interaction plot of mean fecal glucocorticoid metabolite (fGCM) levels 

between free-ranging and indoor female CoquerelÕs sifaka (Propithecus 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 glucocorticoid 

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 type I error. Bolded text 

indicates statistical significance (P < 0.05) 

Contrast Estimate SE df t ratio 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/Ind - 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 
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CHAPTER 4: Open-source proximity loggers to collect fine-scale behavioral data in groups 

of critically endangered lemurs 

 

Formatted for submission to journal Methods in Ecology and Evolution 

 

ABSTRACT 

 

Traditional approaches to studying wildlife movement and social behavior have taken a 

Òboots and binocularsÓ approach, requiring direct observation of study subjects. In recent years, 

data collection methods have shifted towards the use of automated and technologically based 

methods in the form of tracking collars. Here we developed a novel, automated tracking device 

to study fine-scale, group-level behavior in free-living animals. Our devices utilize open-source 

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 periods of time.  We calibrated our devices and 

determined there was a linear relationship between distance and radio signal strength indicator 

(RSSI; R2 = 0.8812), with decreased RSSI (in dBm) readings as the distance between devices 

increased. These devices are designed to collect data on proximity-based 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 Òboots and 

binocularsÓ approach, requiring researchers to directly observe their study subjects. While this 

approach has produced remarkable results, it is time consuming and labor intensive. In recent 

years, data collection methods have shifted from manual means towards the use of automated 

and technologically based methods (Cooke et al., 2004; Wilson et al., 2008). In particular, data 

collected using wildlife tracking devices, particularly those equipped with Global Positioning 

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 free-living 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, flying, nocturnal, dangerous, elusive, or travel vast 

distances in potentially hazardous terrain (Justicia et al., 2018; Smith et al., 2018). Furthermore, 

the application of tracking technology reduces the effects of human observation on focal animals, 

leading to less disruption of their natural behavior (Hebblewhite and Haydon, 2010). 

GPS tracking devices are now widely 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, 

remaining challenges and disadvantages of GPS tracking devices are the cost, difficulty of 

collecting fine-scale behavioral data, location precision, and the tradeoff between miniaturization 

and battery consumption (Thomas et al., 2011). Typical GPS processors have location error of 3-

10 meters and their reliability is dependent upon factors including consistent satellite signal, 
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topography, and vegetation density (DÕEon, 2003; Hebblewhite et al., 2007; Moen et al., 1996). 

Commercial GPS tracking collars can cost several thousand USD per device, resulting in an 

increased financial burden and need for large sources of funding (Jung et al., 2018). This 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 may reduce the understanding of wildlife at a population scale (Hebblewhite 

and Haydon, 2010).  

In addition to GPS processors, other data logging sensors can provide information about 

animal behavior. Accelerometers, which measure forces of accelerations due to gravity and 

movement, are increasingly being utilized in wildlife research (Brown 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 consumption (Shepard et al., 2008). For 

example, accelerometers can permit an understanding of energetic costs associated with different 

movements (flying, running, swimming, etc.) and behaviors (feeding, chasing prey, sleeping, 

playing, grooming, dispersing etc.) (Brown et al., 2013). Additionally, other sensors including 

heart-rate monitors (ECG electrodes), neural activity 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 devices (Jukan et al., 2017; Wilson et al., 2015). 

These physiological based sensors are capable of collecting fine-scale data on individual animals 

and have novel applications 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-based animal behavior among group living species. 
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Many animal species engage in proximity-based behaviors which include collective 

behaviors (schooling fish, flocking birds, nest building ants, swarming insects), liv ing in social 

groups (primate troops, cetacean pods, lion prides, bat colonies, ungulate herds), or displays of 

complex group dynamics (e.g., fission-fusion, coalition formation) (Sumpter, 2010; Ward and 

Webster, 2016). Most wildlife tracking studies measuring these proximity-based behaviors have 

thus far been dependent on focal sampling where researchers observe several animals 

simultaneously (Weissbrod et al., 2013). This existing field-based method can be difficult due to 

the requirement of human observers. In addition, it can be challenging to follow species that 

form large groups or occupy groups that fluctuate in their degree of cohesion (Justicia et al., 

