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Abstract

Environmental stress on primate populations can take many forms. Abiotic
factors, such as temperature and precipitation, may directly influence the
behavior of primates owing to physiological demands of thermoregulation
or through indirect influences on vegetation that primates rely on for food.
These effects can also scale up to the macro scale, impacting primate dis-
tributions and evolution. Primates also encounter stress during interactions
within and between species (i.e., biotic interactions). For example, selec-
tive pressure from male-perpetrated infanticide can drive the development
of female counterstrategies and can impact life-history traits. Predation on
primates can modify group size, ranging behavior, and habitat use. Finally,
humans have influenced primate populations for millennia. More recently,
hunting, habitat disturbance, disease, and climate change have increased
in frequency and severity with detrimental impacts on primate populations
worldwide. These effects and recent evidence from camera traps empha-
size the importance of maintaining protected areas for conserving primate
populations.
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INTRODUCTION

Environmental stress refers to a condition that affects the performance and well-being of an
organism (Bijlsma & Loeschcke 2005). Its effects can occur at a range of scales from the molecular
(e.g., glucocorticoid production) to the population level (e.g., change in abundance, age structure)
and beyond (Cairns 2013). The definition of what constitutes an environmental stress inherently
depends on the organism of interest because what is stressful for one species may not cause stress
for another (e.g., drought conditions are more stressful for non-desert-adapted species). Ulti-
mately, environmental stress can reduce reproductive fitness, which in turn has consequences for
population dynamics. Environmental stress can thereby drive adaptations over evolutionary time.

There are three broadscale types of environmental stress. The first is abiotic stress, which
results from nonliving aspects of the environment, such as temperature and precipitation. Abiotic
stress is expected to be lowest for species when they occur in the environmental conditions to
which they are best adapted, and stress is likely to increase as species experience abiotic conditions
outside the range of conditions to which they are best adapted. Changes in abiotic conditions likely
impact cold-blooded organisms more than warm-blooded animals (Buckley et al. 2012). However,
many tropical organisms have narrower thermal tolerances than do temperate organisms because
climate varies less in the tropics than it does further from the equator (Deutsch et al. 2008, Janzen
1967, Khaliq et al. 2014). Abiotic conditions may consequently affect primates more strongly
than other mammalian orders because primates are an essentially tropical order. Abiotic stressors
uletmately set the geographic limits of primate distributions.

The second type of environmental stress is biotic stress, which is stress due to interactions within
species or between species. Like all organisms, biotic interactions can cause stress for primates.
Several aspects of primate behavioral ecology, such as intergroup aggression and infanticide,
cause stress when wounding and death occur. Stress from competition with conspecifics becomes
increasingly important for primates when overpopulation occurs. Primate populations can be
regulated by the availability of food during times of scarcity as well as by predation.

Third, human impacts from habitat loss, hunting, and climate change result in anthropogenic
stress on populations. Both hunting and habitat loss are major threats that affect numerous primate
populations worldwide. Climate change is an emergent threat whose effects have received rela-
tively little investigation in the primate literature. Sources of abiotic, biotic, and anthropogenic
environmental stress rarely operate in isolation and can have synergistic effects.

Finally, we highlight a recent biodiversity assessment from a global camera trap monitoring
network, the Tropical Ecology Assessment and Monitoring (TEAM) Network. TEAM uses a
standardized data collection protocol in tropical forest protected areas around the world. We
examine the status of 24 Old World primate populations that TEAM monitors and consider them
in relation to potential anthropogenic stressors, including hunting and habitat fragmentation. The
TEAM data suggest that protected areas are an important conservation tool for supporting stable
populations of primates.

ABIOTIC STRESS

Although primates are largely a tropical Order, there is significant variation in the abiotic con-
ditions that populations experience. Therefore, there is a rich history of research examining how
primates respond to abiotic factors. In fact, an abundant literature has addressed the relationship
between climatic variables, such as temperature and rainfall, and a variety of primate traits, in-
cluding behavior (Bronikowski & Altmann 1996, Dunham et al. 2011, Kamilar & Baden 2014,
Kamilar & Marshack 2012), morphology (e.g., Cardini et al. 2007, Gordon et al. 2013, Jablonski
& Chaplin 2010, Kamilar et al. 2012, Kamilar & Bradley 2011) and life history (Dewar & Richard
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Figure 1

Example of the impact of cold temperature on western and fat-tailed dwarf lemurs. Temperature profiles for Cheirogaleus medius (a,b)
and C. crossleyi (c,d) occupying poorly insulated (#,c) or highly insulated (4,d) hibernacula. For C. medius: skin (solid black), tree hole (solid
gray), and ambient (dotted) temperatures; for C. crossleyi: skin (solid black), nest or underground (so/id gray), and ambient (dotted)

temperatures. Vertical lines indicate midnight; black bars indicate dark phase. Figure and figure legend text adapted from Blanco et al.
2013).

