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Primatologists have long been captivated by the study of the inter-relationships
between nonhuman primate (NHP) biology, behavior, and ecology. To understand these
interplays, primatologists have developed a broad toolkit of methodologies including behavioral
observations, controlled studies of diet and physiology, nutritional analyses of NHP food
resources, phylogenetic reconstructions, and genetics. Relatively recently, primatologists have
begun employing stable isotope analyses to further our understanding of NHPs in free-ranging
settings. Stable carbon (δ13C) and nitrogen (δ15N) isotope values are recorded in the tissues and
excreta of animals and reflect their dietary patterns. This study incorporates the δ13C and δ15N
fecal values of the ring-tailed lemurs (Lemur catta) and Verreaux’s sifaka (Propithecus
verreauxi) that inhabited the Beza Mahafaly Special Reserve in southwest Madagascar. The
statistical program R was used to measure the impacts of anthropogenic disturbance and season
(wet vs. dry) on the δ13C and δ15N fecal values of these primates. Furthermore, this project
attempted to measure the accuracy of using feeding observations in comparison to stable isotope
analysis to infer diet. In order to do so, this project integrated the feeding observations of L. catta
and P. verreauxi with the δ13C and δ15N values of the plants they ate and compared these vales to
their δ13C and δ15N fecal values. Based on feeding observations and δ13C and δ15N plant values,

an equation was developed to predict the fecal δ13C and δ15N values of the ring-tailed lemurs and
Verreaux’s sifaka. However, the predicted fecal values did not always align accurately with
those that were observed. Nonetheless, the δ13C and δ15N values reflected diverging dietary
trends and differences in habitat use patterns among the social groups of the ring-tailed lemurs
and Verreaux’s sifaka at the reserve. Thus overall, the results of this study demonstrated that
both primates partition their resources differently, allowing them to live in sympatric
associations. Ultimately, these data are useful for modeling Malagasy lemur behavior, especially
those species or populations which are severely impacted by human behavior.
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Chapter One - Introduction
The purpose of this study was to understand the dietary patterns of sympatric ring-tailed
lemurs (Lemur catta) and Verreaux’s sifaka (Propithecus verreauxi) inhabiting either protected
or anthropogenically-disturbed forests at the Beza Mahafaly Special Reserve (BMSR) by
comparing their fecal carbon and nitrogen stable isotope values and behavioral feeding
observations. To date, only one study has examined the δ13C and δ15N values of Verreaux’s
sifaka from samples collected in the wild (Crowley et al., 2010). Crowley et al. (2010)
investigated apparent enrichment (Ɛ*) between several tissue types across the primate order for
the purpose of carbon and nitrogen stable isotope analyses. As well, they used collagen samples
to estimate keratin (%) and keratin stable isotope values (‰) for Verreaux’s sifaka alongside
several primate species inhabiting both wild and captive settings. Mean δ13C and δ15N collagen
values for Verreaux’s sifaka (N = 7) were 21.2‰ (± 0.7 SD) and 7.3‰ (± 0.7 SD), respectively
(Crowley et al., 2010).
Likewise, only one previous study has reported δ13C and δ15N values for free-ranging
ring-tailed lemurs (Loudon et al., 2007). Loudon et al. (2007) used hair samples to determine the
δ13C and δ15N isotope values for three sympatric ring-tailed lemur groups (N = 30) also
inhabiting BMSR. They examined how group membership, sex, health status and migration
affected the δ13C and δ15N isotope values of their study population (Loudon et al., 2007). Though
sympatric, they observed a uniquely different set of δ13C or δ15N isotope values for each group
that was attributed feeding behavior, habitat use, and physical health (Loudon et al., 2007).
An important aspect of their study was the use of δ13C and δ15N isotope values coupled
with behavioral observations (Loudon et al., 2007). Loudon et al. (2007) suggested that ringtailed lemurs exploiting disturbed forest areas versus those exploiting protected forest areas

should have distinct isotopic values from each other. Using this approach Loudon et al. (2007)
showed that anthropogenic disturbance affected the δ13C and δ15N isotope values of their study
subjects. Towards this end, Loudon et al. (2014) used δ13C and δ15N to estimate the degree to
which some South African vervet monkey (Chlorocebus pygerythrus) groups were reliant on
crops and processed human foods.
This study builds upon these studies and attempting to predict the δ13C and δ15N fecal
values for the BMSR ring-tailed lemurs and Verreaux’s sifaka by coupling feeding observations
with observed δ13C and δ15N fecal values. The predictions were only possible given that the δ13C
and δ15N values for the BMSR plants were known. However, the current study differs from
previous isotope studies of nonhuman primates (NHPs) in three primary ways. To begin with,
this study used plant δ13C and δ15N values to predict the fecal carbon and nitrogen isotope values
for the BMSR primates. This differs from most primate isotope studies that primarily use plant
stable isotope values as baseline data for interpreting NHP δ13C and δ15N values. Secondly, this
study examined monthly and seasonal variations in feeding behavior and δ13C and δ15N fecal
values of the BMSR primates. Lastly, this study investigates how the BMSR lemurs and sifaka
partition their resources allowing for several groups to occupy the same habitat.
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Chapter Two - Background
Since the start of the discipline, primatologists have been fascinated by the intersection of
nonhuman primate (NHP) biology and behavior (Robbins and Hohmann, 2006). This approach,
commonly referred to as “primate behavioral ecology” can be defined as the study of how
ecological processes shape primate social dynamics and the evolution of NHP social systems
(Janson, 2000). To understand the relationship between dietary patterns and community
dynamics, field primatologists record feeding observations of NHPs in the wild. Observational
data allowed for them to categorize NHP species into broad dietary groups based on observed
focal foods and feeding behaviors in their natural habitat. Generally, these foods are divided into
three categories: fruits, leaves, and invertebrates. As well, NHPs rarely hunt and eat vertebrates,
but these dietary items do not largely contribute to their diets (Schreier, 2019). NHPs that
specialize in feeding on fruits are referred to as frugivores. Species that feed primarily on leaves
are considered folivores and those that primarily consumed invertebrates are labeled insectivores
(Fleagle, 1988). These classifications have given researchers the opportunity to study
relationships between biological, ecological, and behavioral variables among a diverse set of
species within the NHP taxon (Fleagle, 1988). This work was largely pioneered by Milton and
May (1976), who examined the relationships between diet, body weight, day foraging patterns
and home range size by comparing the behavioral ecology of 36 NHP species and found that
frugivorous primates typically occupy larger home ranges than folivorous primates.
Comparative socioecology studies of NHPs beginning in the 1960s were also useful in
recognizing the types of feeding competition among NHP species and how they affect social
relations and social structures (Wrangham, 1980; Harcourt, 1989; van Schaik, 1989: Janson and
Goldsmith, 1985; Sterck et al., 1997; Janson, 2000). Wrangham (1980) argued that feeding

competition and the distribution of food resources were among the most important selective
pressures impacting primate social systems, philopatry, competition, and dominance hierarchies.
Other researchers built upon this dietary model by noting the role that predation (van Schaik,
1989) and female relationships (Isbell and Young, 2002) play key roles in characterizing NHP
societies.
Recent developments in primate socioecology
Recent models of primate behavioral ecology and socioecology include considering the
role of the NHP consumption of preferred foods and fallback foods (FBFs) (Marshall and
Wrangham, 2007; Marshall et al., 2009; Clink et al., 2017), inclusion of data pertaining to group
sizes in reference to the social brain hypothesis (Shultz and Dunbar, 2007; Sandel et al., 2016),
and a greater resolve to understand the effects of anthropogenic changes on extant NHP
populations (Hill, 2017, 2018; Scheun, Greef and Nowack, 2019). Previously, some
primatologists hypothesized that FBFs have acted as a selective pressure on primate morphology,
ecology, and behavior (Yeager and Kool, 2000; Steenbeek and van Schaik, 2001; Lambert et al.,
2004). Marshall and Wrangham (2007) define FBFs as a food source that NHPs exploit when
preferred resources are not available to them. Furthermore, they suggest that there are two
distinct types of FBFs: i) filler FBFs and ii) staple FBFs. Filler FBFs are consumed on an
irregular basis and never account for the entirety of diet. In contrast staple FBFs may account for
up to 100% of diet on a seasonal basis and are available throughout the year (Marshall and
Wrangham, 2007). According to the authors, NHP taxa that rely on filler FBFs are subject to
greater variation in food abundance and resource availability. Whereas those species that
primarily consume staple FBFs have access to a more stable food supply (Marshall and
Wrangham, 2007). Additionally, long-term research with Bornean white-bearded gibbons
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(Hylobates albibarbis) and red leaf monkeys (Presbytis rubicunda) in Indonesia suggests that
FBFs limit carrying capacity in some NHP species (Marshall and Wrangham, 2007; Marshall et
al., 2009; Clink et al., 2016).
Since the 2000s, the number of published studies concerning NHPs in anthropogenicallydisturbed habitats has greatly increased (McLennan et al., 2017). McLennan et al. (2017) note
that anthropogenic habitats are ecosystems that have been altered or monopolized by humans.
Human modifications that have impacted primate habitats include de-forestation, agriculture, and
urbanization (Estrada et al., 2012; McKinney, 2015). For example, several studies since the late
20th century have noted that elephants and NHPs are considered crop pests among many ethnic
groups throughout Africa and Asia (Else, 1991; O’Connell-Rodwell et al., 2000; Strum, 1994).
According to Hill (2018), recent studies demonstrate that NHP species of all age and sex classes
engage in crop foraging to some extent, despite their risk of being injured or killed by humans
(Choudhry, 2004; Katsvanga et al., 2006; McLennan et al., 2012; Priston, 2005; Scheun, Greeff
and Nowack, 2019). Based on four years of ad libitum observations of the African lesser bush
baby (Galago moholi) in South Africa, Scheun, Greeff and Nowack (2019) argue that individuals
showed behavioral flexibility in response to recent urbanization. Examples include spending time
in social groups of 10 individuals rather than moving through their environment in pairs or
solitary, and exhibiting a greater frequency of social behaviors such as allo-grooming and sitting
in contact and proximity to one another (Scheun, Greeff and Nowack, 2019).
Using conventional ecological sampling methods to determine the abundance and
distribution of dietary resources (i.e. edible leaves, flowers, and fruits) has proven difficult for
NHPs in free-ranging settings (Vogel and Dominy, 2011). Variables such as food abundance and
seasonality are particularly difficult to reliably measure given the dynamic ecological conditions
5

of each field site and non-uniform methods employed by primatologists to measure ecological
variables. Nonetheless, food abundance and seasonality directly impact NHP activity patterns
and habitat use throughout the year (Overdorff, 1996). For example, chimpanzees (Pan
troglodytes) inhabiting Tai National Park in the Ivory Coast spent more of their time feeding on
lower quality foods during the dry season when their preferred resources (i.e. fruit) were scarce
in comparison to the rainy season when fruits are most abundant (Doran, 1997). This example
highlights the direct relationship between NHP primate feeding behaviors and food availability.
There is a rich tradition of watching NHPs and linking their behavioral patterns to the
conditions of the ecosystems they inhabit (Janson, 2000). Moreover, these behavioral studies
have provided vital data for developing sound conservation initiatives, assisting in the
development of nutritional requirements for captive NHPs, and developing testable models to
understand the dietary patterns of extinct primates and early hominins (Jolly, 1970; Codron et al.,
2018; Ungar and Sponheimer, 2011). However, traditional feeding observations sometimes do
not capture the actual foods consumed by animals. This is most notable among ungulate feeding
observations which have not always accurately recorded the dietary contributions of grass for
“browsing ungulates” (i.e. tree or shrub consumers) or the contributions of browse for “grazing
ungulates” (i.e. grass consumers). The relative contributions of browse and graze have been
estimated for several species of African ungulates using stable isotope analysis (Cerling et al.,
1999; 2003; Codron et al., 2007) which contradict many of the dietary patterns which have been
historically reported by researchers using traditional feeding observations.
Stable isotope analyses
One means to quantify dietary behavior as it relates to local and global environmental
variables is the use of stable isotopes analyses. Margaret Schoeninger and her colleagues were
6

