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Introduction

Nocturnal primates compose a large representation of extant pripeaiess with at least
one-third of all primate species discovered exhibiting nocturnal behatZiespite this context,
few studies tie together behavioral relationships between related atateditaxa. In this project
| attempt to elicit antipredator reactions in four separate taxa afnmatprimate differing in body
size, degrees of sociality, and phylogenetic background alongowétitiurnal control species. |
record any reactions that individuals exhibit including behavioral cues, mems, and
vocalizations in order to clarify the relationship between nocturnapsstreines and their

predators.

Fossil and genetic evidence shows that the earliest primatesi@atoenal (Seiffert et al,
2005; Ross & Martin, 2007). Several theories exist to account for the appeafgprimates more
than 60 million years ago. Among the earliest was the arboreal hgoithevhich F. Wood Jones
(1916) argued that primate traits such as binocular vision, grasping hands aaddestreased
cognition arose due to challenges associated with arboreality. Tovedseleveloped in 1974 by
Matthew Cartmill, was the visual predation hypothesis. Cartmill,relygetrends found in other
animals in nature, proposed that forward facing eyes, grasping hands armhdemcreases in
brain size were associated with the cognitive and mechanicalrdiedlassociated with acquiring
mobile prey. The third, developed by Robert Sussman (1991), was the angioage&tion
hypothesis. He proposed that traits such as increased brain size andabiooloulvision (a trait
unaccounted for in other theories) evolved to exploit the fruits and floafefowering

angiosperms which emerged at the same time as the earliest primates.
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These theories do not come without their own explanatory problems. Thesarbor
hypothesis fails to account for other arboreal animals lackingasiranatomical adaptations.
Current fossil evidence shows that the earliest primates were fkekt tarnivorous or
insectivorous, making the angiosperm theory less likely, as(®itiox et al., 2007). The most
likely route for primate evolution was through visual predation with otrdéatians of primate

evolving later.

Most nocturnal primates are omnivorous, and much of their diet reliesroalgbtein.
Nocturnal primates rely a great deal more on animal protein thardtbeial relatives. The only
fully carnivorous primate, the tarsier, is exclusively nocturnal ¢@uet al., 2003). Nocturnality
provides several advantages in primates and mammals in general. (Deealsility to avoid
competition with diurnal taxa who use the same resources by aaréssm at a different time.
Second is the ability to take advantage of resources only avaitatitghés The ability to hunt is
greatly improved provided you have sensory adaptations better tharpngyyrand sleeping
animals may become prey. Third is the ability to evade predatdrarthactive during the day.
While predators are also present in the dark, evasion strategies masy lwbfierent and more

energetically efficient due to the sensory difficulties associatadlifie at low light.

Many of the adaptations associated with nocturnal living are neasiky explicable. For
example, nocturnal primates tend to be much smaller than their diurnaéquastd. Nocturnal
primates often communicate in the ultrasonic gradient at a frequeglegr than 20 kHz. Few
animals communicate in frequencies as high as nocturnal primatethevhighest recorded at 70
kHz in the Philippine tarsiefT@rsius syrichta (Ramsier et al., 2012). Several ideas have been

presented to account for ultrasonic communication in small nocturnal primates.
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The first consideration for ultrasonic vocalizations is size. Sizehaae an influence on
D SULPDWHTYTYV RXWZDUG EHKDYLRU HYHQWRQLE GLRARXX®LAAD W |
although inaudible to human ears, is simply any communication emitéefiequency above 20
kHz. Frequencies themselves may be a biomechanical consequencasiné tbkvocal folds in
animals. If body size is not the primary factor contributing to frequartgsonic communication
may serve a functional purpose such as predator deterrence, prey deoepbssibly as a strong

signal in environments riddled with loud background noise (Ramsier et al., 2012).

Additionally, nocturnal primates possess behavioral adaptations thagdist them from
their diurnal counterparts. One of the most salient adaptations of noctumatgsiis their form
of locomotion, predation, and predator evasion that manifests in the fornypsiscrDuring
crypsis, animals attempt to evade detection by moving slowly atradt Although not explored
across taxa, crypsis has been observed in several species of prnuastegequently in lorises
(Nekaris et al., 2007). Slow lorises are masters of crypsis, with previalisssfinding that some
species move as little as ten meters a night; moving in veily smabservable increments towards

WKHLU SUH\ DQG WKHQ UDSLGO\ PRYLQJ ZLWK WHKHDBKODQN\

Vertical-clinging-and-leaping (VCL) is another potential garidator adaptation found in
nocturnal tarsiers, galagos, several species of diurnal lemur, the mbétuahi lanigerlemur,
and nocturnal lemurs of the geriepilemur(Napier & Walker, 1967). There are several potential
origins for vertial-clinging-and-leaping. Galagos and tarsiers, both of which rely heawign
invertebrate protein diet, use VCL as a rapid form of locomotion to caiol flysects. Yet other
VCL primates, such as species of lemur on Madagascar sadhkspecies of Lorisidae do not
exploit animal protein in their diet. This raises questions on the origins of VCL. Whethatrid

evolved due to exploitation of the environment or due to predator evasionasgtéd, and while
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the relationship is yet unclear it has been theorized that sociespédiurnal VCL lemur evolved

from a previous nocturnal species (Ankel-Simons & Rasmussen).2008

The idea that crypsis has evolved to provide additional defense againsosredlaight
is undermined by the presence of VCL in nocturnal taxa. Nocturnal spénge have been
observed exhibiting crypsis live in sympatry with nocturnal spebigisuse VCL. Additionally,
the presence of cryptic strategies across the primate order Hasenotatalogued. It is possible
that crypsis is natlocomotor strategy for all nocturnal primates, but instead is excltssmall
taxa that are already less apparent to larger predatare&xBmple, the aye-ay®@ubentonia
madagascariensj$as only one natural predator on the island of Madagascar, but thecargjhyfi

smaller grey mouse lemu¥(crocebus murinysmay have more than ten.