2007). Abiotic factors may directly influence primate traits or they may serve as an intermediary
by influencing biome-scale vegetation patterns, which in turn drive variation in primate biology.
In many cases, the specific mechanisms leading to phenotypic variation are difficult to discern. Al-

though adaptation is often inferred, other processes such as plasticity may be important to consider
(Strier 2017, West-Eberhard 2003).

Abiotic Stress at the Behavioral Level

At the level of behavioral ecology, many primatologists have investigated seasonal changes in
temperature and/or rainfall in relation to food availability and distribution and how these factors
influence various aspects of primate behavior, such as diet, activity budgets, ranging patterns,
and mating behavior (for examples, see Brockman & van Schaik 2005, Lewis & Kappeler 2005,
Strier et al. 1999). One of the more surprising and extreme relationships between temperature
and primate behavior was recently discovered by Blanco and colleagues (2013) (Figure 1). They
found that two dwarf lemur species (Cheirogaleus sibreei and C. crossleyi) in Eastern Madagascar
hibernated underground for long periods of time. Specifically, this research was conducted at
Tsinjoarivo, a high-altitude rainforest that is one of the colder locations in Madagascar. During
their study period, the researchers documented a maximum ambient temperature of 22°C and
a minimum value of 5°C. The lemurs’ body temperatures matched that of the surrounding soil
(~15°C) for more than 10 days at a time, and the total duration of their hibernation period was 3—
6 months. This measurement is more than 15°C lower than their typical body temperature when
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they are active. Although energetic data were unavailable, presumably these species save a substan-
tial amount of energy during this period that would otherwise be used during thermoregulation.
In addition, considering the body mass of the dwarf lemurs (250-350 g) and the near freezing
ambient temperatures, hibernating in a 15°C microenvironment may prevent hypothermia.

In addition to seasonal shifts, interannual variation in climate may also have important impacts
on primate populations. Campos and colleagues (2017) harnessed multiyear (17.6 to 51.9 years)
survival rate, fertility rate, and climate data for 7 primate species. They found that climate variabil-
ity did not correspond to survival rates for nearly all species and age classes, with the lone exception
of infant sifakas (Propithecus verreauxi). More rainfall during the birth season (which is also the dry
season) was related to increased infant survival. The lack of climate effects on survival rates for
the other species/age classes may be a true effect but may also be related to relatively small sample
sizes. Relatively small effects on species survival could have significant consequences on primate
populations over longer time scales. In contrast with survival rates, climate variables did have a
noticeable impact on the female fertility of three primate species: sifaka, blue monkey (Cercopithecus
mitis), and northern muriqui (Brachyteles hypoxanthus). The variables and direction of climate vari-
ables differed across species. Warmer and wetter conditions were associated with increased sifaka
fertility. Cooler temperatures and increased rainfall corresponded to higher blue monkey fertility.
Cooler temperatures, but no rainfall effect, were associated with increased muriqui fertility. As
Campos and colleagues (2017) note, the three species most affected by climate exhibit the highest
levels of breeding seasonality of all taxa included in their study. This finding may have significant
implications for predicting which species will be most impacted by future climate change.

Abiotic Stress at the Macro Level

Other studies have examined the relationship between abiotic factors and primate ecology at
the community level (Beaudrot & Marshall 2011, Kamilar 2009, Reed & Fleagle 1995, Rowan
et al. 2016). This scale of analysis exhibits emergent properties from the composite populations
and species (Kamilar & Beaudrot 2013). For example, the tropical forests of the world contain
the highest levels of primate biodiversity as compared to other types of environments (Fleagle
2013, Myers et al. 2000). Tropical rainforest areas are associated with high annual rainfall, warm
temperatures, and relatively little seasonality in these abiotic variables. The connection between
climate and primate biodiversity is mediated, at least in part, by vegetation (Kay et al. 1997).
Regions of high plant productivity contain many primate species. Rainforests and their complex
habitat structure support primate species that occupy a wide variety of ecological niches. Kamilar
(2009) found that continent-wide variation in rainfall and temperature is associated with the
species composition of primate communities in Africa, Madagascar, and the Neotropics. For
example, guenons (Cercopithecus spp.) are more likely to be found at African study sites with high
rainfall, whereas baboons (Papio sp.) are more likely to be found in a community associated with
low rainfall. These results illustrate that some primate species are adapted to particular niches
found in certain habitats.