among the first anthropologists to use stable isotope analyses to understand NHP diet and habitat
use (Schoeninger et al., 1997, 1998, 1999). Before this work, ecologists were primarily using
stable isotope ratios to measure plant photosynthetic pathways, trophic positions in food webs,
and climatic patterns (Vogel, 1978; Schoeninger and DeNiro, 1984; Rundel et al., 1989; van der
Merwe and Medina, 1989, 1991). Schoeninger (1997) suggested that stable isotopes analysis is
secondary line of inquiry that can provide biological, behavioral, nutritional, and general
ecological information on an organism within their environment. In anthropology, initial stable
isotope studies were primarily conducted in archaeology and paleoanthropology (Ambrose and
Norr, 1993; Balasse et al., 1999). Most notably paleoanthropologists have used enamel stable
carbon isotope analysis of Paranthropus robustus and Australopithecus africanus to better
understand their diet (Lee-Thorp et al., 1994; Sponheimer and Lee-Thorp, 1999; Sponheimer et
al., 2006a), and their placement in paleo-ecological communities (Lee-Thorp et al., 2003).
Stable isotope analysis is possible because biogeochemical systems and the organisms
that live in them are composed of elements including carbon, nitrogen, hydrogen, oxygen, sulfur,
fluorine, calcium, phosphorous and strontium (Schoeninger, 1995). These elements occur in
multiple atomic forms, referred to as isotopes. Isotopes possess the same number of electrons and
protons but vary in their number of neutrons. Atoms with more neutrons are heavier and have
slower chemical and physical reactions (Fry, 2006). Stable isotope ratios are expressed as δ
values relative to an International standard in parts per thousand (‰) or parts per million (Fry,
2006). For nitrogen, the International standard is atmospheric nitrogen, which is sometimes
referred to as the ambient inhalable reservoir (AIR) (Fry, 2006). For carbon, the International
standard was PeeDee Belemnite, a Cretaceous marine fossil (Belemnitella americana) (Sandberg
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et al., 2012). However, recently this source was exhausted and replaced by Vienna PeeDee
Belemnite (V-PDB) (Sandberg et al., 2012).
Plants follow three photosynthetic pathways and are referred to as C3, C4 and CAM
(Crassulacean Acid Metabolism) plants. C3 plants include trees and shrubs and have δ13C values
averaging about -28‰ and ranging between -23‰ and -31.5‰ (O’Leary, 1981, 1988). C4 plants
are tropical grasses (and some sedges) and have δ13C values that range between -11‰ and -14‰
(O’Leary, 1988). The last group of plants are succulents which are adapted to arid environments
and use crassulacean acid metabolism and are referred to as CAM plants (Kluge and Ting, 1978).
CAM plants may absorb CO2 only at night or only during the day. For only nighttime CO2
absorption, CAM plants will have δ13C values averaging approximately -11‰. While for only
daytime CO2 absorption, their δ13C values will average approximately -28‰ (O’Leary, 1988).
Generally, their δ13C values range between -10‰ and -20‰ and often resemble the values of C4
plants (O’Leary, 1981, 1988; Winter, 1979). Distinctions between CAM and C4 plants are
possible by evaluating physiological characteristics such as succulence and malic acid content
during daytime hours (O’Leary, 1988). However, it is largely the different isotopic ratios
produced by C3 and C4 plants that have allowed scientists to use stable isotope analyses as a
proxy for the diet of animals (van der Merwe, 1982).
In the late 1970s, DeNiro and Epstein (1978) conducted a lab experiment which consisted
of feeding snails, flies, and mice diets of known isotopic composition. This work demonstrated
that the δ13C values reflect the foods consumed by an individual animal. Among mice fed Purina
Rat Chow, they observed that the carbon dioxide the mice exhaled was depleted by a factor of
1‰ in comparison to the δ13C value of the food itself. In contrast, the body tissue and excreta of
the mice were positively enriched by 1‰ relative to their food (DeNiro and Epstein 1978). This
8

demonstrated that different types of animal tissue and excreta vary in their δ13C values (van der
Merwe, 1982).
Building upon this work, DeNiro and Epstein (1981) conducted similar laboratory
experiments and demonstrated that one can estimate an animal’s trophic position in a food web
by using the δ15N values collected from individual tissues. In a similar vein to their stable carbon
isotope study (DeNiro and Epstein, 1978), the study subjects were also snails, flies, and mice
provided diets of known 15N-isotopic composition (DeNiro and Epstein, 1981). This study
demonstrated that animal tissues are 15N-enriched by ~3-5‰ with each step in a trophic food
web (DeNiro and Epstein, 1981; Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984).
In the natural world, δ15N values of soils and plants vary in response to nitrogen cycling,
availability of nitrogen, water availability and extent of nitrogen loss within an ecosystem
(Amundson et al., 2003). The δ15N values of soils are generally higher than atmospheric nitrogen
(0‰) given that 14N is preferentially released into the atmosphere through denitrification,
leaching, and ammonia volatilization (Sandberg et al., 2012). Regarding plants, δ15N values tend
to increase as rainfall decreases and temperatures increase indicating that the nitrogen cycle itself
is becoming more open (Amundson et al., 2003; Sandberg et al., 2012). High δ15N values have
also been documented in tropical rainforest ecosystems due to an overabundance of nitrogen
(Martinelli et al., 1999). Furthermore, anthropogenic changes to habitat through agriculture,
grazing by livestock and fertilizers may increase or decrease the δ15N values of soils and hence
plants (Aranibar et al., 2008; Bateman and Kelly, 2007).
It is important to note that diet to tissue nitrogen isotope ratios vary to different degrees in
response to protein quality (Robbins et al., 2005; Roth and Hobson, 2000; Bearhop et al., 2002;
Pearson et al., 2003; Sponheimer et al., 2003b; Vanderklift and Ponsard, 2003). Protein plays an
9

important role in nitrogen balancing, assimilation, and excretion (Barboza and Parker, 2006;
McCutchan et al., 2003; Robbins et al., 2005; Sponheimer et al., 2003b; Vanderklift and
Ponsard, 2003). When severely lacking protein, some animals will catabolize their own tissues,
and this may result in higher δ15N values (Cherel et al., 2005; Hobson and Clark, 1992). Overall,
one must recognize that diet, physiology, and environment all interact together in a varied
manner to produce the δ15N values in animal tissues (Sandberg et al., 2012).
Stable isotope analyses in primatology
Relatively recently, field primatologists began pairing stable isotope analyses with
feeding observations to gain a fuller understanding of NHP behavioral ecology. Previous studies
have shown that the δ13C and δ15N values of feces are indicative of diet within the last few days
or weeks (Codron et al., 2005; Sponheimer et al., 2003a). The δ13C values of NHPs’ tissue and
excreta provide data regarding their reliance on C3, C4, and CAM plants and the types of
environments they inhabit, and δ15N values may provide insights into trophic position. Therefore,
analyzing the stable isotope values of these elements can aid in our understanding of NHP
behavioral ecology (Crowley, 2012). Furthermore, the δ13C and δ15N values of populations or
species can be shown in “isotope space” using biplots visually illustrate feeding niches and
trophic positions (Newsome et al., 2007).
Stable isotope studies have also revealed the impact of humans on wild NHP populations
(Loudon et al., 2007, 2014, 2016). Among the first studies to demonstrate how
anthropogenically-disturbed habitats can influence the stable isotope values of NHPs occurred at
the Beza Mahafaly Special Reserve (BMSR), Loudon et al. (2007) found that ring-tailed lemurs
(Lemur catta) that ranged in human altered forests and ate more human foods, exhibited
significantly different δ13C and δ15N hair values from those that did not. In addition, Schurr et al.
10

(2012) demonstrated intergroup variation among Barbary macaques (Macaca sylvanus) residing
in Gibraltar using stable carbon and nitrogen isotope analyses coupled with feeding observations.
The macaque group that was isolated from tourists had significantly lower δ13C values and
significantly higher δ15N values in comparison to the groups that interacted with humans. Two of
these groups resided at sites that were often frequented by tourists and thus had access to human
food. Since 1918, local authorities have provided food and water to the macaques to prevent
them from looking for food in urban areas (Schurr et al., 2012). However, at these two sites bus
and taxi drivers encouraged the macaques to interact with tourists by feeding them peanuts and
uncooked pasta as incentives (Fuentes, 2006). Based on the significant intergroup variation in the
stable carbon and nitrogen isotope values between sites, Schurr et al. (2012) data lend support to
other research that has demonstrated that the frequency of human exposure through tourism
affects macaque dietary patterns and nutrition (Fuentes, 2006).
Stable isotopes analysis is also useful for estimating niche partitioning among sympatric
NHP species. One can define sympatric species as taxa that occupy similar ecological niches
within the same habitat (Flores-Escobar et al., 2020). To co-exist in the same ecosystem, species
should theoretically partition their available resources on temporal and spatial bases (Hutchinson,
1957). Sympatric relationships between two or more NHP species may be achieved via
physiological and morphological adaptations or dietary strategies of two or more species
(Spencer, 1995). Researchers used stable carbon and nitrogen isotope values to study trophic
niches of sympatric mantled (Alouatta palliata) and black (Alouatta pigra) howler monkeys
(Flores-Escobar et al., 2020). The black howler monkey groups displayed a significantly wider
isotopic niche and generally higher δ15N values (Flores-Escobar et al., 2020). As well, their
isotopic niche overlapped with the isotopic niche exhibited by the mantled howler monkeys
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(Flores-Escobar et al., 2020). This study demonstrated that sympatric NHP species occupy
different isotopic spaces on biplots, and this has also been demonstrated among extant and
extinct Malagasy lemur communities (Crowley et al., 2012).
Behavioral ecology of Lemur catta and Propithecus verreauxi
Ring-tailed lemurs are diurnal strepsirrhine primates that are endemic to the gallery,
spiny bush, and dry deciduous forests of the south, southwest, and the interior highlands of
Madagascar (Goodman et al., 2006). Average adult body size for ring-tailed lemurs is 2.2 kg
(Sussman, 1991). Ring-tailed lemurs have behavioral and biological adaptations for consuming a
diet of poor-quality leaves or leaves that contain secondary plant metabolites (Ganzhorn, 1986;
Campbell et al., 2000; Simmen et al., 2006a, 2006b). These include an expansive caecum and
colon, teeth with pronounced sharp-shearing crests (Kay and Hylander, 1978), and intestinal
symbiotic flora that play a role in leaf fermentation (Campbell et al., 2000).
Some primatologists refer to ring-tailed lemurs as opportunistic frugivores/folivores,
because of their omnivorous diets and tendency to forage throughout all levels of the forest
canopy, including the ground (Rasamimanana and Rafidinario, 1993; Sauther, 1994, 1999;
Sauther et al., 1999; Simmen et al., 2006a, 2006b). They will feed on fruit, flowers, stems, seeds,
leaves, invertebrates, and even soil (Jolly, 1966; Sussman, 1974; Sauther, 1992; Sauther et al.,
1999; Yamashita, 2000).
Most studies on ring-tailed lemurs have been conducted at the Berenty Private Reserve
and BMSR (Jolly 1966; Goodman et al., 2006; Sauther and Cuozzo, 2009; Yamashita et al.,
2016). At BMSR, most food items are only available seasonally (Sauther and Cuozzo, 2009).
Previous studies have emphasized the importance of kily or tamarind trees (Tamarindus indica)
in the ring-tailed lemur diet at BMSR (Sauther, 1998; Yamashita, 2000, 2002). According to
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Sauther and Cuozzo (2009), ring-tailed lemurs there feed almost exclusively on kily fruits
throughout the year despite the presence of other fruiting species. Sauther and Cuozzo (2009)
classified tamarind or kily fruit as an FBF for ring-tailed lemurs living at BMSR, based on the
earlier definition from Marshall et al. (2009). On the other hand, they suggested that there is an
evolutionary “mismatch” between ring-tailed lemur dentition and their reliance on kily fruits as a
FBF based on the particularly high rate of severe tooth wear and antemortem tooth loss among
ring-tailed lemurs inhabiting BMSR (Sauther and Cuozzo, 2009). However, studies from wild
and captive ring-tailed lemur populations have demonstrated that they have high salivary pH, and
this may be an adaption to feeding on particularly acidic food items like tamarind fruits (Sauther
and Cuozzo, 2009). In contrast, Sauther and Cuozzo (2009) noted that the BMSR Verreaux’s
sifaka have more acidic salivary pH and also ingest much less acidic foods such as leaves. When
food resources at BMSR are limited, ring-tailed lemurs will feed on mature leaves from locally
cultivated sweet potatoes (Ipomoea batatas) and the wild grown Mexican thistle (Argemone
mexicana) (Sauther and Cuozzo, 2009; LaFleur and Gould, 2009). For example, ring-tailed
lemurs sought out these plant species in January 2005 when a cyclone altered the flowering and
fruiting season of T. indica (LaFleur and Gould, 2009).
Verreaux’s sifaka (Propithecus verreauxi) are Malagasy strepsirrhines that are also
endemic to the spiny bush and dry deciduous forests of southern/southwestern Madagascar
(Louis et al., 2020). P. verreauxi are sympatric with L. catta at several locations including
BMSR, Berenty Reserve, and Kirindy Mitea National Park (KMNP) (Simmen et al., 2003;
Loudon et al., 2006; Norscia et al., 2006; Axel and Maurer, 2010). On average, adult Verreaux’s
sifaka are 2.8 kg (Richard et al., 2002). Similar to ring-tailed lemurs, Verreaux’s sifaka exhibit
numerous morphological and physiological adaptations to a folivorous diet (Norscia et al., 2006).