2018; Kays et al., 2011; Tonra et al., 2019). The stability of animal groups, viewed as a 

continuum ranging from animal groups which remain extremely stable over time to groups that 

have a fluid group composition (e.g., fission-fusion dynamics), can make observational studies 

difficult due to the ever-changing group structure (Aureli et al., 2008). Deeper knowledge of 

proximity-based animal behaviors is important not only to our basic scientific knowledge but for 

conservation of at risk species (Guttal and Couzin, 2010). An understanding of proximity-based 

animal behaviors can provide precise details about social bonds, disease transmission, mating, 

predator-prey dynamics, and group ranging patterns, all of which were previously done through 

visual means (Chen and Lanzas, 2016; MacGregor et al., 2020; Wey et al., 2008). While data 

collected via direct observation can be used to analyze proximity-based behaviors, utilizing 

tracking devices equipped with proximity sensors has become a novel way to understand wildlife 

group dynamics.  
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The use of proximity-based tracking devices can allow investigators the ability to 

quantify group level behaviors and cohesiveness at a sub-meter scale (Gelardi et al., 2020). 

Proximity sensors detect close-range animal encounters by exchanging ultra-high frequency 

radio signals and recording the individual identity of nearby loggers. The signal strength between 

two radios can be used to determine the approximate pairwise distance between two tagged 

individuals. These distances can then be used to understand unique details of collective behaviors 

and group dynamics. These sensors can be attached to free-living animals (mobile loggers) or be 

deployed at specific focal sites (fixed loggers; Ossi et al., 2017). Proximity loggers have been 

used in studies of wild racoons (Procyon lotor; Prange, Jordan, Hunter, & Gehrt, 2006), white-

tailed deer (Odocoileus virginianus; Walrath, Van Deelen, & Vercauteren, 2011), Eurasian 

badgers (Meles meles; Drewe et al., 2012), Tasmanian devils (Sarcophilus harrisii; Hamede, 

Bashford, McCallum, & Jones, 2009), Galapagos sea lions (Zalophus wollebaeki; Meise, KrŸger, 

Piedrahita, Mueller, & Trillmich, 2013), brown trout (Salmo trutta L.; Tentelier, Aymes, Spitz, & 

Rives, 2016), New Caledonian crows (Corvus moneduloides; Rutz et al., 2015), and barn 

swallows (Hirundo rustica erythrogaster; Levin, Zonana, Burt, & Safran, 2015). Additionally, 

proximity data-loggers have been successfully used with wire-tailed manakins (Pipra 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 the quality and quantity of data needed to test hypotheses which are 

biologically relevant to animal social behavior (Hughey et al., 2018). Additionally, a study 

conducted by Davis, Crofoot, & Farine, (2018) determined that maximizing the number of 

interactions recorded for each animal observation resulted in more robust estimations of social 

networks. Thus, the application of proximity-logging technology leads to more accurate 
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estimations of social networks compared to those generated 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 

behaviors during those encounters in often not possible. 

 

The goal of this work was to address a technological gap in the ability to automate the 

collection of animal proximity-based data in a cost-effective manner. We set out to design and 

construct a wildlife tracking device that would allow us to remotely document how group-living 

animals interact with each other and their environment. Our design goals were threefold: to 

construct a device that 1) was capable of collecting reliable, fine-scale, individual as well as 

group level proximity data, 2) utilized commercially available technology, and 3) was cost 

effective. Our application goals were to apply the proximity-based tracking devices to captive 

and wild lemurs to examine fine-scale social behaviors that can be measured through proximity 

data (Figure 1). By designing and constructing a device that used low cost yet durable open-

source hardware as well as publicly available software, future investigators will be able to alter 

our guidelines and find other applications of this technology. 
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Figure 1: Potential uses of tracking devices equipped with proximity sensors to study wildlife. 