More recently, new analytical tools and data availability have allowed researchers to ask new
questions or address old questions in new ways. These new approaches include species distribution
modeling (i.e., ecological niche modeling), which seeks to understand species geographic ranges as
a function of environmental factors. Most commonly, abiotic variables are used to predict the areas
that have suitable conditions for a species, with the assumption that the abiotic conditions where
a species currently occurs determine where it will be able to persist (Araujo & Peterson 2012).
These models can be used to investigate questions related to conservation biology, speciation,
and taxonomy (Blair et al. 2013, Raxworthy et al. 2007, Thorn et al. 2009). For example, Kamilar
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and colleagues (2016) quantified the known climatic niches of six mouse lemur species (Microcebus
spp.) to investigate the degree of niche overlap among taxa. They found that these mouse lemur
species exhibited significantly different climate niches from each other. These results support the
idea that climate plays an important role in the distribution of these species. Also, if climatic niche
is an indicator of species delineation, then these findings provide additional evidence that the six
mouse lemur taxa should be treated as separate species.

At deep time scales, abiotic stressors can drive adaptation, speciation, and extinction (Lehman
& Fleagle 2006). Changing climates can result in habitat modification, and existing species living
in these habitats may be unable to disperse to more suitable areas. Therefore, some species may
become extinct, while others may evolve traits to survive in the new environment (Ganzhorn
et al. 2003). Species may also exhibit disjunct populations owing to the disappearance of the
required habitat throughout their geographic range. These isolated populations may evolve traits
that eventually lead to the formation of new species (Kamilar et al. 2009). This process may be
especially relevant for forest-adapted species with limited dispersal ability, such as many primates
(Beaudrot et al. 2014). Small- to medium-sized arboreal mammals are often unable to disperse
across large areas of deforested habitat. The primates with these ecological characteristics may be
most at risk of extinction or speciation if their population size is stable.

BIOTIC STRESS

Multiple types of interactions within and between species can negatively affect primates with
consequences at the population level. For example, intergroup aggression and infanticide can
decrease the abundance of a population. Competition between individuals of a species over avail-
able resources can result in poor body condition and ultimately negative population growth, and
predation results in the death of primate prey. Different types of biotic stress typically impact
life-history stages in different ways. Adult males are more likely to be injured during intergroup
aggression, infants are killed through infanticide, and adult females experience disproportional
stress from infanticide and low resource availability.

Intergroup Aggression

Intergroup aggression within primates is highly variable between species and can vary between
multiple populations of a single species. Crofoot & Wrangham (2010) suggest that conflictbetween
groups of primates is broadly used to maintain access to resources for long-term fitness despite
this range of variation. At the aggressive end of the spectrum, both chimpanzees (Pan troglodytes)
and white-faced capuchins (Cebus capucinus) engage in violent coalitionary attacks that can resultin
the injury or death of participants (Gros-Louis et al. 2003, Wilson et al. 2014). Lethal aggression
has also been observed in spider monkeys (Ateles geoffroyi) (Campbell 2006, Valero et al. 2006)
and white-handed gibbons (Hylobates lar) (Palombit 1993). In these extreme cases, the net effect
of intergroup aggression is a decline in the abundance of individuals in a population and a change
in the age structure of the populations. Most often, lethal aggression disproportionately affects
adult males.