Other ways of evading predators have been observed in nocturnal prireatzal Species
of loris produce poisonintheirsaliv® QG PDQ\ QRFWXUQDO SULPDWHY 3SDUN"’
to carrying them short distances on their backs when gathering food 2R64%3, Although one
of the main benefits of group living and sociality in mammals is poedkgtection and defense,
nocturnal primates tend to live solitgx monogamously, or in small social groups. Alarm calls
have been recorded and observed in some species, and the tarsienedistance recruitment

vocalization which functions to gather conspecifics to mob predators (Gursky, 2006).

Theoretically, from an evolutionary standpoint, not all nocturnal primategdvwvant to
utilize alarm calls. Alarm calls, which are immediate remdito detected predators, should not
be universal. Individuals should only produce alarms calls in the evérthéiacalls dissuade
predators. These calls would act as detection signals for predators|yhupon unprepared prey,
a theory known as the perception advertisement hypothesis (Bergstrbath8nann, 2001).

Individuals should also only alarm call if such calls increase the chancespédsr themselves
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or closely related conspecifics, a theory known as the conspecificngdnypothesis (Flasskamp,

1994).

Most nocturnal primates exist withlimited degrees of sociality. It is unlikely that it would
be beneficial for these primates to produce alarm calls, yet weobaeevational accounts of them
doing so. Based on our current understanding of nocturnal primates armbtheiunication, it is
possible that radiations of nocturnal primates have found a way to shadethes of the
disadvantages incurred by alarm calling, most noticeably chances dfaetdwough the use of
ultrasonic communication. In such a case, nocturnal primates carthetegystem of crypsis

while having the ability to alert nearby conspecifics to the presence of predators.

| hypothesize that crypsis is a nocturnal strategy limited to smatier Ifahis is the case,
the aye-aye, which is amongst the largest of the lemurs in Madag should not resort to cryptic
strategies when exposed to predators. | predict the species walhdnappear aggressive or
standoffish with reactions that mirror those when encountering aggressigpecifics. The
smaller nocturnal primates should resort to crypsis and attempt teatdimemselves or hide when
exposed to predatory stimuli. If it is the case that all the nodtprimaates resort to crypsis, then
it would support the conclusion that crypsis is a nocturnal strategybyseubst radiations of

nocturnal strepsirrhine.

| also hypothesize that ultrasonic communication is used by noctawwlas a private
communication channel for predator evasion. For this, two assumptions must hold during
experiments: individuals will use alarm calls in the presenceenfgbory stimuli and that alarm
calls will be at a higher frequency than typical vocalizationthé@se species. The assumption is
not made that these vocalizations must simply be in an ultraf@guency because some

vocalizations are already in the ultrasonic range and are unrelated to predstatsc
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Both of these hypotheses have implications for our understanding of the avalutur
earliest primate ancestors as well as for the nature of nocturiBditause of the large diversity
of nocturnal primates in the wild and their dispersion across vast geagepgattes, few cross-
comparative studies havedseundertaken. The information collected in these experiments may
yield scientific insights on the underlying processes behind antipreoiawriors in nocturnal

primates.
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Primate Information
Suborder Strepsirrhini

Each species examined in this study, as well as all primates at the DukeCemter,
are members of the Primate Order and the Suborder Strepsirrhini. Strepsirrhines, which are
distinct clade of primates including the lemurs, lorises, and galagos, are disiadeisom
members of the Suborder Haplorrhimicluding the monkeys, apes, and tarsieif) the latter
of which have anatomical specializations including a toothcomb, a groomingadivetum

lucidum and a wet rhinarium.

Strepsirrhine primate have smaller body sizes, shorter lifespans, and are maaked by
number of cognitive distinctions from the Haplorrhine primates including an inability t
intentionally fabricate false information (Whiten & Byrne, 1988). The majority ofunpat
primates are strepsirrhines. Nearly all species of Lorspalclade containing all lorises and
galagos, and many species of Lemuroidea, a clade containing all lemurs,tareatac
cathemeral. In contrast, only two radiations of Haplorrhine primate are nocmshahonkeys
in the genu\otusand the infraorder Tarsiiformes. Figure 1 shows a basic strepsirrhine

phylogeny with species examined in this study highlighted for claiticat
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Fig 1. Strepsirrhine phylogeny with taxa utilized in this study highlighted in red. Adapted from
Roos (2004)

Lemur catta

The sole diurnal species used in this stlidynur catta also represents the most social

and terrestrial lemur in this study. Like all other lemurs, ring-tailed Israre endemic to the

island of Madagascar. Ring-tailed lemurs are opportunistic omnivores, eating frui, leave

flowers, and small insects (Budnitz & Dainis, 1975). These lemurs are the secmsd lar

primates in the study, with similar body dimensions to a large cat.