By remotely tracking multiple individuals simultaneously we can collect data pertaining to (a) 

social bonds: close range interactions that facilitate social bonds such as grooming, sleeping, 

aggression, etc., (b) fission-fusion patterns: subgroup formation and individual identification, (c) 

disease transmission between group members, and (d) mating events: including individual 

identification, frequency, and timing. Distinguishing between these different proximity-based 

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 

 

Our tracking devices were constructed using open-source, readily available hardware 

(Table 1) and the Arduino programming platform (Fisher and Gould, 2012). The microcontroller 

used in our device was an Adafruit Feather 32u4 Datalogger, which is an ultra-low power 

microcontroller that enables precise data-processing and uses high-speed flash memory. Our 

zero-generation prototype used the Arduino Feather M0, however we found it did not have the 

computing power or power-saving modes needed for our project. The Adafruit Feather 32u4 

microcontrollers (weighing 5.1 g and measuring 5.1 cm x 2.3 cm x 0.8 cm) were strictly 3.3V 

tolerant, so all peripherals were configured to run on 3.3V. The main peripherals wired to the 

microcontroller were the GPS unit, radio (used here as a proximity sensor and for data sharing), 

and accelerometer (Table 1). Our devices were equipped with a MTK3339 GPS RF Feather 

(weighing 8.8 g and measuring 2.3 cm x 5.1 cm x 0.7 cm) which recorded the real-time absolute 

position of each lemur (latitude/longitude/elevation). The onboard GPS also functioned 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 device, but was programmed to 

sleep between periods of data collection to reduce power consumption.  

Proximity sensing was achieved with the RFM95 LoRa Radio (915mHz) peripheral 

(weighing 5.5 g and measuring 5.1 cm x 2.3 cm x 0.8 cm). The radios were low-power, close-

range sensors that used a Serial Peripheral Interface (SPI) to communicate with a 

microcontroller. Each tracking device was equipped with a RFM95 LoRa Radio that broadcasts 

its own unique ID and was programmed to ÒlistenÓ for other nearby radios (nodes) at 

preprogrammed time intervals and was able to detect the presence of nearby radios. If the radio 
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received a wireless connection with another radio, it recorded the node ID, date, starting time, 

and signal strength of the pairwise interaction. Using the signal strengths, the relative distance 

between two nodes (individual animals) can be determined through calibration testing. These 

signal strengths and subsequent distances provided information about the proximity of two 

animals to one another and aided in the quantification of social structure and group-level 

interactions and each animalsÕ relative position compared to their group members. 

The devices were also equipped with an Adafruit ADXL343 Ð Triple-Axis Accelerometer 

(weighing 4.0 g and measuring 5.1 cm x 2.3 cm x 0.3 cm), which was used to monitor activity 

patterns. The devices were powered by a high density, rechargeable lithium ion battery pack 

(4400mAh, 3.7V; weighing 95 g and measuring 0.7 cm x 3.7 cm x 1.8 cm). The battery was the 

heaviest component of the tracking device and is typically the limiting factor that determines the 

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 based on ease of battery removal (Figure 2 and 3), 

however, the battery could be placed in various locations. 
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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 Arduino rates (April 2022). 

Hardware Functionality Link  Cost 
(USD) 

Mass (g) 

Adafruit Feather 32u4 
Adalogger 

Main microcontroller https://www.adafruit.com/product/2795 $21.95 5.1 g 

Lithium Ion Battery Pack Ð 
3.7V 4400mAh 

Battery https://www.adafruit.com/product/354 $19.95 95.0 g 

ADXL343 Ð Triple-Axis 
Accelerometer 

Measures acceleration data: intensity of 
movement 

https://www.adafruit.com/product/4147 $11.95 4.0 g 

MTK3339 GPS RF Feather Determines GPS coordinates  https://www.adafruit.com/product/3133 $24.95 8.8 g 

RFM95 LoRa Radio Main radio module for wireless 
communications 

https://www.adafruit.com/product/3078 $34.95 5.5 g 

Wiring and Solder Material used to connect electronics  $2.00 3.8 g 

 
Total  $115.75 122.2 g 

***Total mass does not include the external case and nylon strap 
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Figure 2: Layout of tracking device peripherals (from left to right). (a) aerial view; 

ADXL343 Ð Triple-Axis Accelerometer and MTK3339 GPS RF Feather. (b) side view (c) 

bottom view; RFM95 LoRa Radio and Adafruit Feather 32u4 Adalogger. It is not critical that the 

peripherals are placed in these exact locations, however, this was the chosen layout 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). The custom software allows the user to easily modify sensor timing 

parameters for the GPS, accelerometer, and radio to emphasize short time-scale data or long 

battery life. Energy saving measures were also employed to maximize tracking device power 

efficiency. Our devices were programmed to collect a GPS location every fifteen minutes, listen 

for nearby nodes every five minutes, and record accelerometer data every minute (Figure 4). 