13

These adaptations include an enlarged stomach, an elongated caecum and colon, microbial gut
flora that likely aid in the detoxification of plant foods (Hill, 1953; Norscia et al., 2006), and
molars with pronounced sharp shearing crests suited for breaking down fibrous foods (Kay and
Hylander, 1978). As such, P. verreauxi spends most of its time in the forest canopy (Loudon and
Sauther, 2013). Based on feeding observations of P. verreauxi throughout southwestern
Madagascar, Richard et al. (2002) recorded dietary differences between the wet and dry seasons
with varying reliance on immature leaves, mature leaves, and unripe fruit. At Berenty Private
Reserve, Simmen et al. (2003) reported similar findings, and noted that Verreaux’s sifaka
primarily consumed young and mature leaves but will switch to unripe fruits and flowers when
these food sources become seasonally available (Simmen et al., 2003). Verreaux’s sifaka may
also “fall back” on bark to supplement their diet when preferred food resources are scarce
(Richard, 1978; Sussman, 1999).
Field research on P. verreauxi has been conducted at BMSR since 1984 (Brockman,
2009; Lawler, 2009) and KMNP since 2006 (Lewis and Rakotondranaivo, 2011). At KMNP,
Verreaux’s sifaka fed mostly on leaves and flowers during the dry season, but preferentially
consumed fruit during the wet season (Norscia et al., 2006). P. verreauxi groups at KMNP
appeared to prefer plants belonging to the family Leguminosae (Norscia et al., 2006). Almost 10
years later, Koch et al. (2016) studied the same population of Verreaux’s sifaka at KMNP and
found similar results. During the late wet season, P. verreauxi individuals spent more time
feeding on fruit, relied on flowers during transitional periods, and more frequently fed on mature
leaves at the start of the dry season (Koch et al., 2016).
At BMSR, Verreaux’s sifaka preferentially fed on the species Euphorbia tirucalli, Acacia
bellula, and Gonocrypta grevei (Yamashita, 2002). Yamashita (2002) considers E. tirucalli a
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staple food for all P. verreauxi groups. Unlike ring-tailed lemurs, Verreaux’s sifaka almost
exclusively feed on the unripe seeds of T. indica and rarely consume ripe kily fruit at the site
(Yamashita, 2002). In contrast, ring-tailed lemurs rarely feed on unripe kily fruit which is more
difficult to process and digest for L. catta which has a lower tolerance for tough foods, compared
to P. verreauxi (Yamashita, 2000, 2002).
According to Amarasekare (2003), sympatry between species often results in feeding
competition which may be reduced by dietary shifts resulting in differing feeding niches and
trophic positions. Evidence from the studies above indicates that ring-tailed lemurs and
Verreaux’s sifaka may have achieved sympatry because of different physiological and
morphological adaptations and different dietary strategies.
Current Study and Hypotheses
This study investigates the relationship between the δ13C and δ15N fecal values of the
BMSR ring-tailed lemurs and Verreaux’s sifaka to observations of their dietary patterns. The
dietary patterns of each species were determined by the frequency of intervals that both species
were observed consuming various plant organs (i.e. flowers, fruit, leaves and seeds) from the C3
and CAM plants that grow at the reserve. Over the course of the study, 198 plant samples were
collected from BMSR (C3 plants, N = 177; CAM plants, N = 21).
H1: The fecal δ13C and δ15N values for L. catta and P. verreauxi should accurately reflect
the δ13C and δ15N values of the plant organs they were observed consuming.
The stable carbon and nitrogen isotope values of plants consumed by both primate
species at BMSR were used to predict the fecal stable carbon and nitrogen values of the L. catta
and P. verreauxi populations. To account for each species’ dependency on plant organs, the
frequency of feeding records was included for each plant organ. Given, that the fecal stable
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carbon and nitrogen values of each primate reflect the food items they consumed, their predicted
fecal δ13C and δ15N values should match their feeding observations.
H2: The BMSR ring-tailed lemurs should exhibit greater stable isotope variation compared
to Verreaux’s sifaka.
Feeding observations have documented that ring-tailed lemurs are omnivorous and
incorporate a greater diversity of plant organs in comparison to their folivorous sifaka
counterparts. This greater diversity should be reflected in their fecal δ13C and δ15N values.
Towards this end, the BMSR ring-tailed lemurs should occupy a wider isotope space than
Verreaux’s sifaka when the fecal δ13C and δ15N values are graphed on biplots for each month.
H3: During the dry season months (April-July) when preferred ring-tailed lemur foods (i.e.
fruits) were not available L. catta should shift to alternative dietary resources which should
be reflected in their isotope values and identifiable in isotope space.
The plant organs at BMSR have different δ13C and δ15N values. Since L. catta consume
different dietary resources between the wet and dry seasons there should be detectable variation
in their fecal δ13C and δ15N values between seasons. As such, shifts from consuming fruits to
alternative foods such as flowers, leaves, and seeds should be detectable in their fecal δ13C and
δ15N values.
H4: Since P. verreauxi primarily consumed leaves, their fecal δ13C and δ15N values should
not significantly change between the wet and dry seasons.
Since leaves are available throughout the year and distributed relatively evenly across
space, fecal δ13C and δ15N values for the folivorous P. verreauxi should remain homogenous
between the wet and dry seasons and from month to month.

16

H5: Intragroup comparisons among ring-tailed lemurs and Verreaux’s sifaka living in the
protected habitat vs. the anthropogenically-disturbed habitat should be reflected in their
δ13C and δ15N values.
There should be observable and statistically significant variation for the fecal δ13C and
δ15N values between the social groups for both the BMSR L. catta and P. verreauxi that occupy
drastically different habitats (anthropogenically-disturbed habitat versus protected forest Parcel
1). NHPs that occupy anthropogenically-disturbed habitats frequently exhibit different δ13C and
δ15N values given that they may consume human processed foods (Schurr et al., 2012), human
crops (Loudon et al., 2014) or plants growing in open areas that lack a canopy effect (Loudon et
al., 2016). Among the BMSR lemurs, it is expected that there will be more variation between
groups given that they are omnivorous and readily consume human foods that often exhibit
distinctly different δ13C and δ15N values (Loudon et al., 2007).
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Chapter Three - Materials and Methods
Study Site

Figure 1. Map of the Beza Mahafaly Special Reserve (BMSR) and its location on the island
of Madagascar.

The behavioral data and fecal samples analyzed in this study were collected at the Beza
Mahafaly Special Reserve (BMSR) located in southwestern Madagascar (23º30’S latitude, 44 º
40’E longitude; Fig. 1). The reserve was established on July 4th, 1986 due to a collaboration
between the University of Antananarivo (then the University of Madagascar), Yale University,
Washington University, and a few non-governmental organizations based in the United States
and Madagascar (Ratsirarson, 2003; Sussman and Ratsirarson, 2006). Since its establishment, the
reserve has been the site of research, training, and educational projects. In 2004, the management

of BMSR was transferred to the Madagascar National Parks Association which coordinates the
network of protected parks and reserves in the country (Loudon, 2009; Sussman et al., 2012).
When data were collected, BMSR consisted of two noncontiguous parcels which were
~10 kilometers apart and totaled to approximately 600 hectares (ha) of land (Sussman and
Ratsirarson, 2006; Loudon, 2009). During the mid-2000s the reserve increased to ~4000 ha
(Loudon, 2009). At the time of the study, Parcel 1 was approximately 80 ha of fenced and
protected gallery forest surrounded by unprotected forests located outside of the parcel. Parcel 1
consists of a layered canopy with dense terrestrial brush and hanging vines (Loudon, 2009). The
eastern portion of Parcel 1 borders the Sakamena River. The most dominant tree species in
Parcel 1 are kily (Tamarindus indica), but acacia (Acacia rovumae), valiandro (Quivisanthe
papinae), and sasavy (Salvadora augustifolia) are also common tree species (Sussman et al.
2012). Within the parcel, there are at least 49 plant families and 120 plant species (Ratsirarson
2003). In the westward portion, the parcel is characterized by more open areas and fewer tall
trees (Loudon, 2009). On the border of the southern midsection of Parcel 1, there is also a
research camp for BMSR (Loudon, 2009). It is important to note, that the BMSR ring-tailed
lemurs (Lemur catta) will range outside of Parcel 1 to consume human food scraps available to
them in the camp (Loudon, 2009).
Outside of Parcel 1, the existing forests are significantly fragmented (Whitelaw et al.,
2005; Loudon et al., 2006). The unprotected forests outside of Parcel 1 are used by local people
to graze livestock including zebu, goats, and sheep (Loudon et al., 2006). As a result of
substantial grazing by livestock, the understory has been significantly reduced in the unprotected
forests outside of the reserve (Whitelaw et al., 2005; Loudon et al., 2006). The Mahafaly are the
dominant ethnic group at BMSR but, the Antandroy and the Tanala peoples also inhabit the area
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(Loudon et al., 2006). The Mahafaly people consider ring-tailed lemurs and Verreaux’s sifaka as
fady or taboo to hunt, eat, or kill (Rambelonson, 1988; Loudon et al., 2006). However, in the
future local people may be less likely to follow this cultural taboo due to poverty or change in
diet (Pettus, 2005).
Southwestern Madagascar is extremely arid, and experiences highly variable climatic
conditions. During the dry season (April-November) average rainfall is less than 10 mm per
month. In the wet season (December-March), average rainfall is greater than 100 mm per month
(Sauther, 1998; Ratsirarson et al., 2001). At BMSR, food availability is highest during the wet
season, peaking in February and lowest during the dry season especially in July (Yamashita,
1996; Sauther, 1998). Throughout the duration of this field study, climatological data (i.e.
temperature and rainfall) were collected because of this link between resource availability and
rainfall. In total, 385.4 mm of rainfall were recorded. While the average annual rainfall at BMSR
is about 550 mm (Sauther, 1998; Ratsirarson et al., 2001), only 385.4 mm of rainfall was
recorded during the study period, indicating a drier period than average.
Study Subjects
This study includes two social groups of Verreaux’s sifaka (Propithecus verreauxi) and
two social groups of ring-tailed lemurs (Lemur catta). Both species are diurnal. One group from
each species inhabited Parcel 1 and the other group inhabited the anthropogenically-disturbed
forests outside of Parcel 1. Two species of nocturnal lemurs, the white-footed sportive lemur or
lepilemur (Lepilemur leucopus) and the grey brown mouse lemur (Microcebus griseorufus) also
inhabit BMSR (Ratsirarson, 2003; Sussman et al., 2012). The BMSR Verreaux’s sifaka
population has been studied since the inception of the reserve by Dr. Alison Richard and her
colleagues, Drs. Richard Lawler, and Diane Brockman (Richard et al., 1991; 1993; 2002). Adult
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Verreaux’s sifaka are fitted with collars and numbered identification tags (Fig. 2a). Each tag is
unique and is characterized by a specific polygon, color, and number for that group (Richard et
al., 2002).
The ring-tailed lemur population at BMSR was studied continuously for decades by Drs.
Robert Sussman, Michele L. Sauther and Frank P. Cuozzo (Cuozzo and Sauther, 2004, 2006;
Sauther and Cuozzo, 2008). All the ring-tailed lemurs in this study were fitted with a color-coded
collar indicating their group membership and numbered identification tags (Loudon, 2009;
Figure 2b).

Figure 2. a) A collared Verreaux’s sifaka (Propithecus verreauxi) with an identification tag.
b) A collared ring-tailed lemur (Lemur catta) with an identification tag.