/ILIH KLVWRU\ GDWD FROOHFWHG

| LR radklarah dthlbidsé HP X U & |

show a mean lifespan of 16.87 years on average, with the maximum age of a DLC legur be

31 years of age. Mean weights for the species are 2.45 kilograms, with femalesigvan
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average weight of 2.35 kilograms and males weighing an average of 2.54 kilogramet @ehr

2014).

Research on ring-tailed lemurs in the wild has been very extensive, and several
catalogues of vocal repertoires have been published on the species. Ring-tailed cotamisica
highly complex amongst prosimians, and separate distinct predator-warningaeallseen
recorded for aerial and terrestrial predators (Sauther, 1983). Ring-tails arevioighllyand their
cooing sounds have been found to be an important factor for group dynamics and cohesion in the
species (Macedonia, 1993). Ring-tailed lemur vocalizations are within the range of human

hearing, lower than the ultrasonic range (>20 kHz).

Cheirogaleidae
The two species represented from the family Cheirogaldidi@epcebus murinuspr the

gray mouse lemur, ar@heirogaelus mediy®r the fattailed dwarf lemur, are among some of
the smallest of lemurs. Both species, as well as all Cheirogaleidaechusety nocturnal, and
members of botM. murinusandC. mediusare omnivorous and store fat in their tails for

seasonal hibernation and torpor (Schmid & Kappeler, 1998; Fietz & Ganhorn, 1999).

While both species are similar in their diet and feeding ecology patterns, thair soc
organizations highly diffeMicrocebus murinuéves in large multi-male, multi-female groups.
Individuals leave their nesting sites to forage independently at night, and cehast in groups
of up to 15 individuals (Radespiel, 2000). Males often sleep alone, while females mayidieep w
the same females. During the mating season, individual males can be found with up to seven

females at individual nesting sites.

Cheirogaleus medidemurs live in smaller groups, with seasonal flexibility arising
during periods of torpor (Muller, 1999). Males are intolerant of one another, and social
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organization is found to be consistent with small, dispersed, monogamous family groupsg. Dur
periods of torpor, nesting size may increase from one to five individuals sharing theesame

hole.

Life isWRU\ GDWD FROOHFWHG IURP -t idatabaselshicaP X U & HQ W I
mean lifespan of 8.34 yearshh murinus with the maximum age of a DLC lemur being 17.96
years of age. Mean weights for the species are 82.65 grams, with slight sexual dimorphi
towards females weighing an average of 85.93 grams and males weighing an eivégag2
grams; it is unknown if measurements analyzed in the dataset were taken duadg pkri
pregnancy in females or during breeding periods for males when significant drops inaseight

expected (Zehr et al., 2014).

Longer lifespans have been recorde@immediusand their unusual age-body mass ratio
is currently being explored as a topic of research for its applications to human longewity. Th
mean lifespan of a lemur at the DLC is 14 years, with the maximum age med<2863Bayears
old. The mean weight for adults is 241 grams, with females weighing 247 grams asd mal

weighing 236 grams on average (Zehr et al., 2014).

Vocalizations in both of these species reach into the ultrasonic rang®).witbrinus
vocalizing at much higher frequencies tf@mmediusRanges foM. murinushave been found
to exist in a range up to 40 kHz and ranges<Cfomediushave been recorded in the ranges up to

25 kHz (Cherry et al., 1987).
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Daubentonia madagascariensis
Daubentonia madagascariense species in a genus of its own and known more

commonly as the aye-aye, is perhaps the strangest of all prilkiesigh still considered a

lemur, aye-ayes separated from ancestral lemurs millions of years beforedbsiveradaptive
radiation on Madagascar, and are commonly used as a genetic outgroup from which to base the
phylogenetic positions of all other lemurs. Consequently, they are regardiednasst

genetically basal species in the primate order (Perry et al., 2012).

The aye-aye is highly specialized in its environment, filling a niche commonly found on
other continents occupied by woodpeckers or large rodents. The aye-aye has a suite of
adaptations including an elongated third digit used to extract grubs from holes bored intlrees w
its continuously growing incisors and located with its large dish-like Agtesayes feed on fruit,
insects, fungi, and nectar, and are the largest primate represented in this study

(Andriamasimanana, 1994).

/ILIH KLVWRU\ GDWD FROOHFWHG |U&mdstakase'shédH /HP XU &F
mean lifespan of 24 yearsIlh madagascariensisvith the maximum age of a DLC lemur being
32.37 years of age. Mean weights for the species are 2.67 kilograms, with femakesghaig
average of 2.72 kilograms and males weighing an average of 2.6 kilograms. It isyuhbkel
lifespans of aye-ayes in the wild approach those seen at the Lemur Center, ad aitrysats
such as loss of incisors and breakage of the elongated third digit are common with age in

individuals (Zehr et al., 2014).

Little research has been carried out on the vocal characteristics of aye-aye
communication (Sterling & Richard, 1995). Aye-ayes forage using a method pateussive

foraging in which the elongated third finger is used to locate grubs and other food sources
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underneath wood by tapping as the aye-aye listens with its large eaks@gyit991). This
indicates a strong reliance on audible sensory systems in the species.ibm &olti¢aring
adaptations, the aye-aye retains visual dichromacy, possibly as a method far pretation

during day times (Perry et al., 2007).