However, all of these sensors could be modified to collect data nearly continuously or at more 

extended time intervals. Between data collection periods, the devices were programmed to sleep 

in an effort to prolong battery life. For our application on diurnal lemurs, we programmed the 

radio, microcontroller, and GPS to sleep during periods of darkness and between each data 

collection interval.  

In addition to the tracking devices, our system was composed of an Arduino base station 

and computer interface (Figure 3). Retrieving data can be a challenge with many tracking 

devices and to combat that issue we also designed and constructed a base station that allows for 

remote data retrieval (Tomkiewicz et al., 2010). All collected data were stored on an SD card but 

could also be remotely retrieved at any time. Each device was programmed to listen briefly at the 

start of each daylight hour for instructions from the base station. If the base station requested 

data, the data stored in the SD card could be remotely transmitted and downloaded (Figure 4). To 

minimize battery consumption, data was transmitted and stored in pure bytes (which could later 

be converted into a .csv file). This remote download feature presented the user with the ability to 

retrieve data without recapturing an animal and reduced data loss due to device malfunctions or 

damage.  



 
!

130 

To protect the devices from damage, they were wrapped in high quality rubber gasket 

material. A 3D printed housing was then produced using 1.75mm filament. The 3D housing was 

coated in XTC-3D two-part clear epoxy 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 terrestrial species. The completed tracking devices were lightweight (130 grams), 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 board or reducing the size of the 

battery.  
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Figure 3: Block diagram of 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 involved in radio communication between three collars (colored in 

green, blue, and red) and 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., 2020) so we calibrated the proximity logging functionality of the collars by 

recording the radio signal strength (RSSI: received signal strength indicator) at set distance 

intervals between zero and 300 cm by 5-10 cm steps. For each distance, our tracking devices 

were left for five minutes and RSSI was recorded ten times. We found a linear relationship 

between distance and RSSI (R2 = 0.8812), with decreased RSSI (dBm) readings as the distance 

between devices was increased (Figure 5). These results confirm that radio-based proximity data 

can provide spatial resolutions of less than one meter. While our lab testing produced clear 

results, trials in 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 strength (Levin et 

al., 2015). Additionally, environmental obstructions including vegetation, rocks, soil, water, or 

nearby individuals could alter signal-attenuation properties (Walrath 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 calibrate our loggers in forests of various 

densities (e.g., scrub, gallery, and primary forest) to ensure our measurements adequality reflect 

the probabilistic relationship between contact detection and inter-logger distance (Ossi et al., 

2021).  
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Figure 5: Received signal strength indicator (RSSI) values recorded 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 addition to calibrating radio signal strength in different forest densities, we plan to 

calibrate our devices to distinguish between various behaviors. Fission-fusion behavior and basic 

social group geometry can be derived directly from proximity readings, however, distinguishing 

between cooperative and agonistic behaviors is much more challenging using collars alone. For 

instance, close proximity between individuals could indicate social foraging, grooming, resting, 

or mating, but also aggression. By altering the frequency of accelerometer data collection (i.e., 

from instantaneous points in time to continuous time series) in concert with machine learning, 

we can identify accelerometer signatures of various behaviors. We plan to directly observe 

lemurs to create a large training data set to establish accelerometer profiles for various behaviors. 

This will allow us to infer these behaviors from accelerometer data when the animals are not 

being directly observed.  

The performance of our tracking devices was evaluated by 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 ran for 62 hours.  

 

Deployment of tracking devices on free-living animals 

 

To ensure our devices are safe and effective for use on wild lemurs, we will test them on 

captive CoquerelÕs sifaka (Propithecus coquereli) at the Duke Lemur Center (DLC, Durham, 

NC, USA). Research suggests that mammalian wildlife tracking collars should weigh no more 

than five percent of the animalÕs body weight (Murray and Fuller, 2000). Our collars are within 

that suggested standard at ~4% of an adult sifakas body weight. The captive sifaka at the DLC 
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live in familial groups of two to four individuals. All adult individuals from 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 April-November), 

sifaka at the DLC free-range in multi-hectare natural habitat enclosures. Remotely tracking their 

movements will also simulate how our devices will function in a wild setting on Madagascar and 

provide proof of concept. We will confirm that the radio sensors are collecting accurate 

proximity data by simultaneously 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 encounters are detected 

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 collars are 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 wild golden-crowned sifaka 

(Propithecus tattersalli) in the Loky-Manambato Protected Area of northern Madagascar. 