All individuals for which behavioral data and fecal samples were collected are shown
below along with sex, affiliation, and habitat (Tables 1 and 2). Species are grouped separately.
The column heading “Habitat” refers to if the individual inhabited Parcel 1 (Protected) or the
anthropogenically-disturbed area outside of Parcel 1 (Disturbed) at BMSR.
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Table 1. Ring-tailed lemur study population (N = 14) depicting individuals, sex, group
membership, and habitat.
Species
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta

Individual
ID #6
ID #110
ID #116
ID #206
ID #212
ID #226
Wyatt
ID #9
ID #23
ID #167
ID #175
ID #209
ID #235
BJ

Sex
Male
Female
Female
Male
Male
Male
Male
Female
Female
Female
Male
Male
Female
Male

Group
Black
Black
Black
Black
Black
Black
Black
Green
Green
Green
Green
Green
Green
Green

Habitat
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Protected
Protected
Protected
Protected
Protected
Protected
Protected

Table 2. Verreaux’s sifaka study population (N = 14) depicting individuals, sex, group
membership, and habitat.
Species
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi

Individual
ID #111
ID #475
ID #489
ID #492
ID #502
ID #546
ID #567
ID #19
ID #80
ID #314
ID #467
ID #473
ID #483
Beta Male

Sex
Female
Female
Female
Female
Male
Male
Female
Female
Female
Female
Male
Male
Female
Male

Group
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao

Habitat
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Disturbed
Protected
Protected
Protected
Protected
Protected
Protected
Protected

Social Groups
There were 14 ring-tailed lemurs affiliated with two social groups, the Black and Green
groups. These group names refer to the color of the collar worn by group members (Loudon,
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2009). There was a total of 14 Verreaux’s sifaka affiliated with two social groups, the Rivotse
and Vao Vao groups. In the Mahafaly dialect, Rivotse roughly translates to “river” and this
group was sometimes found near the Sakamena riverbed and Vao Vao translates to “news”
(Loudon, 2009).
Black Group
The Black group inhabited the anthropogenically-disturbed forests directly south of
Parcel 1. Their home range also includes the BMSR research camp. The Black group ranged into
the camp each day and would opportunistically eat leftover foods discarded in the camp trash
bins. The forest understories that the Black group inhabited were more open compared to those
in Parcel 1. In addition, their habitat was accessible to human and ungulate foot traffic. The
Black group lemurs preferred to sleep in a forest belt of kily trees next to the Sakamena River
(Loudon, 2009). In December of 2005, the Black group was composed of two adult females, four
adult males and one natal juvenile named Wyatt (Loudon, 2009; Table 1).
Green Group
The Green group spent much of their time on the eastern side of Parcel 1 directly on the
border of the Sakamena River. Three observations were recorded of the Green group crossing the
Sakamena River to consume mangoes (Mangifera indica) planted by the Mahafaly people
(Loudon, 2009). The Green group was generally composed of four adult females, two adult
males and one uncollared juvenile named BJ or “Big Juvenile” (Loudon, 2009).
Vao Vao
The Vao Vao group inhabited the eastern side of Parcel 1 nearby the Sakamena River and
were sympatric with Green group. Their group was composed of three adult males and four adult
females (Loudon, 2009; Table 2). Group composition was stable throughout the study period, but
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it was difficult to determine a dominance hierarchy, because there few agonistic interactions
between group members. However, it appeared that the oldest female was the highest-ranking
individual succeeded by two middle-age females, a younger female, and the adult males of the
group (Loudon, 2009). Overall, the Vao Vao group preferred to consume vine leaves which were
available to them in the dense understory of the easternmost portion of Parcel 1 (Loudon, 2009).
Rivotse
The Rivotse group was composed of five adult females and two adult males. This group
inhabited the anthropogenically-disturbed forests outside of Parcel 1 and were sympatric with the
Black group. The Rivotse group ranged from the southern edge of Parcel 1 to the Sakamena
River (Loudon, 2009). The southern region of their home range was most severely affected by
anthropogenic modifications such as clearing forest for gardens and grazing by livestock. In
some areas, the understory was completely absent due to heavy grazing (Loudon, 2009).
Behavioral Data Collection Methods
From December of 2005 to July of 2006, behavioral data were collected on collared
sifaka (N = 14 individuals) and lemurs (N = 14 individuals) using 20-minute focal follows with a
one-minute interval (Altmann, 1974; Fig. 2). Focal follows and ethograms were constructed
based on a pilot study conducted during the previous year. The focal follows were developed to
specifically record social and feeding behaviors and behaviors associated with the avoidance,
elimination, and acquisition of parasitic infections (Loudon, 2009). During feeding bouts, the
plant organ (i.e. bark, flower, fruit, leaf, nut, or seed) and plant species were recorded. Ad libitum
notes were used to record behaviors that occurred outside or between intervals. All behavioral
observations were recorded on as Sony Vaio portable laptop computer (Model VGN-T260P/L)
and these data were backed up onto re-writable compact discs each week (Loudon, 2009). For
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social interactions, the focal animal follows captured which individuals were initiators or
recipients of agonistic affiliative behaviors and the frequency that each animal was in proximity
or in contact with others (Loudon, 2009).
Fecal and Plant Sample Collection
Fecal samples were collected in the morning from each sifaka and lemur immediately
after defecation (sifaka, N = 112; lemur, N = 112; total, N = 224). Fecal samples were collected
from all study subjects at the end of each month (Loudon, 2009). In addition, 198 plant samples
were also collected during this period from BMSR (C3 plants, N = 177; CAM plants, N = 21).
Fecal and plant samples were wrapped in foil and desiccated in a sealed camping oven placed in
direct sunlight at the BMSR camp.
Lab Preparation
Fecal and plant samples were ground into a fine powder using a mortar and pestle. These
samples were then weighed (~2500 µg) and placed in tin capsules. Weights were recorded on
individual worksheets noting sample ID along with tray number and cell letter. Capsules were
combusted in an elemental analyzer (Carlo-Erba, Milan, Italy) and analyzed for stable carbon
and nitrogen isotope abundances using a flow-through inlet system on a continuous flow isotope
ratio mass spectrometer (Finnigan, Bremen, Germany). Stable isotope ratios are expressed using
the delta (δ) symbol in relation to an international standard in parts per thousand or parts per mill
(‰) as in the following example for carbon isotopes:
𝛿13C (0/00) = ((Rsample/Rstandard) –1) * 1000
Whereas R = 13C/12C. The International standard for carbon is the Vienna PDB (V-PDB)
and the International standard for nitrogen is atmospheric nitrogen (AIR) for 15N/14N,
respectively. PDB refers to PeeDee Belemnite, a Cretaceous marine fossil (Belemnitella
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americana), but this source was exhausted and has been replaced by V-PDB standard (Sandberg
et al., 2012).
Predicting fecal stable isotope values using feeding observations
Predictions for the observed fecal carbon and nitrogen abundances were calculated using
the following equations:
Predicted value for carbon = [{Δp(%CAM fruit)} + {Δp(%CAM leaf)} + {Δp(%C3
flower)} + {Δp(%C3 fruit)} + {Δp(%C3 leaf)} + {Δp(%C3 seed)}] ± [FF]

Predicted value for nitrogen = [{Δp(%CAM fruit)} + {Δp(%CAM leaf)} + {Δp(%C3
flower)} + {Δp(%C3 fruit)} + {Δp(%C3 leaf)} + {Δp(%C3 seed)}] ± [FF]

In the above equations, Δp represents the carbon or nitrogen value of the plants which
was multiplied by the percentage of each food item and photosynthetic pathway present in the
diet of L. catta and P. verreauxi, respectively. The equation was roughly based on formulas
produced by Schwarcz et al. (1985) and later altered by Loudon et al. (2014) to estimate the
percentage of C4 (%C4) plant consumption for vervet monkey (Chlorocebus pygerythrus) in
South Africa. The percentages for each food item were determined by calculating the frequency
of intervals that L. catta and P. verreauxi individuals fed on specific plant organs (i.e. flower,
fruit, leaf, or seed). These frequencies were derived from the behavioral feeding observations
collected during focal follows. The difference between plant stable isotope values versus those
collected from animal fecal matter were accounted for by incorporating a fractionation factor
(FF). The FF for carbon was +0.7‰ and for nitrogen was -2.0‰ (Loudon et al., 2019). Predicted
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values were calculated for all lemur and sifaka social groups and for each study month
(December-July).
Statistical Analysis
Statistical analyses using the δ13C and δ15N fecal values of the ring-tailed lemur and
Verreaux’s sifaka were conducted in the statistical program R. Paired t-tests (N = 12) were
performed to examine the relationship between predicted and observed δ13C fecal values, as well
as between predicted and observed δ15N fecal values. The paired t-tests analyzed predicted and
observed δ13C and δ15N fecal values by NHP species (N = 2) and social group (N = 4).
Welch’s ANOVA was used for comparisons of the δ13C and δ15N of feces between the
two habitats, and the wet and dry seasons. Prior to using Welch’s ANOVA, species and habitat
were combined into one predictor variable and species and season were combined into another
predictor variable. Including more than one variable did not improve the fit of the linear model.
As well, Welch’s ANOVA accounts for unequal variances. In addition, to each ANOVA,
pairwise comparisons were conducted using Tukey’s Honestly Significant Difference (HSD)
test.
Statistical Figures
All figures were generated in R to visualize the data using the package ggplot2.
Individual bi-plots for each month (N = 8) were generated to compare δ13C and δ15N values from
Verreaux’s sifaka and ring-tailed lemur social groups (N = 4) using the packages ggplot2 and
ggiraphExtra. This same approach was used for comparisons for each group. Functions used
include geom_smooth (method=lm) and stat ellipse () to plot regression lines and 95 percent CI
ellipses, respectively.
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Chapter Four - Results
The mean δ13C and δ15N values of the plants collected at Beza Mahafaly Special Reserve
(BMSR) are presented in Table 3. As expected, the δ13C values of the CAM plants were higher
than those of the C3 plants. Among the C3 plant organs, seeds exhibited the highest δ13C values
followed by flowers and fruits. While leaves were the most depleted in 13C. For δ15N, fruits
exhibited the highest values while flowers exhibited the lowest values.
Table 3. Mean δ13C and δ15N values with standard deviations for the BMSR plant organs.
Pathway and Plant Part
C3 flower
C3 fruit
C3 leaf
C3 seed
CAM flower
CAM leaf

δ13C (‰)
-27.4 ± 1.8
-27.4 ± 2.1
-28.9 ± 1.7
-26.0 ± 1.5
-14.5 ± 1.0
-15.3 ± 1.8

N
14
29
130
4
5
16

δ15N (‰) N
3.7 ± 4.4 14
5.2 ± 3.3 29
4.7 ± 3.3 130
5.0 ± 3.3
4
5.4 ± 3.3
5
5.2 ± 2.4 16

The feeding observations for the BMSR ring-tailed lemurs (Lemur catta) and Verreaux’s
sifaka (Propithecus verreauxi) are presented in Tables 4 and 5. Throughout the study, the ringtailed lemurs primarily consumed C3 fruits (64.8%) followed by C3 leaves (27.2%). Overall, the
BMSR ring-tailed lemurs were omnivorous in comparison to their sympatric sifaka counterparts
(Tables 4 and 5). The BMSR Verreaux’s sifaka predominantly consumed C3 leaves (58.7%)
followed by C3 fruits (35.2%). Both primates at BMSR largely ignored CAM plants and CAM
leaves only accounted for 1.1% of the ring-tailed lemur diet and 1.8% of the sifaka diet. Sifaka
were not observed consuming any CAM fruits during the entire study and CAM fruits only
accounted for 0.4% of the ring-tailed lemur diet. No C4 plants were included in this study
because they are rarely found throughout southern Madagascar and no studies have observed
extant lemurs consuming them (Crowley and Godfrey, 2013).

Table 4. Frequency and percentages of feeding intervals for each plant organ part for the
BMSR ring-tailed lemurs (Lemur catta).
Month
December (wet)
January (wet)
February (wet)
March (wet)
April (dry)
May (dry)
June (dry)
July (dry)
Total

CAM fruit
0 (0%)
0 (0%)
0 (0%)
0 (0%)
13 (2.3%)
0 (0%)
0 (0%)
0 (0%)
13 (0.4 %)

CAM leaf
0 (0%)
0 (0%)
0 (0%)
0 (0%)
28 (5.0%)
0 (0%)
0 (0%)
10 (3.1%)
38 (1.1%)

C3 flower
6 (3.2%)
0 (0%)
85 (16.5%)
43 (21.4%)
18 (3.2%)
32 (5.4%)
0 (0%)
0 (0%)
184 (5.4%)

C3 fruit
95 (50.8%)
327 (65.8%)
86 (16.7%)
143 (71.1%)
429 (76.5%)
508 (86.0%)
419 (79.4%)
200 (61.7%)
2207 (64.8%)

C3 leaf
49 (26.6%)
170 (34.2%)
344 (66.8%)
15 (7.5%)
73 (13.0%)
51 (8.6%)
109 (20.6%)
114 (35.2%)
925 (27.2%)

C3 seed
37 (19.8%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
37 (1.1%)

Total Intervals
187
497
515
201
561
591
528
324
3404

Table 5. Frequency and percentages of feeding intervals for each plant organ part for the
BMSR Verreaux’s sifaka (Propithecus verreauxi).
Month
December (wet)
January (wet)
February (wet)
March (wet)
April (dry)
May (dry)
June (dry)
July (dry)
Total

CAM fruit
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

CAM leaf
0 (0%)
8 (1.3%)
4 (0.8%)
2 (0.5%)
35 (9.3%)
3 (0.6%)
13 (1.6%)
5 (1.4%)
70 (1.8%)

C3 flower
21 (7.0%)
1 (0.2%)
0 (0%)
77 (19.9%)
36 (9.6%)
17 (3.4%)
0 (0%)
0 (0%)
152 (3.9%)

C3 fruit
11 (3.7%)
172 (27.3%)
67 (13.3%)
97 (25.1%)
65 (17.3%)
198 (40.1%)
541 (65.0%)
216 (59.3%)
1367 (35.2%)