Socially, aye-ayes are solitary with very large overlapping rangds.avid female
interactions tend to be affiliative, while solitary female interactions are ajggeMale-male
interactions may be either affiliative or aggressive (Andriamasimanana, 19@4xyAaysocial
communication relies highly on olfactory cues, and while studies have linked thébdgirsize
guotient within primates to high degrees of sociality, aye-ayes have one of tist dargjenost

developed brains within the prosimians (Dunbar, 1998; Kaufman et al., 2005).

Nycticebus pygmaeus
The sole non-lemur primate used in this stidlyGticebus pygmaeusr the pygmy slow

loris, is found in Southeast Asia in China, Cambodia, Laos, and Vietnam. Favored by the pet
trade, the taxonomic classificationycticebudorises is still under construction (Chen et al.,
2006). Although nocturnal like the Cheirogaleidae and the ayeNaysigmaeusliffers from

them in diet, locomotion, and social patterns.

All lorises are nocturnal, and the pygmy slow loris is omnivorous. One-third of their diet
is composed of animal prey, while the remaining two-thirds is almost entmglgased of tree
gums. In the wild, these lorises have been observed to periodically visit the sasn@ithin
their home ranges and leave noticeably large gouges in the tree trunks, makifigatientof

their nesting sites easy (Nekaris, et al., 2010).

/ILIH KLVWRU\ GDWD FROOHFWHG |uUd&rdatakase'shodH /HP XU &F
mean lfespan of 11.25 years M. pygmaeuswith the maximum age of a DLC loris being 19.26
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years of age. Mean weights for the species are 487 grams, with females gvaighwverage of

480 grams and males weighing an average of 496 grams (Zehr et al., 2014).

Lorises have a number of adaptations separating them from other primates. laoreses h
hands with shortened second digits, highly mobile ankles antsyvamsl their bodies allow for
the exchange of oxygen and waste materials in the absence of bodily movement (Grand, 1967,
Davies, 1947). These adaptations allow for prolonged grip on branches with litile fatayis
bodies are also elongated, allowing for navigation across gaps in their terraietdyirsg
(Curtis, 1995). In addition to their body morphology, slow lorises are toxic (Wilde, 1972). The
function of their toxicity is still debated in the literature, with suggestionsrrigritpm the use
of poison as an anti-predatory or defense mechanism to the possibility thgtheran

adaptation for protecting infants left on branches for short periods of time (Graw2&t14).

The vocalizations of pygmy slow lorises have not been fully explored, but preliminary
research shows that these animals communicate in a range both within the humah range o
hearing and in the ultrasonic gradient (Daschbach et al., 1981; Zimmermann, 1985)y, Soeiall
pygmy slow loris may be monogamous likemediusand several other nocturnal taxa, sleeping
in groups of 1-4 individuals consisting of male/female pairs with additional offspringnéV8ie

Zitzmann, 2003).

Cryptoprocta ferox
The fossa, the main predator model in this study should also be described, as it is the

apex predator of the island of Madagascar and has been documented hunting and consuming
nearly every species of lemur, from the smallest mouse lemurs to the largéktrotied, the

indri (Indri indri) (Hawkins & Racey, 2008).
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The fossa, the sole species of its unique genus, is also endemic to Madagascar. For many
decades thought to be a cat, the fossa most resembles felines, but is genktsealkp a group
of mammals including the civets (Yoder et al., 2003). Fossas have been severely underexplored
by both the scientific and conservation community, but current studies show that they are both

nocturnal and solitary except during the mating season.

Fossas are the largest carnivore on Madagascar, with adults weighing betw&én 5.5-
kilograms. Fossas have distinct anatomical adaptations for hunting arboreal pteyngsemi-
retractable claws, flexible ankles, and a very large tail allowing themwvia trartically up and
down trees head-first. Sexual maturity in the fossa occurs at three to four years of adge, and t

average life expectancy for captive individuals is up to 20 years of age.

Half RI D IRVVDYVY GLHW FRQVLVWY RI OHPXUV DQG LW LV
upon all 100+ species of lemur on Madagascar. During the non-breeding season fossas are
solitary hunters, but during the breeding season animals may be seen in cooperative hunting
pairs, performing chasing-and-trapping techniques seen in other arboreal predators th the wil
While fossas generally prey upon medium sized to larger sized lemurs in the wildatieey
been observed eating prey as large as indris (6.8kg) to prey as tiny as smalldileadse(l.,

2007).
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Methods

This study was completed at the Duke Lemur Center (DLC) in Durhemmh Carolina
over the summer of 2015 from Juné"4 July 229with statistical analyses conducted during

subsequent semesters in the fall of 2015 and the spring of 2016 using SAS.

The Duke Lemur Center is a non-profit research and conservation cented lacaiss 80
acres of forest located near Duke University in the central @r&orth Carolina. Hosting over
240 individuals across at least 21 species of strepsirrhine, 18 belongihg sugerfamily

Lemuroidea, the DLC is the largest prosimian research center of its kind in tie worl

| tested five species in this studyemur catta, Nycticebus pygmaeus, Daubentonia
madagascariensis, Cheirogaleus mediumd Microcebus murinus The Cheirogaleidae
composing the grey mous#licrocebus murinusand fat-tailed dwarf lemursCpeirogaleus
mediug are kept in colony-type indoor enclosures in which individuals are hd&tge home
enclosures within a single room connected to other enclosures that cootiple lemurs of the
same species. Pathways to and from other enclosures in the room agedcpanodically
depending on a number factors including behavioral enrichment, social behawtbrsatng
seasons. Aye-ayesDé&ubentonia madagascariensiand pygmy slow lorisesNcticebus

pygmaeupare housed in very large indoor concrete enclosures alone or witthenénaividual.