Groups of this critically endangered lemur species are semi-cohesive and range in size from 3-12 

individuals. Groups of golden-crowned sifaka frequently split into feeding subgroups during the 

day and rejoin as a cohesive unit prior to sunset. Additionally, golden-crowned sifaka are the 

only sifaka species that inhabit a range of forest types including dry deciduous, moderate 

evergreen, humid, and littoral forests. They are also urgently threatened by forest loss, 

fragmentation, regional mining operations, bushmeat hunting, and road expansion (Meyers, 

1993; QuŽmŽrŽ et al., 2010). These characteristics make golden-crowned sifaka a unique species 
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to examine the influence of forest type and anthropogenic threats on their fission-fusion 

dynamics and seasonal ranging behaviors.   

 

 Future considerations and limitations 

 

While we are applying our proximity devices to study fine-scale aspects of sifaka group 

dynamics, the basic architecture and technology could be used to examine mating patterns, 

disease transmission, social bond formation, and other proximity-based behaviors in an array of 

animal groups. 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 to test how movements, 

vocalizations, temperature, and social interactions influence one another. A limitation of our 

proximity devices is at this point they cannot reliably differentiate between different cooperative 

interactions (grooming, social foraging, mating etc.) 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 devices 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 servo-driven locking mechanism (Buil et al., 2019).  
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Conclusions  

 

Studies of animal 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 fine-scale data with high spatial resolution such as social 

interactions. Here we describe a simple proof of concept of a custom-built, low-cost, fully-

customizable proximity device, capable of collecting data salient to close range group-level 

behavior. The inexpensiveness, modular design, and open source software of our device means 

there is an opportunity for a far greater level of wildlife monitoring. For instance, a 10,000 USD 

research budget would typically allow an investigator to purchase five commercially available 

collars, however, eighty of our devices can be constructed for that cost. This offers great power 

to determine fission-fusion dynamics, or other behaviors that require data from many individuals, 

in sifaka and other species due to the large sample size that can be obtained. There is still much 

scope to improve the basic hardware of our devices and optimize the software; however, the use 

of this basic system will allow us to gain insight into the social and ranging behaviors of 

critically endangered lemurs and allow other investigators to expand their work to new animals 

as well as increase the numbers of individuals followed. 
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CHAPTER 5 

Summary and Conclusions 

 

 In this dissertation, I conducted integrative studies of the golden-crowned sifaka, a 

critically threatened lemur from Madagascar to better understand its biology and ultimately 

contribute to its conservation. I asked questions related to wild sifaka movement patterns and 

resource needs, the use of novel proximity loggers to remotely study wildlife behavior, and 

captive sifaka husbandry conditions. In Chapter 1, I introduced the importance of developing a 

thorough understanding of sifaka natural history and resource needs to successfully develop in 

situ and ex situ management plans. In Chapter 2, I examined seasonal movement patterns and 

foraging tree selection of golden-crowned sifaka groups in the Loky-Manambato Protected Area 

of northeastern Madagascar. 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. These results demonstrate both that 

seasonality should be considered in developing management plans and that infrastructure should 

be strategically placed to limit the negative effects on sifaka as much as possible. In Chapter 3, I 

assessed whether husbandry conditions (i.e., indoor or free-range access enclosures), season, age, 

and sex explained variation in fecal glucocorticoid metabolite levels of captive CoquerelÕs 

sifakas. I 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 

impacts of captive husbandry conditions to ensure that the best animal welfare practices can be 

maintained. In Chapter 4, I designed an automated tracking collar system to explore sub-meter, 

group-level behaviors in terrestrial wildlife. I provided proof of concept 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 fine-scale movements and behaviors. These 

modular devices can be used on an array of wildlife species to explore proximity-based 

behaviors, group structure, and group dynamics that require high resolution spatial data. Lastly, 

in this chapter, I discuss future directions that build upon the framework established by my 

dissertation research and focus on synthesizing our understanding of factors influencing sifaka 

conservation below.  