Infanticide

Infanticide, or the killing of an infant, is widespread across invertebrates and vertebrates. Animals
commit infanticide for a variety of reasons: to obtain a food source, to reduce competition for
food or space, to avoid providing parental care to unrelated offspring (e.g., in birds), or as a male
reproductive strategy (Ebensperger 1998). Within primates, infanticide occurs in strepsirhines,
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monkeys, and apes. The net effects of infanticide are a decline in reproductive success for the adult
female whose offspring has been lost, a reduction in the number of individuals at the population
level, and a change in the age structure of the population. Thus, infanticide disproportionately
stresses infants and reproductive females. Selective pressure from infanticide can drive the develop-
ment of counterstrategies, anti-infanticidal adaptations, and life-history evolution. For example,
female Bornean orangutans (Pongo pygmaeus) mate with nonprime males when conception risk
is low as an anti-infanticidal counterstrategy to confuse paternity (Crowley et al. 2009). Gelada
temales (Theropithecus gelada) have been shown to abort fetuses following male takeovers, which
is likely an adaptation that prevents females from continued investment in offspring that would
suffer infanticide, known as the Bruce effect (Roberts et al. 2012). The coat color of ursine colobus
infants (Colobus vellerosus) at high risk of infanticide transitions to adult color more rapidly than the
coats of infants at low risk, which suggests that infanticide influences life-history characteristics
in this species (Bddescu et al. 2016).

Resource Availability

When the size of a population exceeds the level of resources necessary to sustain it (i.e., carrying
capacity), competition between individuals can cause population growth to decline. This concept
is known as density dependence. Multiple examples of density dependence in primates have been
documented. The free-ranging population of rhesus macaques (Macaca mulatta) on the island of
Cayo Santiago provides an example of density dependence in primates: Fertility rates declined as
the number of adult females increased (Herndndez-Pacheco et al. 2013) (Figure 2). The presence
of density dependence in this provisioned population where food is consistently available suggests
that density dependence likely has a stronger influence on population dynamics in wild primates
for whom resource fluctuations occur more frequently.

Resource availability may affect primate populations more significantly when periods of low
food availability are either unpredictable or extreme. For example, the masting dipterocarp forests
of Southeast Asia fruit in irregular boom-and-bust cycles that can span nearly a decade (Cannon
et al. 2007). In the case of the Bornean orangutan (Pongo pygmaeus), times of food scarcity cause
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Figure 2

Example of density dependence in rhesus macaques on Cayo Santiago. Linear relationship between
fertility rate of young adults (#) and adults (b) and the number of adult females. Figure adapted from
Herndndez-Pacheco et al. 2013).
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energetic stress, which is indicated by the levels of ketones or C-peptide in orangutan urine
(Knott 1998, Thompson & Knott 2008). These extended periods of food scarcity may have con-
tributed to the prolonged interbirth interval in this species, thus influencing life-history evolution.
Also in Borneo, variation in the amount of food available—particularly the density of figs—drives
variation across habitats in the population density of white-bearded gibbons (Hylobates albibarbis)
(Marshall & Leighton 2006). This relationship suggests that resource availability is a major de-
terminant of population regulation in this species. Furthermore, the local abundance of pig-tailed
macaques (Macaca nemestrina) in forests throughout Borneo does not vary with clouded leopard
(Neofelis diardi) abundance, which suggests that resource availability rather than predation likely
limits the population density of this species (Brodie & Giordano 2013).

For other species in other regions of the world, the extent to which resource availability limits
population growth may depend on predator abundances. For example, Terborgh et al. (2001)
describe a natural experiment in which a dammed river in Venezuela created a large lake. Islands
from the emergent mountaintops were the only habitat that remained; no predators occurred on
the islands. In the following decade, the density of howler monkeys (Alouatta seniculus) skyrocketed,
and ultimately reproductive suppression occurred. This occurrence suggests that competition for
available resources limited howler monkey population growth on the islands via increased stress
on reproductive females, but only due to the absence of predators.

Predation

The cost of predation is particularly high for primates because of their long life spans and slow
life histories. Arboreality and group living likely evolved in primates as antipredator defenses. For
example, white-faced capuchins perceive greater danger near the ground and reduced predation
risk in the middle and high layers of the forest canopy (Campos & Fedigan 2014). Group living
simultaneously increases vigilance and decreases the likelihood of predation on any given group
member. Indeed, predators favor terrestrial prey and small group sizes (Arlet & Isbell 2009, Shultz
& Finlayson 2010).

Asa consequence of the high costs of predation for primates, predation risk alone has measurable
consequences. For example, perceived risk can influence ranging behavior in vervets more so than
does resource availability (Willems & Hill 2009). This behavior seems particularly reasonable
when considering that, between 1985 and 1987, leopards annually consumed between 5% and
70% of the vervet population in Amboseli National Park (Isbell 1990). While the major predators
of primates include snakes, raptors, and terrestrial carnivores, the level of stress that each predatory
species causes depends on the identity of the prey species. For example, vervets avoid areas used
by leopards and chacma baboons more than areas used by snakes and eagles (Willems & Hill
2009), whereas male gray-cheeked mangabeys who chased away eagles exhibited elevated stress
hormones (Arlet & Isbell 2009). In a unique example with one primate species hunting another,
chimpanzees have driven a long-term decline in red colobus at Ngogo (Watts & Amsler 2013).
The extent to which the red colobus population will be able to recover remains unclear, thus the
consequences of predation for this primate population have been grave.