C3 leaf
267 (89.3%)
450 (71.3%)
423 (83.8%)
210 (54.4%)
235 (62.5%)
276 (55.9%)
278 (33.4%)
143 (39.3%)
2282 (58.7%)

C3 seed
0 (0%)
0 (0%)
11 (2.2%)
0 (0%)
5 (1.3%)
0 (0%)
0 (0%)
0 (0%)
16 (0.4%)

Total Intervals
299
631
505
386
376
494
832
364
3887

H1: The observed δ13C and δ15N fecal values for L. catta and P. verreauxi should accurately
reflect the δ13C and δ15N values of the plant organs they were observed consuming during
the study period.
To test H1, the observed δ13C and δ15N fecal values for L. catta and P. verreauxi were
compared to predicted δ13C and δ15N fecal values. These predicted values were determined by
calculating the frequency of behavioral intervals that each primate species was observed
consuming each plant organ (see Methods). The observed δ13C and δ15N fecal values and the
predicted δ13C and δ15N fecal values for each group on a monthly basis are presented in Tables
6-9. Isotopically speaking, the observed and predicted δ13C fecal values for both the BMSR
lemurs and sifakas aligned better than the observed and predicted δ15N fecal values for both
primate species. Comparisons between the two BMSR primates suggest that the predicted and
observed δ13C fecal values were more accurate for the ring-tailed lemurs. Overall, the months of
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May-July were especially problematic for predicting the δ13C fecal values for the sifaka and this
may be linked to phenological leaf cycles at the site.
Table 6. Monthly mean predicted and observed δ13C and δ15N fecal values for the ringtailed lemur Green group at BMSR.
Month
December (wet)
January (wet)
February (wet)
March (wet)
April (dry)
May (dry)
June (dry)
July (dry)
Total

Predicted δ13C
-28.3
-26.5
-28.6
-27.8
-28.4
-28.6
-29.1
-29.5
-28.4

Observed δ13C
-27.1
-27.1
-27.7
-26.9
-26.8
-26.9
-27.2
-26.5
-27.0

Predicted δ15N
4.5
4.8
3.8
4.2
4.2
4.3
5.2
6.3
4.7

Observed δ15N
3.0
3.1
2.7
2.6
3.1
3.1
3.0
3.1
3.0

Table 7. Monthly mean predicted and observed δ13C and δ15N fecal values for the ringtailed lemur Black group at BMSR.
Month
Predicted δ13C
Observed δ13C
Predicted δ15N
Observed δ15N
December (wet)
-26.6
-26.4
4.8
3.0
January (wet)
-27.4
-27.4
4.6
2.9
February (wet)
-28.2
-28.6
4.6
2.7
March (wet)
-27.2
-26.7
5.3
3.2
April (dry)
not measured*
-28.1
not measured*
4.8
May (dry)
-26.6
-26.8
4.7
3.0
June (dry)
-28.0
-26.8
4.7
3.2
July (dry)
-28.0
-27.5
5.3
2.9
Total
-27.4
-27.3
4.8
3.2
*Ring-tailed lemurs in the Black group were observed feeding on CAM fruit during the month of
April. Predicted δ13C and δ15N values for April were not measured, because mean δ13C and δ15N
values for CAM fruit were not available.
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Table 8. Monthly mean predicted and observed δ13C and δ15N fecal values for the
Verreaux’s sifaka group Vao Vao at BMSR.
Month
December (wet)
January (wet)
February (wet)
March (wet)
April (dry)
May (dry)
June (dry)
July (dry)
Total

Predicted δ13C
-28.5
-27.9
-29.9
-28.1
-29.2
-29.2
-28.6
-29.1
-28.7

Observed δ13C
-27.8
-27.4
-28.1
-27.3
-27.7
-27.8
-27.0
-27.4
-27.6

Predicted δ15N
4.5
4.0
3.5
4.1
4.1
5.0
4.0
3.0
4.0

Observed δ15N
2.6
2.9
2.7
2.6
2.6
2.8
3.1
5.6
3.1

Table 9. Monthly mean predicted and observed δ13C and δ15N fecal values for the
Verreaux’s sifaka group Rivotse at BMSR.
Month
December (wet)
January (wet)
February (wet)
March (wet)
April (dry)
May (dry)
June (dry)
July (dry)
Total

Predicted δ13C
-27.7
-27.0
-28.4
-29.2
-29.5
-28.9
-29.0
-29.4
-28.6

Observed δ13C
-28.2
-27.7
-25.8
-27.6
-30.0
-26.9
-27.0
-26.7
-27.5

Predicted δ15N
3.0
2.7
3.5
3.5
3.9
3.2
3.4
4.4
3.4

Observed δ15N
2.7
2.8
2.8
2.7
2.8
3.0
3.0
3.0
2.8

In total, six paired t-tests were performed between the predicted and observed δ13C fecal
values. These analyses included comparisons for the BMSR ring-tailed lemurs, the BMSR
Verreaux’s sifaka, and also for the two lemur groups, the Green group and the Black group, and
the sifaka groups, Vao Vao and Rivotse. The mean predicted and observed δ13C fecal values, and
the associated p-values are presented in Table 10. As well, six paired t-tests were performed
between the predicted and observed δ15N fecal values for the BMSR ring-tailed lemurs, BMSR
Verreaux’s sifaka, and all four social groups. The mean predicted and observed δ15N fecal
values, and the associated p-values are presented in Table 11.
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Most of the paired t-tests in Table 10 show that the predicted δ13C values were
significantly greater than the observed δ13C fecal values for both the BMSR ring-tailed lemur
and Verreaux’s sifaka. However, the predicted δ13C values were generally similar when
compared to the observed δ13C fecal values for the Black group. Overall, these results show that
the predicted δ13C values did not closely match with the observed δ13C fecal values.
All the paired t-tests in Table 11 demonstrate that the predicted δ15N values were
significantly greater than the observed δ15N fecal values for the BMSR ring-tailed lemur and
Verreaux’s sifaka. In contrast to the results shown in Table 10, the predicted δ15N values were
also significantly greater than the observed δ15N fecal values for the Black group (p =
0.000002889). Generally, the predicted δ15N values did not match well with the observed δ15N
fecal values.
Table 10. Mean predicted and observed δ13C fecal values and their associated t-test pvalues for the BMSR primates and social groups.
Species
L. catta
P. verreauxi
L. catta
L. catta
P. verreauxi
P. verreauxi

Group
Green & Black
Vao Vao & Rivotse
Green
Black
Vao Vao
Rivotse

Mean Predicted δ13C
-27.9
-28.7
-28.4
-27.4
-28.7
-28.6

Mean Observed δ13C
-27.2
-27.5
-27.0
-27.3
-27.6
-27.5

p-value
*0.005808
*0.0005599
*0.007643
0.2833
*0.000244
*0.06199

*Indicates significant p-values.

Table 11. Mean predicted and observed δ15N fecal values and their associated t-test pvalues for the BMSR primates and social groups.
Species
L. catta
P. verreauxi
L. catta
L. catta
P. verreauxi
P. verreauxi

Group
Green & Black
Vao Vao & Rivotse
Green
Black
Vao Vao
Rivotse

Mean Predicted δ15N
4.8
3.7
4.7
4.8
4.0
3.4

*Indicates significant p-values.
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Mean Observed δ15N
3.1
3.0
3.0
3.2
3.1
2.8

p-value
*0.000000004896
*0.00003953
*0.0002639
*0.000002889
*0.0002547
*0.01054

Figure 3 shows median predicted and observed δ13C fecal values for the BMSR ringtailed lemurs. While Figure 4 depicts median predicted and observed δ13C fecal values that were
paired for the BMSR Verreaux’s sifaka. For the BMSR ring-tailed lemurs, the majority of the
observed δ13C fecal values were less than the predicted δ13C values (Fig. 3). Similarly, most of
the observed δ13C fecal values were lower than the predicted δ13C values for the BMSR
Verreaux’s sifaka (Fig. 4). As well, median predicted δ13C values appeared to match with median
observed δ13C fecal values more closely for the BMSR Verreaux’s sifaka in comparison to the
BMSR ring-tailed lemurs. It is important to note, Tables 6 and 7 suggest that the monthly mean
predicted and observed δ13C fecal values were a closer match for the BMSR ring-tailed lemur
Black and Green groups than the sifaka social groups.
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Figure 3. Median predicted δ13C fecal values and observed δ13C fecal values for the BMSR
ring-tailed lemurs across all study months.
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Figure 4. Median predicted δ13C fecal values and observed δ13C fecal values for the BMSR
Verreaux’s sifaka across all study months.
Median predicted and observed δ15N fecal data for the BMSR ring-tailed lemurs are
presented in Figure 5. Figure 6 depicts median predicted and observed δ15N fecal values for the
BMSR Verreaux’s sifaka. For both BMSR primates, the median predicted δ15N values were
generally greater than the median observed δ15N fecal values. As well, both Figures 5 and 6
demonstrate that the median predicted δ15N values matched poorly with the median δ15N
observed fecal values for both species.
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Figure 5. Median predicted δ15N fecal values and observed δ15N fecal values for the BMSR
ring-tailed lemurs across all study months.
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Figure 6. Median predicted δ15N fecal values and observed δ15N fecal values for the BMSR
Verreaux’s sifaka across all study months.

H2: The BMSR ring-tailed lemurs should exhibit greater stable isotope variation when
compared to the BMSR Verreaux’s sifaka.
Among the BMSR ring-tailed lemurs, the δ13C fecal values ranged between -26.3‰ and 28.6‰, while their δ15N fecal values ranged between 2.6‰ and 4.8‰. Figure 7 shows that the
BMSR ring-tailed lemurs generally occupied a greater isotope space when plotted using the δ13C
and δ15N axes in comparison to the sifaka (Fig. 7). This was particularly true for the months of
December, February, and July when the ring-tailed lemur δ13C and δ15N space was larger or
encapsulated the δ13C and δ15N isotope space of the sifaka.
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Figure 7. Monthly biplots showing the δ13C and δ15N fecal values for the BMSR ring-tailed
lemurs and Verreaux’s sifaka. Symbols represent individuals, lines show regressions, and
ellipses are 95% confidence intervals.

Intergroup comparisons depicting δ13C and δ15N isotope space for the BMSR ring-tailed
lemurs and Verreaux’s sifaka groups are presented in Figures 8 and 9.

38

Figure 8. Monthly biplots showing the δ13C and δ15N fecal values for the BMSR ring-tailed
lemur Black and Green groups. Symbols represent individuals, lines show regressions, and
ellipses are 95% confidence intervals.
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Figure 9. Monthly biplots showing the δ13C and δ15N fecal values for the BMSR Verreaux’s
sifaka groups Rivotse and Vao Vao. Symbols represent individuals, lines show regressions,
and ellipses are 95% confidence intervals.

Tables 12 and 13 show mean δ13C and δ15N fecal values with standard deviations and
coefficients of variation for the BMSR ring-tailed lemurs. The Black and Green groups have
similar mean δ15N fecal values (Table 13), but dissimilar mean δ13C fecal values (Table 12).
Comparable standard deviations indicate that these both δ13C and δ15N fecal values are relatively
close together in isotope space. However, high coefficients of variation reveal that the δ15N fecal
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values are likely further apart in isotope space and more variable than the δ13C fecal values.
Overall, ring-tailed lemurs have much lower coefficients of variation for their δ13C fecal values
(Table 12).
Table 12. Mean δ13C fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR ring-tailed lemurs.
Species
L. catta
L. catta
L. catta

Group
Green & Black
Green
Black

Mean δ13C (‰)
-27.9 ± 1.5
-28.4 ± 1.3
-27.5 ± 1.6

CV (%)
5.3
4.6
5.7

Table 13. Mean δ15N fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR ring-tailed lemurs.
Species
L. catta
L. catta
L. catta

Group
Green & Black
Green
Black

Mean δ15N (‰)
4.8 ± 1.3
4.7 ± 1.5
4.8 ± 1.1

CV (%)
27.1
31.5
22.4

Mean δ13C and δ15N fecal values with standard deviations and coefficients of variation
for the BMSR Verreaux’s sifaka are presented in Tables 14 and 15. Vao Vao and Rivotse have
similar mean δ13C fecal values, but less similar mean δ15N fecal values. Based on similar
standard deviations from the mean, both the δ13C and δ15N fecal values are relatively close
together in isotope space. However, due to the high coefficients of variation it is probable that
the δ15N fecal values are oriented farther apart from each other than the δ13C fecal values (Table
15). Table 14 shows that the δ13C fecal values generally have lower coefficients of variation and
thus are likely oriented closer together in isotope space.
Table 14. Mean δ13C fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR Verreaux’s sifaka.
Species
P. verreauxi
P. verreauxi
P. verreauxi

Group
Vao Vao & Rivotse
Vao Vao
Rivotse

Mean δ13C (‰)
-28.7 ± 0.9
-28.7 ± 0.8
-28.6 ± 1.0
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CV (%)
3.2
2.7
3.6

Table 15. Mean δ15N fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR Verreaux’s sifaka.
Species
P. verreauxi
P. verreauxi
P. verreauxi

Group
Vao Vao & Rivotse
Vao Vao
Rivotse

Mean δ15N (‰)
3.9 ± 1.0
4.4 ± 1.0
3.4 ± 0.9

CV (%)
26.3
21.9
25.6

Figure 10 depicts median observed δ13C fecal values for all the social groups of L. catta
and P. verreauxi. Among the four social groups, there were significant differences in the δ13C
fecal values (Welch’s ANOVA F3, 27 = 4.37, p = 0.01). Pairwise comparisons using Tukey’s
HSD test showed that the δ13C fecal values for the Black group were significantly higher
compared to the Rivotse group (p = 0.02) and Vao Vao group (p = 0.02). All other pairwise
comparisons were nonsignificant (Table 16).