Keepers and researchers control diet and temperatures day and night in indoor enclosure
For nocturnal primates, nocturnal periods are adjusted to coincide with humeyhtdagurs,
usually beginning at 9:00am and ending at 8:00pm. Dilre@mlur cattdive in outdoor free-range
enclosures which extend several acres. Feeding, medical examiratidtehoratory work occur

at central locations connected to outdoor enclosures accessible by workers andiast®rina
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For the experiments, | used a research design modified from Rahlfscatel F2010).
Rahlfs and Fichtel conducted experiments to elicit reactions froht egptured grey mouse
lemurs in the wild using false predator models of a faSsgptoprocta ferok a rubber snake, and
a raptor. These experiments failed to elicit any vocalizations fteenmouse lemurs, and
individuals continued to forage in their makeshift habitat. Playbacks o$enemur alarm calls,
a synthesized lemur call, and a bat call were played, bufaled to elicit any reactions from

individuals.

This experiment draws many elements from the original, includingsthef false predator
models, but unlike the original experiment (desigimo elicit reactionsto predatorsor to
conspecific alarm calls), this experiment was designed simg@lycibany anti-predator reaction.
| increased the sample size by adding representatives of feciespo the study, and | played

vocalizations in conjunction with predator models.

To begin, a worker separated individual primates from their living quamerplaced them
in dark isolation for a period of time less than one hour before experiments tygieally after
nocturnal conditions were restored to the enclosures and prior to first feeldiegsrimates were
then taken to an experiment room and placed solitarily in a large designed folin-house
experiments at the Lemur Center. During this period and throughout ik t#rthe experiment
| played a continuous track of rainforest background noise in order to ensure a neutral sound field

for predator playbacks.

| then monitored individuals for neutral behaviors (foraging, restingngitabsence of
pacing) before experiments began. If neutral behaviors were not showitnage after a period
of <5 minutes, we returned the individual to its holding room and replacedhitte other

individual in waiting. Upon neutral behaviors, playback experiments beghrswivocalizations;
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the first three vocalizations played were of the rainforest scop&dud rutilug, the Madagascan
owl (Asio madagascariengisand the Madagascar harrier-hawlolyboroides radiatus The final
three vocalizations were variants of calls and growls of the f@yptoprocta ferox a primary
predator of lemurs on the island of Madagascar. Upon the second fossa cakenexposed a

hidden chamber containing a model fossa, providing a visual representation of the wildrpreda

| recorded a variety of reactions: freezing or running, orientation towardtitheli,
presence of audible vocalizations, and the time these behaviors stopped dparighents
Pauses between individual playback stimuli were held for one miftetetlze return of neutral
behaviors in individuals, followed by the next successive vocalizationrdBdgfe model fossa and
second fossa vocalization sequence, we closed the chamber until theofetautral behaviors
and subsequently kejit open for three minutes after playing the third fossa vocalization. To
capture vocalizations, | placed a Pettersson M500 ultrasonic recording microphoneghitiof s
the experiment room. Animals were then held in the room until the return chineeitaviors and
subsequently returned to the holding room to be taken back to their origited@es. Experiment

times typically lasted no more than 15 minutes.

Each primate species was observed and recorded outside the context bafckplay
experiments in their normal habitats. Basic observation techniquesusesie as established by
Altmann (1974), to assess neutral behaviors and correlate any vooaBzgitien by individuals
during playback experiments to those made in their dalily lives. Taph®ws a list of all DLC

primates used in this study.
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Species Name Sex
Lemur catta Teres Male
Lemur catta Perisidies Male
Lemur catta Nikos Male
Lemur catta Onyx Male
Lemur catta Persephone Female
Lemur catta Sierra Mist Female
Lemur catta Brigitta Female
Lemur catta Hybernia Female
Nycticebus Pygmaeus 10 Moth Male
Nycticebus Pygmaeus Roach Male
Nycticebus Pygmaeus Junebug Female
Nycticebus Pygmaeus Sovani Female
Daubentonia madagascariensis Norman Male
Daubentonia madagascariensis Merlin Male
Daubentonia madagascariensis Poe Male
Daubentonia madagascariensis Nosferatu Male
Daubentonia madagascariensis Lucrecia Female
Daubentonia madagascariensis Ozma Female
Daubentonia madagascariensis Morticia Female
Daubentonia madagascariensis Andora Female
Cheirogaleus medius Tanager Male
Cheirogaleus medius Auklet Male
Cheirogaleus medius Thrasher Male
Cheirogaleus medius Francolin Male
Cheirogaleus medius Osprey Male
Cheirogaleus medius Crow Male
Cheirogaleus medius Jaeger Male
Cheirogaleus medius Hottenton Female
Cheirogaleus medius Quetzal Female
Cheirogaleus medius Towhee Female
Microcebus murinus Bullrush Male
Microcebus murinus Daikon Female
Microcebus murinus Shisho Female

Table 1. List of individuals used in the study, including information on species and sex

A predator model was created using a bobicghX rufug mold used by taxidermists to
PRXQW VSHFLPHQV DQé&hdHKnodeNedto Jodk We) R fo3ca. HAY the fossa and

American bobcat have similar body dimensions, construction of the predatoa matter of
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applying properly colored fabrics to the body of the mold and constructingoattaf wire. The
ultrasonic microphone was connected to a Microsoft Windows Surfacee? talphputer with
accompanying BatSound recording software used for collecting and recordiatizabons.