ANTHROPOGENIC STRESS

Hunting

Humans have co-occurred with nonhuman primates since the origin of the Homo lineage. Early
humans hunted and/or scavenged a wide variety of mammal species, and primates are probably
no exception to this pattern. Many modern human hunter-gatherers hunt primates as a necessary
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protein source. Traditional hunting methods (using nets, darts, arrows, etc.) may have had an
impact on many primate populations, potentially resulting in altered distributions and/or extinc-
tions on a broad scale. For example, mounting evidence has indicated that large Malagasy primate
extinctions in the last few thousand years are due primarily to hunting by humans (Crowley
et al. 2017, Godfrey & Irwin 2007). Similarly, evidence shows that humans contributed to the
Pleistocene extinctions of orangutans on mainland Southeast Asia and Java (Harrison et al. 2006).

The adoption of modern hunting techniques, such as guns, have changed historic dynamics,
resulting in widespread population declines in many parts of the world (Fa et al. 2000, Linder &
Oates 2011, Peterson 2003). Peres (1990) compared primate populations in western Amazonia
sites that experienced hunting by humans versus those that were undisturbed. He showed that
pressure from hunting by humans resulted in lower abundance levels for the largest Neotropical
primates at these sites, the atelines. Large arboreal primates appear to be the species hunted most by
humans in these areas, which has serious implications for the long-term viability of these primates.
In addition to experiencing higher hunting rates, these species exhibit slower life-history traits,
which decreases their ability to maintain their population size. Reduced population sizes and recent
extirpations of these primate species may also impact the broader primate community in the form
of density compensation (MacArthur et al. 1972, Peres & Palacios 2007). Peres & Dolman (2000)
found that sites with increased hunting pressure were associated with reduced primate biomass
due to declines in large species. The biomass of medium-sized primates increased at hunted sites,
but the biomass of small primates did not. Because overlapping niches are necessary for density
compensation to occur, small primates could not take advantage of increased resources available
in the environment due to the lower biomass of large species because these resources were not a
component of their niche space (Chapman et al. 2013).

The reasons for hunting primates include crop raiding (Hill 2000, Strum 2010) and providing a
high-quality food source for human populations, among other reasons. The increased occurrence
of hunting for food may be due to increases in human population, poverty, and food insecurity
(Borgerson etal. 2016). A study of orangutan hunting on Borneo found that most people who have
killed orangutans did so for food and not because of conflict (Davis et al. 2013). The problem of
highly impoverished people having few options to provide food for their families will not be solved
anytime soon. Anthropologists may be in a unique position to play a positive role in addressing this
challenge by providing critical insights into the cultural and nutritional requirements of people, as
well as the nonhuman primates and other animals that coexist with them (Marshall & Wich 2016).

Habitat Loss and Fragmentation

Inaddition to hunting nonhuman primates, humans can also negatively impact primate populations
through directly modifying natural habitats. Human population size is currently more than seven
billion and is projected to increase to more than nine billion by 2050 (Lutz et al. 2017). Primates
are found in many countries with high human population growth rates, and increasing human
populations are associated with greater habitat loss and fragmentation (Estrada et al. 2017). Many
primates are especially sensitive to anthropogenically modified habitats because these mammals
are forest dependent. Forests are often clear-cut for agricultural land (e.g., oil palm plantations)
or to harvest wood (Ancrenaz et al. 2015, Kamilar & Tecot 2016, Soares-Filho et al. 2006). A re-
cent global meta-analysis comparing primate biodiversity metrics (e.g., species richness, diversity,
abundance) in disturbed versus nearby relatively intact forest found that human impacts produced
negative effects on primate populations (de Almeida-Rocha et al. 2017). Forest conversion for
agricultural development had the most negative impact on primate biodiversity, especially agri-
culture focused on palm oil and rubber plantations. Primate biodiversity metrics declined most
severely in Malagasy and Southeast Asian disturbed forests.
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The broadscale analysis by de Almeida-Rocha et al. (2017) mirrors many studies at finer geo-
graphic scales. A study by Chapman & Lambert (2000) at Kibale National Park, Uganda, examined
primate abundances at numerous locations within the park. Each of these locations had different
histories of disturbance type (e.g., deforestation due to logging or agriculture) as well as varying
times since disturbance. These locations included about 10% of the park as abandoned farms
and 9% as disturbed forest. Based on density estimates at nearby sites, the authors estimated
that these disturbed areas resulted in about a 25% reduction in the assessed primate population
size. When calculating primate densities in disturbed areas, temporal lag is an important point
to consider. Movement of primates from the cleared habitat to adjacent forest fragments results
in artificially high densities soon after the disturbance, but these densities subsequently decline
owing to insufficient resources. In a recent study using an ecological modeling approach, Wich
et al. (2016) showed that orangutan abundance in Sumatra will decline to at least 67% of current
levels by 2030 because of future changes in land cover patterns: specifically, predicted forest loss
and fragmentation due to the increased production of agricultural land. These results emphasize
the importance of careful planning for agricultural expansion, especially related to expansion into
preferred habitats of endangered primates.