Figure 10. Median observed δ13C fecal values for all social groups at BMSR.
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Table 16. Pairwise comparisons for the observed δ13C fecal values between all social groups
at BMSR.
Intergroup comparisons
Green group vs. Black group
Rivotse vs. Black group
Vao Vao vs. Black group
Rivotse vs. Green group
Vao Vao vs. Green group
Vao Vao vs. Rivotse

p-value
0.12
0.02
0.01
0.90
0.80
1.00

Figure 11 shows median observed δ15N fecal values across all four social groups. Among
the BMSR lemur and sifaka social groups there were significant differences (Welch’s ANOVA
F3, 27 =8.17, p = 0.0004). Pairwise comparisons for the δ15N fecal values between the four groups
using Tukey’s HSD test are presented in Table 17. The δ15N fecal values for Rivotse were
significantly lower than the δ15N fecal values for all other groups. All other pairwise
comparisons were nonsignificant (Table 17).

Figure 11. Median observed δ15N fecal values for all social groups at BMSR.
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Table 17. Pairwise comparisons for the observed δ15N fecal values between all social groups
at BMSR.
Intergroup comparisons
Green group vs. Black group
Rivotse vs. Black group
Vao Vao vs. Black group
Rivotse vs. Green group
Vao Vao vs. Green group
Vao Vao vs. Rivotse

p-value
0.92
0.0007
0.39
0.002
0.73
0.03

Figure 12 depicts the median observed δ13C fecal values across species (lemur or sifaka)
and season (wet or dry). When grouped by species and season, there were significant differences
among the four groups (Welch’s ANOVA F3, 27 = 6.10, p = 0.003). Pairwise comparisons for the
δ13C fecal values grouped by species and season using Tukey’s HSD test are shown in Table 18.
The majority of pairwise comparisons for the δ13C fecal values were not significant (Table 18).
Only the δ13C fecal values for P. verreauxi during the dry season were significantly different
when compared to the δ13C fecal values of L. catta during the wet season.

44

Figure 12. Median observed δ13C fecal values grouped by species and season at BMSR.
Table 18. Pairwise comparisons for the observed δ13C fecal values grouped by species and
season at BMSR.
Species and Season
lemur, wet season vs. lemur, dry season
sifaka, dry season vs. lemur, dry season
sifaka, wet season vs. lemur, dry season
sifaka, dry season vs. lemur, wet season
sifaka, wet season vs. lemur, wet season
sifaka, wet season vs. sifaka, dry season

p-value
0.22
0.16
1.00
0.001
0.26
0.10

Figure 13 shows median observed δ15N fecal values grouped by species and season.
There were significant differences among the δ15N fecal values when grouped by species and
season (Welch’s ANOVA F3, 27 = 6.05, p = 0.003). Pairwise comparisons for the δ15N fecal
values grouped by species and season using Tukey’s HSD test are shown in Table 19. Two of six
pairwise comparisons were statistically significant (Table 19). During the wet season, the δ15N
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fecal values for sifaka groups were significantly lower than the δ15N fecal values for lemur
groups (p = 0.03). As expected, the δ15N fecal values for sifaka groups during the wet season
were also significantly lower than the δ15N fecal values for lemur groups during the dry season
(p = 0.002).

Figure 13. Median observed δ15N fecal values grouped by species and season at BMSR.

Table 19. Pairwise comparisons for the observed δ15N fecal values grouped by species and
season at BMSR.
Species and Season
lemur, wet season vs. lemur, dry season
sifaka, dry season vs. lemur, dry season
sifaka, wet season vs. lemur, dry season
sifaka, dry season vs. lemur, wet season
sifaka, wet season vs. lemur, wet season
sifaka, wet season vs. sifaka, dry season

p-value
0.67
0.13
0.002
0.66
0.03
0.27

Tables 20 and 21 show mean δ13C and δ15N fecal values with standard deviations, and
coefficient of variation percentages for the BMSR ring-tailed lemurs, grouped by season. Mean
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δ13C fecal values for the dry season are dissimilar between the Green and Black groups, but
similar for the wet season. For the Green and Black groups, mean δ15N fecal values are relatively
comparable across both the wet and dry seasons. Overall, the coefficients of variation are
relatively low for the δ13C fecal values and relatively high for the δ15N fecal values across both
seasons. During the dry season, the Green group has a particularly high coefficient of variation
(36.1%) based on its δ15N fecal values. However, based on its δ13C fecal values during the dry
season, the Green group also has the lowest coefficient of variation (3.2%). This indicates that
generally δ13C fecal values are clustered relatively close together while δ15N fecal values exhibit
more variation.
Table 20. Mean δ13C fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR ring-tailed lemurs, grouped by season.
Species
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta

Group
Green & Black
Green
Black
Green & Black
Green
Black

Season
dry
dry
dry
wet
wet
wet

Mean δ13C (‰)
-28.3 ± 1.3
-28.9 ± 0.9
-27.7 ± 1.3
-27.6 ± 1.6
-27.8 ± 1.4
-27.3 ± 1.8

CV (%)
4.5
3.2
4.6
5.9
5.0
6.7

Table 21. Mean δ15N fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR ring-tailed lemurs, grouped by season.
Species
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta

Group
Green & Black
Green
Black
Green & Black
Green
Black

Season
dry
dry
dry
wet
wet
wet

Mean δ15N (‰)
4.9 ± 1.5
5.0 ± 1.8
4.9 ± 1.1
4.6 ± 1.0
4.3 ± 1.0
4.8 ± 1.1

CV (%)
29.8
36.1
22.0
23.1
22.0
23.2

Tables 22 and 23 present mean δ13C and δ15N fecal values, standard deviations, and
coefficient of variation percentages for the BMSR Verreaux’s sifaka, grouped by season. Table
22 shows that Rivotse and Vao Vao have similar mean δ13C fecal values for both the wet and dry
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seasons. On the other hand, their mean δ15N fecal values are dissimilar across both seasons.
Based on analogous standard deviations, the δ13C and δ15N fecal values are both clustered
similarly close together isotopically. On the contrary, the generally high coefficients of variation
for the δ15N fecal values indicate that these values are not closely oriented to each other for either
season. However, it is important to note that during the wet season based on δ15N fecal values,
Vao Vao had the lowest coefficient of variation (14.7%). Comparably, the much lower
coefficients of variation for the δ13C fecal values show that these values are oriented closely
isotopically during both the wet and dry seasons.
Table 22. Mean δ13C fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR Verreaux’s sifaka, grouped by season.
Species
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi

Group
Vao Vao & Rivotse
Vao Vao
Rivotse
Vao Vao & Rivotse
Vao Vao
Rivotse

Season
dry
dry
dry
wet
wet
wet

Mean δ13C (‰)
-29.1 ± 0.8
-29.0 ± 0.7
-29.2 ± 0.8
-28.2 ± 0.8
-28.4 ± 0.7
-28.1 ± 1.0

CV (%)
2.6
2.5
2.6
3.1
2.4
3.5

Table 23. Mean δ15N fecal values with standard deviations and coefficient of variation (CV)
percentages for the BMSR Verreaux’s sifaka, grouped by season.
Species
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi

Group
Vao Vao & Rivotse
Vao Vao
Rivotse
Vao Vao & Rivotse
Vao Vao
Rivotse

Season
dry
dry
dry
wet
wet
wet

Mean δ15N (‰)
4.2 ± 1.1
4.7 ± 1.1
3.7 ± 0.8
3.6 ± 0.9
4.0 ± 0.6
3.1 ± 0.9

CV (%)
25.7
24.5
21.0
24.4
14.7
28.2

H3: During the dry season months (April-July) when preferred ring-tailed lemur foods (i.e.
fruits) were not available, L. catta should shift to alternative dietary resources which should
be reflected in their stable isotope values and identifiable in isotopic space.
During the dry season months (April-July), it was expected that the BMSR ring-tailed
lemurs should switch from preferred fruits to fewer desirable foods: leaves, seeds, and CAM
48

resources (Table 4). However, feeding observations (Table 4) show that they consumed mostly
fruit resources during the dry season. As well, Figures 7 and 8 (above) demonstrate that there
were few changes in their δ13C fecal values between the dry and wet seasons. During June and
July, the lemurs consumed foods with highly variable δ15N fecal values (Fig. 7 and Fig. 8). Low
coefficients of variation for ring-tailed lemurs (Table 12) show that their δ13C fecal values were
more closely clustered and much less variable than their δ15N fecal values (Table 13).
Particularly low (3.2%) and high (36.1%) coefficients of variation for the Green group during the
dry season demonstrate that this group may have been more affected by seasonal shifts than the
Black group. Overall, the data provided here does not support H3.
H4: Since P. verreauxi primarily consumed leaves, their δ13C and δ15N fecal values should
not significantly change between the wet and dry seasons.
It was expected that the BMSR sifaka δ13C and δ15N fecal values would not significantly
differ between the wet and dry seasons. Among the BMSR Verreaux’s sifaka, the δ13C fecal
values ranged between -25.7‰ and -29.9‰. While their δ15N fecal values ranged between 2.5‰
and 3.0‰. According to the pairwise comparisons using Tukey’s HSD test, the BMSR sifaka
δ13C and δ15N fecal values were similar between the wet and dry seasons (Table 14, δ13C: p =
0.10; Table 15, δ15N: p = 0.27). Figures 12 and 13 correspond to Tables 14 and 15, respectively.
Figure 12 illustrates that the BMSR sifaka δ13C fecal values were generally lower during the wet
season in comparison to the dry season when fruit was less available. As shown in Figure 13, the
BMSR sifaka δ15N fecal values were slightly lower during the wet season in comparison to the
dry season.
In contrast, the feeding observations revealed that leaves accounted for 74.1% of wet
season feeding and 45.1% of dry season feeding (Table 5). As well, Figures 7 and 9 show
dynamic shifts in the BMSR sifaka δ13C and δ15N fecal values as they followed changes in
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feeding patterns from month to month. This is best illustrated by the changes in isotopic niche
space for Vao Vao from December to February and then again from March to May (Fig. 9).
While the δ13C and δ15N fecal values of P. verreauxi were overall similar between the dry and
wet seasons, there were changes in their feeding behaviors and isotopic niche space from month
to month and between seasons. As well, a relatively low coefficient of variation (14.7%) for δ15N
during the wet season indicates that Vao Vao was likely consuming a much less variable diet
than Rivotse. In comparison, Rivotse during the wet season had a much higher coefficient of
variation (28.2%) However, there is a still a lack of statistical support for H4.
H5: Intragroup comparisons among ring-tailed lemurs and Verreaux’s sifaka living in the
protected habitat vs. the anthropogenically-disturbed habitat should be reflected in their
δ13C and δ15N fecal values.
In general, there is some variation for the observed δ13C and δ15N fecal values between
the sifaka and lemur groups living in protected and anthropogenically-disturbed habitats. In
Figure 8, there is observable variation in the δ13C and δ15N isotopic niche space between the
ring-tailed lemur Green and Black groups. There is also observable variation in the δ13C and
δ15N isotopic niche space between the Verreaux’s sifaka Vao Vao and Rivotse (Fig. 9).
The δ15N fecal values of Rivotse were significantly lower than the δ15N fecal
values of Vao Vao, the Green group, and the Black group (Fig. 11; Welch’s ANOVA F3, 27 =
8.17, p = 0.0004). Tukey’s HSD test shows that the δ15N fecal values of Rivotse while living in
the anthropogenically-disturbed habitat were significantly less than the δ15N fecal values of Vao
Vao (Fig. 11; Table 13, δ15N: p = 0.03) which inhabited protected Parcel 1. However, Tukey’s
HSD test also demonstrates that the δ13C fecal values for the Black group residing in the
anthropogenically-disturbed habitat were generally similar when compared to the δ13C fecal
values for the Green group which inhabited protected Parcel 1 (Fig. 10; Table 12). For the
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sifaka groups, Rivotse and Vao Vao, it appears that habitat type (protected versus disturbed) may
have affected their δ15N fecal values and resulted in significantly different values between the
two groups. However, it appears that habitat type had little to no effect on the δ13C fecal values
for the ring-tailed lemurs (Fig. 10; Table 12).
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Chapter Five - Discussion
Predicting the observed δ13C and δ15N fecal values
H1 put forth the expectation that the predicted δ13C and δ15N fecal values would largely
match the observed δ13C and δ15N fecal values for the BMSR ring-tailed lemurs (Lemur catta)
and Verreaux’s sifaka (Propithecus verreauxi). This was expected, because measured δ13C and
δ15N values for BMSR plant organs coupled with feeding intervals for each plant organ were
used to determine predicted δ13C and δ15N fecal values for both primate species. However, the
results did not support this hypothesis. For δ13C, predicted and observed values appear to match
most closely for the Black group, while for δ15N, predicted and observed values appear to match
best for Rivotse. On the other hand, paired t-tests show that for most groups predicted and
observed δ13C and δ15N fecal values were significantly different and therefore do not match well.
However, for the Black group, predicted and observed δ13C fecal values were overall similar.
This indicates that predicted δ13C fecal values for the Black group are likely more reliable than
predicted δ13C fecal values for any of the other groups that were tested at BMSR.
Past studies have demonstrated that δ13C and δ15N fecal values reveal diet within days or
weeks (Codron et al., 2005; Sponheimer et al., 2003a). Therefore, it is possible that the observed
δ13C and δ15N fecal values were more indicative of recently consumed food items, rather than all
resources consumed throughout the month. Furthermore, monthly feeding intervals were used
with plant isotope values to determine the predicted δ13C and δ15N fecal values. Predicted δ13C
and δ15N fecal values may be more representative of monthly dietary composition, whereas the
observed δ13C and δ15N fecal values may be more indicative of dietary composition just days or
weeks before a fecal sample was collected in the field.