Parameters for recording vocalizations were set accordingly for eatbspad can be found in

Table 2.
Species Frequency Ranges
Cheirogaleus medius OkHz-30kHz
Microcebus murinus 10kHz-60kHz
Daubentonia madagascariensis | OkHz-30kHz
Nycticebus pygmaeus OkHz-40kHz
Lemur catta OkHz-20kHz

Table 2. List of species in the study and frequency ranges set on the recorded

For behavioral observations, a simple ethogram of behaviors exhibited lynilrs was
constructed including running/evading, stopping, and orientation towards objegtainiue
behaviors of note taken during response times to the stimuli were reeatdibdum (Altmann,
1974). All behaviors were measured focally, and special note was tatkethe/use of a stop-
watch to record lengths of time spent frozen by each animahnk whether behaviors exhibited
were cryptic or non-cryptic, a scoring system was set upgnraknt with behaviors seen across

all taxa. Tables 3 shows scores given for each behavior.
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Score Behavior
+1 30 Second Stop

+1 Stop & Immediate Orientatio

Towards Stimulus

+1 90 Second Stop

+1 180 Second Stop

-1 Run/Evade

-2 Audible Vocalizations

Table 3. Scores given for each behavior exhibited during exposure to stimuli. Points
given were cumulative, e.g. an individual stopping for a period of 100 seconds would
receive a score of +2, and a score of +3 if it oriented itself towards the stimuli
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Results
Experimental Behaviors
This study was completed at the Duke Lemur Center (DLC) in DurNambh Carolina
over the summer of 2015 from Jund'1d July 22%with subsequent statistical analyses conducted
during fall 2015 and spring 2016. Out of all thirty-one primates tested, five mesm-responsive
to stimuli and were dropped from datasets for analysis. The figuresdiwlow are statistical
ANOVA models run in the program SAS including pd6R F ) L VLR tdsfsvV Appendices in
the back of the book include indiLGXDO JUDSKV DORQJ ZLWK WKH UHVXO
uncorrected for multiple comparisons. Each comparison is held as an intivtdeabetween

species to account for uneven sample sizes.

Distribution of Time Frozen in Response to Bird Vocalizations

200 024 F 1.78
Prob > F 0.1815
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Time Frozen (in secpnds)

50 S &
T
<
ol L
I I I I
Ch.Med. D.Mad. L. Catta Nyct. Pyg.

Species

Figure 1. Times Spent Frozen (in Seconds) When EsggoBird Vocalizations
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In tests using bird vocalizations, individuals were largely either spaorsive or had little
response to vocalizations (Figure 1). One point was awardeshar cattafor their reactions to
birds, none toNycticebus pygmaeugight to Daubentonia madagascariensiand eight to
Cheirogaeleus mediuk. cattacame to a complete stop from bird stimuli for an average of 4.33
secondsN. pygmaeusor an average of 7.25 seconfls,madagascariensifor an average of 45
seconds, an@. Mediusfor an average of 23 seconds. Significant differences at the 0.05 level on

t-tests were not found between any speSes. Appendix 2 for details.

Distribution of Time Frozen in Response to Fossa Vocalizations

500 ° F 245
Prob > F 0.0921
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Figure 2. Times Spent Frozen (in Seconds) When Esgod-ossa Vocalizations

In tests using only fossa vocalizations, primate responses greatly varied @igure
Negative two points were given ko cattafor their reactions to fossa vocalizations, four points

were given td\. pygmaeughirteen were given to .Dnadagascariensiend twenty-two points
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were given tdC. mediusMean stop times within species were 11.43 seconds in L. catta, 22.5
seconds iN. pygmaeusl8.86 seconds iD. madagascariensignd 130.57 seconds
medius Significant differences were found betweenGhenediusandD. madagascariensjsis

well as between th€. mediusandL. catta See Appendix 3 for detalils.

Distribution of Time Frozen in Response to Fossa Model

600 - F 135
Prob > F 0.2867
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Figure 3. Times Spent Frozen (in Seconds) When Eggos-ossa Model

In times spent frozen from the model, a non-significant result was recovered from the
ANOVA (P > 0.2867), although clear differences exist betweearattaand the rest of the
primate species (Figure 3). Negative one point was givendattafor their reactions to fossa
vocalizations, eight points were givenNopygmaeudourteen were given tD.

madagascariensjand thirteen points were given@ mediusOn averagd,. cattastopped for
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5.14 secondd\. pygmaeustopped for 48.75 second3, madagascariensistopped for 150

seconds, an@. mediusstopped for 146.29 seconds. See Appendix 4 for details.