As has clear-cutting, increased forest fragmentation has potentially important effects on pri-
mate populations. Habitat fragmentation can alter species richness and composition, facilitate the
spread of invasive species, and exacerbate human activities such as hunting and the incidence of fire
(Irwin 2016, Laurance et al. 2002). Edge effects are another important consequence of fragmented
habitats. Forest fragment edges may have different microclimates, increased tree mortality, and
distinct dietary resources compared with that of the forest interior (Laurance et al. 2002). Lehman
and colleagues (2006a) showed that lemur species responded differently to forest edges in south-
eastern Madagascar. Avahi laniger was found in higher densities closer to the forest edge, possibly
owing to a combination of their folivorous nature and the increased protein content that may be
found in leaves present in moderately disturbed habitats that have increased exposure to sunlight
(Ganzhorn 1995). In contrast, the density of Eulemnur rufifrons was lowest within 100 meters of the
forest edge. Similarly, Cheirogaleus major was found at highest densities in the forest interior, and
these densities declined closer to the forest edge (Lehman et al. 2006b). Even though available
food was not quantified, Lehman et al. (2006b) did find that trees closer to the forest edge had
relatively small diameters. If tree diameter is correlated with fruit availability, then this may be one
factor to explain the reduced population density of the two most frugivorous species in edge habi-
tats. A recent study of Neotropical primates showed a similar differential effect of edge habitats on
primates with different dietary niches. Howler monkeys were found at higher densities, and spider
monkeys were found at lower densities close to the forest edge (Lenz et al. 2014). Considering that
most primates rely on fruit as an important component of their diet, anthropogenically induced
environmental stress due to forest fragmentation may play a critical role in the survival of many
primate species.

An important tool to assess the impact of habitat loss and fragmentation on primate populations
is hormone analysis. Specifically, cortisol levels from primates living in disturbed and undisturbed
habitats have been quantified from various biological samples, including hair, urine, and feces.
Many studies have found that primate populations living in disturbed habitats have higher cortisol
levels than do populations living in more pristine conditions (though see Tecot 2013 for an
exception). For instance, this pattern has been demonstrated in spider monkeys (Ateles geoffioyi)
living in the Yucatin Peninsula (Rangel-Negrin et al. 2009), gray-cheeked mangabeys (Lophocebus
albigena) in Uganda (Jaimez et al. 2012), and male vervet monkeys across South Africa (Fourie
etal. 2015).
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Finally, loss of preferred habitat and habitat fragmentation may also lead to an increased fre-
quency of hybridization among co-occurring primate species. Evidence has shown many cases
of hybridization in relatively undisturbed habitats, though anthropogenically induced habitat de-
struction may also produce higher rates of hybridization. Detwiler (2002) found that blue monkeys
(Cercopithecus mitis) and red-tailed monkeys (C. ascanius) hybridized more frequently at Gombe
National Park than at four other East African study sites with these species. A possible explanation
for this pattern may be the high levels of deforestation around Gombe during the past 60 years,
which has, in effect, made the site an island disconnected from any other forested areas. High rates
of hybridization may have varied evolutionary effects, including new lineage formation (Abbott
et al. 2013, Zinner et al. 2011). Hybridization of parental species with very different population
sizes could result in the effective extinction of the smaller pepulation species through genetic
swamping (Detwiler et al. 2005). In any case, the continued loss and fragmentation of primate
habitats will lead to more extirpations and eventual species-level extinctions.