In the case of the Black group, predicted and observed δ13C fecal values may have been
more accurate if their diet were less varied than that of the other groups. Loudon et al. (2009) and
Whitelaw et al. (2005) note the lack of an understory in some areas of the unprotected forest
outside of Parcel 1 and that the forests were extremely fragmented due to livestock grazing.
Previous studies on tropical forest systematics have shown that δ13C values are highest at the top
of the canopy and lowest in the understory due to a “canopy effect” (van der Merwe and Medina,
1991; Broadmeadow et al., 1992; Broadmeadow and Griffiths, 1993; Heaton, 1999). However,
the unprotected forests at BMSR were more open due to livestock grazing and this results in
higher δ13C fecal values given the lack of a canopy effect as has been documented in
chimpanzees (Pan troglodytes) living in open environments (Sponheimer et al., 2006b; Loudon
et al., 2016).
For the BMSR ring-tailed lemurs and Verreaux’s sifaka, all paired t-tests performed
between the predicted and observed δ15N fecal values were significantly different. This suggests
that the predicted and observed δ15N fecal values matched relatively poorly. This is not
surprising, given that the δ15N values of plants and soils often vary in response to nitrogen
cycling, water availability and nitrogen loss. Sandberg et al. (2012) note that aside from diet,
physiology and the environment also play crucial roles in the δ15N values of animals.
Furthermore, several studies note that diet to tissue nitrogen ratios exhibit variability in response
to protein quality (Robbins et al., 2005; Roth and Hobson, 2000; Bearhop et al., 2002; Pearson et
al., 2003; Sponheimer et al., 2003b; Vanderklift and Ponsard, 2003). If lacking protein, animals
may catabolize their own tissue, and this results in higher δ15N values (Hobson et al., 1993).
However, to determine if the BMSR primates are lacking macronutrients or in poor health,
physical examinations would be required.
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One must also take into consideration that the biological and behavioral differences
between ring-tailed lemurs and Verreaux’s sifaka may have affected the accuracy of the
predicted fecal stable isotopes values. Members of the genus Propithecus, exhibit much greater
vascularization of the colon and caecum when compared other lemur species (Campbell et al.,
2004). As a result, the gut morphology of sifakas are particularly well-suited for digesting plant
matter and they are often referred to as “seed predators” since they produce fecal pellets with
fully digested seeds, fruits, flowers, and leaves (Loudon, 2009). Sifaka also exhibit a gut transit
time of between 24 and 48 hours (Campbell et al., 2004). In contrast, ring-tailed lemurs do not
fully digest the plants they consume, and their gut transit times have yet to be determined in freeranging settings. Thus, predictions for the δ13C and δ15N fecal values may have been inaccurate
due to the differences in gut morphology and the gut transit times between the two primate
species analyzed in this study.
While the equation used in this study not be not be accurate for predicting the fecal stable
isotope values of the BMSR ring-tailed lemurs and Verreaux’s sifaka, it does have heuristic
value in that no previous studies have used feeding observations to predict stable isotope values.
There is no doubt that stable isotope analyses are useful for making inferences about NHP diet,
habitat use and anthropogenic impacts. However, it is important to assess the accuracy of both
stable isotopes analyses and feeding observations alike, because both are widely used
methodologies in the fields of primate behavioral ecology and paleo-anthropology (Pollock,
1979; Balasse et al., 1999; Janson, 2000; Blumenthal et al., 2012; Reitsema, 2012; FloresEscobar et al., 2020).
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Niche partitioning between the BMSR ring-tailed lemurs and Verreaux’s sifaka
According to H2, it was expected that the ring-tailed lemur groups would exhibit greater
variation in their δ13C and δ15N fecal values and occupy a wider isotopic space in comparison to
Verreaux’s sifaka groups. This was expected, because ring-tailed lemurs generally consume a
greater variety of food items (i.e. flowers, fruits, stems, seeds, leaves, and invertebrates) and are
characterized as “omnivorous” (Jolly, 1966; Sussman, 1974; Sauther, 1992; Sauther et al., 1999).
In contrast, Verreaux’s sifaka primarily consume leaves and are referred to as “folivores”
(Yamashita, 2000). Given the greater dietary breadth of L. catta, the BMSR ring-tailed lemurs
should exhibit a greater degree of variation in their δ13C and δ15N fecal values compared to the
BMSR Verreaux’s sifaka.
Figure 7 demonstrates that the ring-tailed lemur δ13C and δ15N isotope space is greater
than that of the Verreaux’s sifaka for the months of December, February, and July. For the
months of February and July, the ring-tailed lemur δ13C and δ15N isotope space visually
enveloped the Verreaux’s sifaka δ13C and δ15N isotope space (Fig. 7).
Intraspecific comparisons between the ring-tailed lemur Black and Green groups
demonstrated monthly variations in their δ13C and δ15N isotope space (Fig. 8). In June and April,
the δ13C and δ15N isotope space of the Green and Black groups were similar in size (Fig. 8). In
contrast, the Black group δ13C and δ15N isotope space was greater than or almost fully
encapsulated that of the Green group in the months of December, February, and May (Fig. 8).
January was the only month during which the Green group δ13C and δ15N isotope spaced
encapsulated that of the Black group. Overall, Figure 8 demonstrates that the Black group is
primarily responsible for driving the stable isotope variation exhibited by the BMSR ring-tailed
lemurs.
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Verreaux’s sifaka intraspecific comparisons also revealed variation in their δ13C and δ15N
fecal values throughout the study. However, the coefficients of variation of the δ13C and δ15N
fecal values for the BMSR ring-tailed lemurs were generally higher than those of the BMSR
Verreaux’s sifaka (Tables 12-15). This indicates that the δ13C and δ15N fecal values for the
omnivorous ring-tailed lemurs in comparison to the folivorous Verreaux’s sifaka were more
variable (Tables 12-15). In sum, these data support H2, which hypothesized that ring-tailed
lemurs would exhibit greater variation in their δ13C and δ15N fecal values in comparison to
Verreaux’s sifaka.
Tukey’s HSD test also identified significant pairwise comparisons for the δ13C and δ15N
fecal values between the Black group and Rivotse, and the Green group and Vao Vao,
respectively (Tables 16 and 17). Significant differences between sympatric social groups of the
ring-tailed lemurs and Verreaux’s sifaka (i.e. the Black group and Rivotse, the Green group and
Vao Vao) demonstrate that species-specific feeding preferences and dietary adaptations largely
determined the δ13C and δ15N fecal values we found. Feeding studies at BMSR by Yamashita
(2000, 2002) noted that ring-tailed lemurs preferred ripe kily fruit and had lower tolerance for
tough foods in comparison to Verreaux’s sifaka. Moreover, ring-tailed lemurs spend significantly
more time on the ground and will eat foods from each level of the sifaka are generally restrained
to the canopy.
The results of this study also demonstrated that niche partitioning occurred between the BMSR
ring-tailed lemur and Verreaux’s sifaka and thereby has allowed the two species to exist in
sympatric associations (Hutchinson, 1957; Spencer, 1995). Examples of niche partitioning are
abundant among animal communities, but difficult to quantify. Since stable isotopes provide
comparable feeding data between two or more species, this technique shows great promise for
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addressing surround niche partitioning, feeding niches, trophic positions, and community
ecology (Newsome et al., 2007). In this study, the differences in the BMSR primate δ13C and
δ15N fecal values were driven primarily by the diets of the BMSR primates, and to a lesser
degree by the environments each species inhabits. This is evident from the feeding observations
among the BMSR primates which showed that the Verreaux’s sifaka mostly consumed C3 leaves
(58.7%) whereas ring-tailed lemurs mostly consumed C3 fruits (64.8%) during the study period
(Tables 4 and 5).
The data from this study may also contribute to our understanding of extinct lemur
communities. Using δ13C and δ15N biplots, Crowley et al. (2012) showed that extant and extinct
Malagasy lemur communities occupied distinct isotopic spaces indicative of niche partitioning
through both time and space. This study analyzed the bone collagen stable isotope values which
have slower turnover than feces and cannot capture dietary changes over short periods of time,
but are able to provide a glimpse into the potential habitats used by extinct lemurs before the
impact of humans.
The effect of seasonality on δ13C and δ15N isotopic values
H3 suggested that there would be a detectable shift in the δ13C and δ15N fecal values of
the BMSR ring-tailed lemurs as they transitioned from eating fruits in the wet seasons to leaves
in the dry season. The feeding observations in Table 4 demonstrate that the ring-tailed lemurs fed
on C3 fruits throughout the year. Unexpectedly, in some dry season months ring-tailed lemurs
consumed a greater percentage of C3 fruits than during some wet season months. For example, in
July (dry season) C3 fruits accounted for 86.0% of their diet in contrast to February (wet season)
when C3 fruits composed only 16.7% of their diet. At BMSR, ring-tailed lemurs have been
observed consuming kily fruits year-round (Sauther and Cuozzo, 2009) as a fallback food (FBF).
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Lafleur and Gould (2009) note that in January of 2005 a cyclone near BMSR altered the
flowering and fruiting cycles of T. indica. The data collected for this study began in December of
2005 and it is likely that extreme weather associated with the cyclone caused kily fruits to be
unavailable for that year. The BMSR ring-tailed lemurs relied more heavily on C3 leaves (66.8%)
in the month of February during the wet season of 2006, while during the dry season of 2006, it
unlikely any extreme weather event impacted the availability of kily fruits given that ring-tailed
lemurs consumed C3 fruits in such high quantities during the dry season months (Table 4).
Pairwise comparisons of the ring-tailed lemur δ13C and δ15N fecal values generated no
significant p-values when comparing ring-tailed lemur isotopic values between the wet and dry
seasons and this probably linked to their fluid dietary patterns throughout the year that may have
been impacted by climatic conditions.
H4 expected that P. verreauxi groups would exhibit lower variation in their fecal δ13C and
δ15N values between the dry and wet seasons given that they are folivorous and leaves are
abundant throughout the year. The stable isotope data suggest there were no significant
differences in diet between the wet and dry season for Verreaux’s sifaka. However, there were
observable differences in their feeding behaviors between the wet and dry seasons (Table 5; Fig.
7 and Fig. 9). For example, in February (wet season) C3 leaves composed 83.8% of their diet
(Table 5). Whereas, in May (dry season) C3 leaves accounted for 55.9% of the Verreaux’s sifaka
diet (Table 5). Figure 7 shows that the isotopic niche space for Verreaux’s sifaka visibly
increased from March to April. In particular, the isotopic niche space for Vao Vao also
dramatically increased from March to April (Fig. 9). The discrepancies between the isotope data
and feeding data may be attributed to the limitations of behavioral observations. The BMSR
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sifaka may have consumed foods that were not easily observed, consumed at night, or consumed
during a period of a particular month or season that no feeding observations were recorded.
The effect of anthropogenic disturbance on δ13C and δ15N isotopic values
H5 posited that there should be observable and significant variation between the δ13C and
δ15N values of anthropogenically-disturbed groups versus groups inhabiting the protected forests
at BMSR. Ring-tailed lemurs and Verreaux’s sifaka groups in the disturbed forests had access to
human foods not available to the groups that inhabited the protected Parcel 1. It was expected
that the presence of human foods in their diet would be reflected as observable and significant
variation in their isotopic values based on previous stable isotope research on NHPs living
among humans (Loudon et al., 2007, Schurr et al., 2012). At BMSR, Loudon et al. (2007) found
that ring-tailed lemur groups that inhabited the camp and consumed human foods exhibited
different δ13C and δ15N values. This is less of an issue for the BMSR sifaka that have never been
observed consuming human foods. In addition, the BMSR sifaka and ring-tailed lemurs
inhabiting the anthropogenically-disturbed forests consumed foods from more open canopies.
Therefore, their δ13C values should be higher due to the lack of a canopy effect than groups that
lived in the protected habitat at BMSR (Sponheimer et al., 2006b; Loudon et al., 2016).
In this study, the differences between the δ13C and δ15N fecal values of the BMSR ringtailed lemur groups living in the anthropogenically-disturbed (Black) versus protected (Green)
habitats were nonsignificant (Table 16). However, Figure 10 shows that the confidence intervals
of the median δ13C fecal values for the Black and Green groups do not overlap. As well, Figure 8
demonstrates observable variation in the isotopic niche space between the ring-tailed lemur
Black and Green groups. This indicates that anthropogenic disturbance likely influenced the δ13C
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fecal values of the Black and Green groups, but that Tukey’s HSD test was unable to identify
such an effect, because the sample size was too small (N = 14). It is also worth noting that the
Green group inhabited the protected forests at BMSR, but on few occasions was observed
crossing the Sakamena River to feed on mangoes (Mangifera indica) cultivated by the local
Mahafaly people (Loudon, 2009).
For the BMSR Verreaux’s sifaka, the groups living in the anthropogenically-disturbed
habitat (Rivotse) and the group in the protected parcel (Vao Vao) had significantly different δ15N
fecal values (p = 0.03, Table 17). Figure 9 also shows observable variation in the isotopic niche
space between the Verreaux’s sifaka Rivotse and Vao Vao. These results demonstrate that
habitat type did affect the δ15N fecal values for the BMSR Verreaux’s sifaka. Contrary to these
findings, Tukey’s HSD test identified the pairwise comparison for the mean δ13C fecal values
between Rivotse and Vao Vao were generally similar. It is also plausible that the effect of habitat
type (i.e. level of anthropogenic disturbance) on the δ13C fecal values of the BMSR Verreaux’s
sifaka was not apparent because the sample size was too small (N = 14).
Recent studies have also provided new insights on how captivity or anthropogenic
disturbance affects the gut microbiome of the Malagasy primates (Bennett et al., 2016; Greene et
al., 2018, 2019). Green et al. (2019) found that among specialist lemurs (i.e. sifaka) the “effects”
of captivity were more apparent in the gut microbiome than among generalist species such as
ring-tailed lemurs. In contrast, Bennett et al. (2016) observed among the BMSR ring-tailed
lemurs that habitat or anthropogenic disturbance did affect gut microbiota composition.
However, they also observed lower interindividual variability in general gut microbiome
composition between groups that inhabited anthropogenically-altered environments. As well,
Bennett et al. (2016) employed a larger sample size (N = 45 ring-tailed lemurs) for their study
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which may have caused the effect of anthropogenic disturbance affects on diet and therefore the
gut microbiome to be more apparent.
Perofsky et al. (2017) found that among wild Verreaux’s sifaka, group membership was
the most accurate predictor of gut microbiome similarity and diversity between individuals, even
after controlling for other variables. These studies show the value of microbial data for
investigating dietary patterns among wild ring-tailed lemurs and Verreaux’s sifaka. It would be
helpful to compare microbial data with feeding observations and stable isotopes analyses
presented here in order to gain a more comprehensive picture of how diet was affected by
anthropogenic disturbance and or seasonality. Furthermore, microbial data could be used along
with stable isotopes analyses to assess the overall accuracy of feeding observations.
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Chapter Six - Conclusion
Study Limitations and Improvements
The results of this study did not support all my expectations. While the attempt to predict
the δ13C and δ15N fecal values using feeding observations and plant isotopes was unsuccessful, it
does highlight the inherent variability of stable isotope analyses and feeding observations.
Therefore, I think it is important to use both stable isotope analyses and feeding observations
when studying the dietary patterns of wild NHPs, because this will provide a more
comprehensive understanding of their behavior and habitat use patterns. The dataset used for this
study was larger than most published stable isotope studies for NHPs and the publication of these
data can contribute to the current primatological literature. The data used here were also from
feces and to date there are relatively few studies that have concentrated on the δ13C and δ15N
fecal values of NHPs. Given that this study concentrated on δ13C and δ15N fecal data, it was
difficult to make direct comparisons to most stable isotope studies that generally utilize bone,
collagen, hair, or enamel values (Sandberg et al., 2012). Furthermore, as noted previously, fecal
stable isotope values provide feeding and habitat utilization data based on days or weeks and
represent the undigested portion of diets. In contrast, bone, collagen, and hair stable isotope
values provided data on the order of weeks or months and enamel stable isotope values represent
feeding and/or habitat utilization date of infant, juvenile, or subadult stages of a NHP’s life
(Sponheimer et al., 2009; Crowley et al., 2012).
There are a variety of methodological approaches that could be employed to improve on
this study. One improvement would include providing captive ring-tailed lemurs and Verreaux’s
sifaka experimental diets to get a better understanding of their gut transit times and the δ13C and
δ15N fractionation offsets of the values of the foods they ingest and the values that are exhibited
in their feces. Another improvement would include focusing on behavioral observations that