 

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

anthropogenic factors is lacking 

In various wildlife species, individuals leave their existing home to find another due to 

ultimate (i.e., competition for resource and mates, inbreeding avoidance) and proximate (i.e., 

conspecific aggression, lack of close natal social bonds) reasons (Stenseth & Lidicker, 1992; 

Ferreras et al., 2004). Prior to permanently leaving their home, animals often take excursions, 

known as prospecting, to assess new locations (Trainor, Walters, Morris, Sexton, & Moody, 

2013). These acts of prospecting and dispersing from oneÕs home range are of great interest to 

investigators because they affects organisms at the individual, population, and species level, 

specifically in regard to population genetics (Bowler & Benton, 2005). From management and 

conservation perspectives, understanding dispersal behavior is important in predicting how 

individuals and populations will respond to anthropogenic habitat changes (Long, Diefenbach, 

Wallingford, & Rosenberry, 2010; Berger-Tal & Saltz, 2019). 
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Studies of golden-crowned sifakas have informed us of the genetic diversity and structure 

of their population (QuŽmŽrŽ, Crouau-Roy, Rabarivola, Louis, & Chikhi, 2010; Parreira, 

QuŽmŽrŽ, VanpŽ, Carvalho, & Chikhi, 2020) and the myriad of threats that they face (Vargas, 

JimŽnez, Palomares, & Palacios, 2002), however, very little is known about their dispersal 

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 dispersers are unknown (Delgado, Barto#, Bonte, & Travis, 2014; 

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

observing golden-crowned sifakas crossing open spans of farm field during the rainy season, but 

specific details of their travel between forest fragments is unknown. 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 using proximity loggers (Chapter 4), future studies can remotely monitor dispersal 

events in golden-crowned sifakas across their range to understand the temporal, spatial, and 

social factors influencing natal dispersal (Cox & Kesler, 2012). Our automated devices will 

allow for data collection related to group spatial geometry and ranging without adding 

complications from human disturbance factors. We will be able to identify timing and frequency 

of prospecting excursions, preferred locations used by sifakas while dispersing within and 

between forest fragments, and detailed information on emigration, displacement, and 

immigration in a more effective manner and at a larger sample size. Beyond dispersal behavior, 

we can also examine social group fission-fusion dynamics and social bond formations between 

newly formed groups. These data, combined with sifaka foraging data (Chapter 2), will help 
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identify barriers to sifaka dispersal and inform how and where reforestation efforts should be 

implemented to improve landscape connectivity and to support wild sifaka populations (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 sifakasÕ range also poses a 

direct threat to golden-crowned sifaka. My initial studies (Chapter 2) used traditional 

observational methods to understand the influence of roads and villages on golden-crowned 

sifaka movement and foraging. While useful, the data were group based and did not identify 

individual level patterns. By using proximity loggers, 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 construction. Additionally, identification of dispersal barriers may assist delineation of 

different management actions (i.e., animal overpasses or speed bumps). Moreover, difficult  road 

conditions of the unpaved dirt road, especially during the wet season, make vehicular travel in 

the Loky-Manambato region incredibly slow (typically <15 km/hr). However, the paved road is 

allowing increased vehicle speeds, which could result in direct mortality to sifakas through 

collisions (Jaeger et al., 2005). The use of tracking technology would allow us to assess the long-

term impacts of this road improvement on golden-crowned 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 golden-crowned sifakas.  



 
!

150 

By combining behavioral and physiological data we can improve both captive and wild 

conservation strategies  

Captive and free-living animals face a variety of natural and human induced stressors that 

can negatively impact their health and reproduction (Tarlow & Blumstein, 2007; Fischer & 

Romero, 2019). Conservation physiology is a burgeoning, integrative discipline that seeks to 

understand how organisms and populations functionally and mechanistically respond to stressors 

(Cooke et al., 2013). For vertebrates, glucocorticoids (GCs) are of particular interest because 

they play a role in virtually all bodily functions including the regulation of homeostasis, immune 

function, reproduction, behavior, and energy mobilization (Fefferman & Romero, 2013). 

Glucocorticoids can be measured in a range of samples types (i.e., plasma, 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 (Mšstl & Palme, 2002; Morm•de et al., 2007). Of particular interest in the current study is 

the role of GCs in the organismal stress response (Angelier & Wingfield, 2012). The use of non-

invasively collected fecal samples can be particularly useful in studies of the wildlife stress 

response because samples can be collected without adding additional stress by immobilization 

and capture (Sheriff, Dantzer, Delehanty, Palme, & Boonstra, 2011; Thompson, Crouse, 

McDonough, Barboza, & Jaques, 2020). 