Climate Change

Twenty-first century climate change has been well documented, and all evidence points to an
increase in global temperatures during the next several decades IPCC 2014). Increased global
temperatures associated with changing ocean currents and the jet stream will have major impacts
on many habitats where primates are found. These climate and associated habitat changes are
expected to occur at a rate not observed in the paleontological record. Therefore, animals with
long life histories and slow reproductive rates, such as most primates, will likely suffer when their
preferred habitat is no long available.

Recently published models have predicted drastically reduced geographic ranges for several pri-
mate species that are already at a high risk of extinction. Brown & Yoder (2015) generated species
distribution models for 57 Malagasy primate species and found that 60% will have significantly
smaller range sizes solely because of future climate change. Their findings are especially concern-
ing given that most of these species are already at a high risk of extinction. Struebig and colleagues
(2015) used a similar approach to quantify the future suitable habitat for the endangered Bornean
orangutan. They predicted that the available suitable habitat will decrease by 63% by the year
2080 owing to climate change alone. This value increases to 74% when other sources of habitat
change, such as deforestation, are considered. An increase in habitat fragmentation will likely have
a compounding negative impact on these populations (Struebig etal. 2015). This effect is especially
relevant for orangutans because females are philopatric. Therefore, their limited dispersal ability
may lead to a relatively rapid reduction in genetic diversity at the population scale. Thankfully,
not every study investigating the impacts of climate change on primate populations has yielded
negative scenarios. Sesink Clee etal. (2015) modeled the impact of future climate change on chim-
panzee populations in Nigeria and Cameroon and found varied results. Populations currently living
in rainforest habitat are not predicted to show a contraction or shift in their suitable habitat. In
contrast, populations living in a habitat ecotone are expected to suffer from a range contraction
in each of the three future time periods modeled. If these predictions come to fruition, then
important genetic diversity in West African chimpanzee populations will be lost.

Anthropogenic stressors on primate populations are often multifactorial. The combined
effects of forest fragmentation, hunting, and climate change may prompt cascading effects or
amplify negative feedbacks (Brook et al. 2008). For example, climate change is expected to fuel
deforestation from agricultural expansion on Borneo, resulting in primate habitat loss. Warmer
minimum temperatures are predicted to cause higher-elevation areas that are currently forested
to become suitable for oil palm cultivation. The detrimental impact of habitat loss from the
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synergistic interaction of warming climate and agricultural expansion is predicted to be worse than
either threat alone or the additive combination of the two (Brodie 2016). Thus, anthropogenic
threats can occur independently or in an additive way, but they can also behave synergistically.
An important area of future research is to assess these simultaneous stressors and to identify the
relationships between threats for primate populations of conservation concern.

Disease and Parasite Risk

Disease can be a form of environmental stress and also result from environmental stress. Evidence
shows that parasites and diseases have acted as important selective forces interacting with various
aspects of primate biology, including sociality, physiology, and immune function (Nunn & Altizer
2006, Nunn etal. 2015). The role of disease in affecting primate populations is now more complex
owing to local-scale anthropogenic impacts, as well as human-induced effects on ecosystems and
the global climate (Chapman et al. 2005). In fact, a growing body of research has demonstrated
that anthropogenic effects can increase disease and parasite transmission, resulting in negative
impacts on primate populations, though these patterns are often complex and not necessarily easy
to predict (Young et al. 2013).

Some of the best examples of the human impact on nonhuman primate disease risk is from
Africa. Gillespie and colleagues (2005) found that red-tailed monkeys in logged areas of Kibale
National Park displayed increased gut parasite prevalence and species richness compared with
monkeys in the unlogged forest. This finding was correlated with a declining population size of
red-tailed monkeys in these same logged forests, suggesting a possible connection between health
and population stability. A more recent study at the same site examined chimpanzees that were
infected with rhinovirus C, a virus typically found in humans (Scully et al. 2018). This virus is a
common cause of nonlethal human respiratory disease but produced severe health impacts in wild
chimpanzees. Five of the approximately 56 individuals in the chimpanzee community died, and
numerous other individuals showed signs of illness.