attempted to better capture the stable isotope ecology of the BMSR ring-tailed lemurs and sifaka.
This would include more precise data collection on ecological variables at the site, geographic
locations, canopy positions, and inter and intragroup competition. This dataset could also be
expanded to include the nocturnal NHPs at BMSR which include the understudied white-footed
sportive lemur or lepilemur (Lepilemur leucopus) and the gray brown mouse lemur (Microcebus
griseorufus).
Despite the shortcomings of this study, these data documented that anthropogenic
disturbance affected the BMSR ring-tailed lemur and Verreaux’s sifaka in different ways. It
would be helpful to collect more data to represent how these patterns have changed since the
original study period. As well, a larger sample size may better illustrate the effect of
anthropogenic disturbance. It was clear that anthropogenic disturbance affected the δ15N fecal
values of the BMSR Verreaux’s sifaka, but there was no observable effect on their δ13C fecal
values. By using a larger sample size, an observable effect on the δ13C fecal values of the BMSR
Verreaux’s sifaka may become visible. As well, a significant effect on the δ13C and δ15N fecal
values of the BMSR ring-tailed lemurs may be identifiable with a larger sample set.
Broader Impacts and Future Directions
It will be important for future studies to assess the impact of anthropogenic disturbance
on primate populations at BMSR and throughout Madagascar. Given that anthropogenic
activities such as livestock grazing have been shown to alter the δ13C and δ15N values of soils
and plants (Aranibar et al., 2008) it is likely that these practices contributed to the presence of an
anthropogenic effect on the δ13C and δ15N values of the ring-tailed lemurs and Verreaux’s sifaka
residing at BMSR. Furthermore, understanding the effects of anthropogenic disturbance on their
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δ13C and δ15N values will help us to determine the specific human activities that are influencing
their feeding patterns.
Measuring the impact of anthropogenic activities on our NHP relatives is especially
important given that human economic policies and practices have led to significant habitat loss
(Estrada et al., 2017). Other factors that have negatively impacted NHPs are bushmeat hunting,
the illegal pet trade, climate change and the spread of anthroponotic diseases (Estrada et al.,
2017). All of these factors combined have caused severe harm to NHP populations worldwide
such that 60% of primate species are at risk of becoming extinct and 75% are experiencing
decreasing population numbers (Estrada et al., 2017). Lemur catta and Propithecus verreauxi,
are both at risk of becoming extinct (IUCN, 2008).
The Malagasy primates account for 20% of all NHP species, make-up 30% family-level
diversity and among mammals are the most at-risk group for becoming extinct (Schwitzer et al.,
2014). Recent phylogenetic analyses resulted in a large increase in the number of recognized
extant lemur taxa, from 43 to 101 species (Schwitzer et al., 2014). These 101 species are found
only in Madagascar and 94% of these species are threatened with extinction (Schwitzer et al.,
2014). The extinction crisis in Madagascar is the result of fragmentation, alteration, and loss of
Madagascar’s forests (Schwitzer et al., 2014). Although, increased bushmeat hunting in response
to political instability since 2009 has also contributed to the problem.
According to Schwitzer et al. (2014), only 10 to 20% of the island’s original forest cover
still exists. Furthermore, many Malagasy strepsirrhines are seed dispersers for many of
Madagascar’s large seed-producing trees, including kily or tamarind trees, Tamarindus indica
(Federman et al., 2016). Their role as seed disperses is one aspect of the complex and
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interdependent relationship lemurs have with Madagascar’s forests. As such, the extinction of
lemurs would likely set off extinction cascades of other species on Madagascar.
The negative impact of anthropogenic activity on Madagascar’s five endemic lemur
families is stressed here to emphasize the conservation implications of this study and the study
subjects. This study demonstrates the ecological importance of Lemur catta and Propithecus
verreauxi, given that each occupy a distinct ecological niche in their habitat. Therefore, the
extinction of one or both species would negatively affect the unique flora and fauna communities
of southwest Madagascar. Understanding the dietary preferences of these primates within the
context of their changing environment will help us react and respond to the impending extinction
crisis of Madagascar’s lemurs and these two sympatric species.
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Appendix A
IACUC Approval Letter
MEMORANDUM
To:

James E. Loudon – Anthropology

From:

Silvia N. Iorio – Lab Animal Program Coordinator

Date:

June 24, 2005

Re:

Animal Protocol Approval

The Institutional Animal Care and Use Committee has reviewed your Category A animal protocol
entitled "The Parasite Ecology and Sociology of Ring-Tailed Lemurs and Verreaux’s Sifaka at Beza
Mahafaly, Madagascar" and has determined that it is in accord with the Public Health Service
Policy on the humane care and use of laboratory animals used in research and teaching.

The committee has approved your proposed use of animals at its June 22, 2005 meeting.
Since you have provided the requested permits, nothing more is required from you. This approval
will be valid for three years and will expire in 2008. An annual Protocol Update Sheet will be sent
to you on a yearly basis.

A signed copy of the approved protocol is attached for your files and for use by laboratory
personnel. If a verification letter to a funding agency is required, it is your responsibility to
provide this office with the correct mailing address as soon as it becomes available.

Thank you for your concern for animal welfare and your patience and willingness to work
with the policies and procedures of the IACUC.

C/

M. Sauther, Anthropology
Office of Contracts and Grants

Appendix B
Table 24. Mean δ13C and δ15N isotope values with standard deviations for the BMSR ringtailed lemur and Verreaux’s sifaka individuals.
Species
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
L. catta
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi
P. verreauxi

Individual
ID #6
ID #110
ID #116
ID #206
ID #212
ID #226
Wyatt
ID #9
ID #23
ID #167
ID #175
ID #209
ID #235
BJ
ID #111
ID #475
ID #489
ID #492
ID #502
ID #546
ID #567
ID #19
ID #80
ID #314
ID #467
ID #473
ID #483
Beta Male

Group
Black
Black
Black
Black
Black
Black
Black
Green
Green
Green
Green
Green
Green
Green
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Rivotse
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao
Vao Vao

Mean δ13C‰
-28.3
-27.5
-26.4
-27.7
-28.3
-26.7
-27.6
-28.0
-28.7
-29.0
-28.0
-28.3
-28.5
-28.0
-28.3
-29.0
-28.8
-28.2
-28.7
-28.8
-28.6
-28.5
-29.0
-28.6
-28.6
-28.7
-28.8
-28.7

SD
1.2
0.9
2.9
1.3
1.0
1.0
1.0
2.5
0.8
1.1
1.0
0.7
1.2
1.0
1.2
1.1
0.7
1.0
1.4
0.9
0.9
1.0
0.8
0.6
0.8
0.7
0.7
0.9

N
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Mean δ15N‰
5.9
4.6
4.6
4.7
5.0
4.8
4.3
4.8
4.5
3.9
4.6
5.3
5.3
4.3
3.4
3.5
3.4
3.7
3.4
3.5
3.1
4.8
4.2
4.5
4.4
4.0
4.3
4.1

SD
1.6
1.0
0.5
0.7
0.9
1.2
0.8
1.0
1.3
0.9
1.7
2.3
1.7
0.8
1.3
0.7
0.6
1.2
1.1
0.7
0.5
1.0
1.4
0.5
0.8
0.6
0.9
1.3

N
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