 To understand how knowledge of glucocorticoids can inform captive husbandry 

conditions, I tested the hypothesis that captive care conditions (i.e., enclosure type and use of 

contraceptives) and life history traits (i.e., age and sex) influence fecal glucocorticoid metabolite 

(fGCM) levels in captive CoquerelÕs sifakas. The CoquerelÕs sifaka is the only sifaka species in 

captivity in the United States and maintaining a healthy population is vital to ensure continued 



 
!

151 

breeding success. I found that sifaka age was a significant predictor of fGCM levels, with older 

sifakas excreting increased glucocorticoids. Additionally, female sifakas on hormonal 

contraceptives had significantly higher fGCM levels compared to female sifakas not on 

contraceptives (Chapter 3). By continuing to comprehensively test hypotheses concerning 

captive care conditions and measures of stress physiology, we can assure a healthy colony of 

captive sifakas for years to come (Bonier, Martin, Moore, & Wingfield, 2009).  

Furthermore, studies of fGCM levels can be extended to studies of free-living animals. 

Quantification of fGCM levels in wild sifaka would allow us to identify the environmental and 

social conditions in which glucocorticoid excretion increases and allow us to compare 

fluctuations in hormonal excretion profiles among individuals (Jimeno, Hau, & Verhulst, 2018). 

Specifically, we could examine the influence of habitat disturbances (i.e., proximity to roads, 

villages, forest edge, mining site) and variation in habitat quality on golden-crowned sifaka 

glucocorticoid levels. Since glucocorticoid levels can be reflective of an individualÕs health and 

fitness (Bonier et al., 2009), this information could provide information regarding the degree of 

habitat disturbance sifakas can handle before declines in their physiological health occur 

(Millspaugh & Washburn, 2004; McCormick & Romero, 2017).!This would allow us to identify 

how ecological and anthropogenic factors interact to cause or alleviate physiological stress in 

specific sifaka groups. Thus, endocrinology techniques could be used to provide an early 

warning sign of declines in sifaka physiological health (Fefferman & Romero, 2013). We could 

also predict responses to 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 identifying the 

cause(s) of the decline in the golden-crowned sifaka population.  
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Local education and entrepreneurial programs can be an effective instrument 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 successful (James, Gaston, & Balmford, 1999; McDonald-

Madden, Baxter, & Possingham, 2008; Waldron et al., 2013). In addition to traditional 

conservation initiatives including demographic studies, threat identification, and protected area 

design, education and local capacity building play an important role in wildlife conservation 

(Brewer, 2002; Singh & Rahman, 2012). Studies indicate that childhood experiences in nature 

are fundamental determinants for the cultivation of ecological stewardship and a positive 

environmental attitude (Reibelt, Richter, Rendigs, & Mantilla-Contreras, 2017). As a result, my 

team and I worked diligently with local stakeholders (i.e., 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 Center Ð constructed Fall 2020. This building serves as the site 

for outreach and entrepreneurial activities in the Loky-Manambato region.  
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Every step of our outreach program has been driven by local involvement in a way that 

encourages diverse citizen voices to contribute 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 empower local 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 outreach curriculum 

through story-telling, games, guided walks, exhibits, videos, and art projects (Jacobson, McDuff, 

& Monroe, 2015). Students are also learning skills that will help them more effectively protect 

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 Daraina which include chicken rearing, beekeeping, 

and sap harvesting of Canarium velutinifolium trees. These projects have been spearheaded by 

individuals in the community (predominantly local guides) with the goals of providing a 

sustainable protein source other than bushmeat, bolstering the local economy, and providing 

alterative job opportunities other than mining or charcoal production. A portion of the funds 

generated from these projects is also going back into the Fanilo Outreach Center to ensure the 

center can become self-sufficient in regard to acquiring funding required to run on a long-term 

basis.  

While evidence supports the need for conservation education and alternative livelihoods, 

conservation practitioners must evaluate and analyze the effectiveness of conservation practices 

(Salafsky, Margoluis, Redford, & Robinson, 2002). Using a standardized framework, we are 

gathering 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 has occurred (Kapos 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 responsible 

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, ecological, 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 identify and address the threats facing captive and free-living 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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