In Madagascar, Bublitzand colleagues (2015) showed thatlemur species living in disturbed areas
of Ranomafana National Park were associated with the presence of enteric bacterial pathogens,
whereas populations inhabiting intact forests did not. These bacteria were also found in humans,
livestock, and/or rodent populations. Fhesg results suggest that cross-species transmission of these
bacteria to lemurs was a common occurrence. In addition, although the presence of these bacteria
is a common cause of illness in humans, their impact on lemur population stability is not well
established. In a related study, Zohdy and colleagues (2015) examing diarrhea-associated viruses
present in seven lemur species in Ranomafana and humans living in close proximity to the lemurs.
They found that 64% of the 77 lemur individuals sampled contained at least one of the 5 virus
types screened (adenovirus, enterovirus, norovirus GI and GII, and rotavirus). Similarly, about
62% of the 107 humans examined also showed at least one type of virus present in their fecal
samples. Their genetic analyses did not provide enough resolution to confidently determine if the
viruses were being transmitted between lemurs and humans. It does further indicate, however,
the similarity of viruses found in humans and related primate species, which may lend itself to
cross-species transmission (Nunn 2012, Streicker et al. 2010), especially given growing human
populations and increasing encroachment on primate habitats.

PRIMATE POPULATIONS MONITORED BY CAMERA TRAPS

Camera trap surveys have become a popular technique for assessing change in animal populations
broadly (O’Brien 2016) and are becoming an increasingly popular tool for studying primates
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(Pebsworth & LaFleur 2014). They have been used to evaluate population trends within and
across protected areas and to examine the influence of anthropogenic stressors. For example,
the TEAM Network surveys terrestrial mammal and bird populations on an annual basis, using
a standardized protocol with large-scale arrays of permanent camera-trap points (Jansen et al.
2014). TEAM was established in 2002 to monitor long-term trends in biodiversity in tropical
forest protected areas throughout the world. At each of the 17 sites, 60 camera traps have been
deployed at a density of 1 camera per 1-2 km?. Species with an average body mass of >100 g
are monitored if the species spends a large proportion of its time on or near the ground or if the
species is arboreal and there is at least one TEAM site where the species is detected at least 5 times
during each annual survey.

The first global assessment of wildlife in tropical forest protected areas using standardized in situ
data from TEAM examined the status of 511 mammal and bird populations, including 24 primate
populations (Beaudrot et al. 2016). The primate populations occurred at 8 study sites located in
Africa and Southeast Asia (Supplemental Table 1). (No primate populations were monitored at
the Neotropical TEAM sites because there are no terrestrial primates in the New World.) The
study used camera trap data collected between 2007 and 2014 and evaluated populations using
occupancy modeling.

None of the primate populations increased significantly, and 5 of the 24 populations declined
significantly. Nine populations were classified as stable. These results suggest that while none of
these protected areas are currently supporting increasing primate populations, protected areas are
nonetheless an important tool for conserving stable populations. The population status of 10 of
the 24 populations was classified as unknown owing to a low number of detections by the camera
traps. Supplemental forms of monitoring would likely improve estimates for these populations.
More than half of the monitored populations are considered threatened by the International Union
for Conservation of Nature (IUCN) Red List. Fortunately, most of the threatened populations
had stable occupancies during the study period (Figure 34). Perhaps surprisingly, none of the
declining populations were hunted nor were the declining populations consistently found in iso-
lated protected areas (Figure 35,c). However, populations could have been negatively affected by

Unknown
Stable
M Declining

Least
concern

Near

threatened  Threatened No Unknown Yes Intact Isolated Patchy

IUCN Red List status Hunted Landscape type

Population status for the 24 primate populations monitored by TEAM according to the International Union for Conservation of
Nature (TUCN) Red List Status, which indicates whether a population was hunted and which is based on the connectivity of the
surrounding forest. Data from Beaudrot et al. (2016). See Supplemental Table 1 for detailed information on the primate populations.
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anthropogenic disturbances prior to the onset of monitoring. Continued monitoring is necessary
to determine whether the detected occupancy trends reflect short-term fluctuations or false stabil-
ity. An exciting area of future research is to use camera trap data such as these to evaluate primate
populations and their terrestrial predator populations simultaneously.

CONCLUSION

Primates are subject to myriad forms of environmental stress. These forms range from natural abi-
otic conditions, such as temperature and rainfall extremes, to the negative outcomes of interacting
with members of their own species or other species. Anthropogenic impacts place further strain on
free-living primate populations and can compromise population persistence. The primate species
alive today have weathered previous environmental stress through behavioral plasticity, dispersal,
and adaptation, but the rapid pace of global change poses unprecedented challenges for long-lived,
slowly reproducing animals.
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