Average NU

Distribution of Points Tallied for Each Species
10.0 —_ o F 5.68
Prob > F 0.0052
7.5
5.0 o > —_
mber of Ppints
25
0.0 1
O
25
T T T
Ch. Med. D.Mad. L. Catta Nyct. Pyg.
Species

Figure 4. Average Points for Crypsis Awarded to le&pecies, refer to Methods table 3

The ANOVA for points awarded to species of primates found strong significance

(P>0.0052) indicating that there was a difference between groups (Figure 4). R@nt®gi

species showed an average of -0.43 pointk.foatta 3.5 points folN. pygmaeus4.86 forD.

madagascariensjsand 5 forC. mediusThese differences were significant betweenattaand

all nocturnal species, while nocturnal species did not significantly separate friomoteac See

Appendix 1 for detalils.
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Vocalizations
During observations, a total of 2,067 vocalizations were collected from five species of

lemur, includingMicrocebus murinusMany of the vocalizations had associated contexts, others
were general calls collected when primates could not be seen or contexts could notrimedonfi
One call in particular was used bgmur cattaon two separate occasions during experimentation
which was later confirmed to be a terrestrial predator call through observations when a fox
entered théemur cattaenclosure, sparking a large interspecific anti-predator cacophony.
Lemur cattawere also confirmed to have separate calls for terrestrial and aerial pregators

observed in Macedonia (1993).

During experiments, onlyemur cattamade any audible sounds. Later sound analysis on
recordings taken of nocturnal species showed that all species were compétetjusing
exposure to stimuli. Vocalizations collected during observations related to antagomism, pa
responses, and play were completely absent during individual experimentation and not picked up

by ear or by ultrasonic microphone.
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Discussion
The results from these experiments show high variation in response to predators within

the Cheirogaelus mediyss well as a significant separatiorLeimur cattafrom the other
species in the study. Although the results do not show much evidence for separation of
Nycticebus pygmaeti®om Lemur cattaor other groups, this is likely due to the small sample

size of four rather than a behavioral similarity_&Emur catta

The most striking result from the experiments shows the presence of crypsis in
Daubentonia madagascariensi$o previous work has been published on the antipredator
behaviors of aye-ayes, and current thought regards crypsis as an adaptatiotegfraora
basal primates. This is clearly not the casé,easur cattaeandD. madagascariensisave nearly
similar body sizes and weights, but significantly different antipredator giteateOther
potentially important factors possibly contributing to the presence of crypsis in a notgoraal
as large as the aye-aye are the presence of nocturnality and their loveer afespciality shared

with the other nocturnal primate species.

My first hypothesis posited that crypsis was a nocturnal strategy limitedaltestaxa,
such as the dwarf lemurs and slow lorises, but this was not the case. Whether the acitoary f
contributing to crypsis in the aye-ayes is their nocturnality or their lesgeeel of sociality is
unknown. However, testing primates based on differing levels of sociality would be difficult, a
low primate sociality is rare outside of nocturnal taxa. Ultimately, low degresociality found
in nocturnal species may be specifically due to nocturnality. Group predatoratetexdibeen
theorized as a primary benefit of social living in animals, and my small-body pritgpbthesis
relied on the idea that early predator detection had little use for small-bodesdriakiemurs at

night.
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Evidence from the aye-aye in these experiments changes this perspective and raises
further questions regarding the evolution of cryptic behaviors, nocturnality, and sociadity. T
grubs, fruits, and fungi eaten by aye-ayes are just as present during thealag-tiray are at
night, and no other animal on Madagascar possesses the adaptations necesseagtiiog ex
these sources of food. Perhaps as extreme dietary specialists, the benefits of iptakeal
second place to a need for wide spatial separation between individuals and was nottlye prim
driver in their behavioral evolution. The lack of social groups rather than nocturnality may have

therefore driven the evolution of crypsis in the aye-aye.

My second hypothesis was that ultrasonic communication was used as a private
communication channel by nocturnal taxa. Rather than solely being a by-productl dfosina
size, | analyzed two predictions that individuals would use alarm calls prekence of
predators and that alarm calls would be at higher frequencies than their normal vooalizat
While Lemur catta a social and diurnal species, used alarm calls during the experiments, all
nocturnal taxa remained completely quiet. Even after recalibrating the ultrasoropmone to
receive frequencies up to 90 kHz, placing it on high sensitivity, and manually recording the

entire duration of the lemur experiments - the primates did not vocalize.

These results do not necessarily mean that ultrasonic communication does not serve a
functional purpose. Individuals were isolated from their social groups, and while all of the
nocturnal primates tend to forage alone during the night it is possible that they would be more
likely to give an alarm call if placed around other individuals. These findings atardionihose
found in Rahlfs & Fitchel (2010), which additionally observed that mouse lemicsotebus

murinug did not vocalize in response to predator models or vocalizations. The methods in this
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experiment were very similar to the methods inNhenurinusstudy, and in both the animals

were isolated from conspecifics.

The fact that the animals did not vocalize cannot be ignored, and there are several
considerations that future research must take to explain this trend. First is the addition of more
individuals to the sample; larger sample sizes leads to a larger stapisticability that this is a
repeated trid across the primate order. Second is modification to the isolation protocol in the
experiments. In the future, more social animals should either be tested with damsspec
vocalizations from recordings of conspecifics should be included in the background noise of the
experiments to insure the factor of sociality is not a neglected role in theno#tefaalarm calls.
Further research should also include mdrerocebussamplesThese lemurs were included in
the tests, but disruptions beyond my control forced experiments to end early with a small
sampling of only three individuals. Additionally, the role that the owl morfkeyug plays in
the evolution of nocturnal and cryptic behaviors should be explored, as they are the only

nocturnal anthropoid and have not been found to vocalize in the ultrasonic spectrum.

Overall, these experiments show that crypsis is widespread across nocturnal
strepsirrhines, regardless of factors such as diet, body size, or social group esndérese
experiments and their results additionally show that, in isolation, nocturnal streysirwill not
vocalize in the presence of a perceived predatory threat. As the primates indyiaret
amongst the most basal of all primates, we can hypothesize that our far distaioramese
once silent, fearful, nocturnal primates that subsisted on a diet of insects and grulbmafes pri
conservation becomes more challenging each year, studies on behavior ard &ssentia
understanding not only the evolution of the Primate order, but also for understanding the impact

that human activity has on their environments and the consequences for their behavior.
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Statistical Appendices

Appendix 1: Points

Results from the ANOVA test on points given to each species yielded significance
3! 5HVXOWY IURP WKH )LVKHUTV /6' VKRZHGWDLDQBGILFDC
the three other species in the study, which did not statistically separate from each other.

Sum of
Source DF Squares Mean Square F Value| Pr > F
Model 3| 134.4285714 44.809523¢ 5.68 0.0052
Error 21| 165.571428¢ 7.8843537
Corrected Total | 24| 300.000000

R-Square| Coeff Var | Root MSE| Points Mean
0.448095 87.7471€ 2.80790¢ 3.20000(

Source |[DF| Type | SS| Mean Square| F Value| Pr > F

Species 3|134.42857] 44.809523¢ 5.68| 0.0052
4

Source | DF | Type lll SS| Mean Square| F Value| Pr > F

Species 3| 134.42857] 44.809523¢ 5.68| 0.0052
4

36| Page



Points

Distribution of Points Tallied for Each Species
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t Tests for (LSD) for Points

Alpha 0.05
Error Degrees of Freedom 21
Error Mean Square 7.88435

4
Critical Value of t 2.07961
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Comparisons significant at the 0.05 level are indicated &
ok
Difference 95%
Species Between Confidence
Comparison Means Limits
Ch. Med. -D. Mad. 0.143 -2.978 3.264
Ch. Med. - Nyct. Pyg. 1.500 -2.160 5.160
Ch. Med. - L. Catta 5.429 2.307 8.550 ***
D. Mad. - Ch. Med. -0.143-3.264| 2.978
D. Mad. - Nyct. Pyg. 1.357/-2.303 5.017
D. Mad. -L.Catta 5.286/ 2.164 8.407 ***
Nyct. Pyg. - Ch. Med. -1.500 -5.160 2.160
Nyct. Pyg. - D. Mad. -1.357/-5.017 2.303
Nyct. Pyg. - L. Catta 3.929 0.269 7.589 ***
L. Catta - Ch. Med. -5.429/-8.550 -2.307, ***
L. Catta - D. Mad. -5.286/-8.407/ -2.164 ***
L. Catta - Nyct. Pyg. -3.929 -7.589 -0.269 ***

Appendix 2Time Frozen in Response to Bird Vocalizations
Results from the ANOVA on seconds frozen after bird vocalization playbacks were not
significant (P>0.1815), and primates did not differin &lRF )LVKHU({fV /6' WHV WYV

Sum of
Source DF Squares Mean Square F Value| Pr > F
Model 3| 10524.2900( 3508.0966 1.78 0.1815
Error 21| 41352.7500( 1969.1785]
Corrected Total | 24| 51877.0400

R-Square| Coeff Var | Root MSE | TimeBirds Mean
0.20287C 154.5105 44.37543 28.7200(
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Time Frozen (in $&c4

Source |DF| Type | SS| Mean Square F Value| Pr > F

Species 3 10524.290( 3508.09661 1.78/ 0.1815
0

Source | DF | Type lll SS| Mean Square| F Value| Pr > F

Species 3| 10524.290( 3508.09667] 1.78/ 0.1815
0

Distribution of Time Frozen in Response to Bird Vocalizations
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0.05
21
1969.17

2.07961]

t Tests for (LSD) for Time Frozen in Response to Bird Vocalizations
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Appendix 3: Time Frozen in Response to Fossa2atioais

Results from the ANOVA on seconds frozen after fossa vocalization playbacks were not
significant (P>0.0921). AdKRF )LVKHUYV /6' WHVWYV VKRZHG VLJQLILFDQ\
medius and D. madagascariensis, as well as between C. medius and L. catta.

Sum of
Source DF Squares Mean Square F Value| Pr > F
Model 3 65624.4741 21874.824¢ 2.45| 0.0921
Error 21| 187741.285] 8940.0617
Corrected Total | 24| 253365.760

R-Square| Coeff Var | Root MSE| TimeFossa Mear
0.259011 194.3912 94.5519( 48.6400(¢

Source |DF| Type | SS| Mean Square F Value| Pr > F

Species 3| 65624.4747 21874.8247¢ 2.45| 0.0921
9

Source | DF | Type lll SS| Mean Square| F Value| Pr > F

Species 3| 65624.4747 21874.8247( 2.45/ 0.0921]
9
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Distribution of Time Frozen in Response to Fossa Vocalizations

500 o F 245
Prob > F 0.0921

400

300
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Species
Alpha 0.05
Error Degrees of Freedom 21
Error Mean Square 8940.06
1
Critical Value of t 2.07961
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t Tests for (LSD) for Time Frozen in Response to Fossa Vocalizations
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Appendix 4Time Frozen in Response to Fossa Model

Results from the ANOVA on seconds frozen after the fossa model was exposed were not
significant (P>0.2867)), and primates did not differin &l RF )LVKHUYfV /6" WHVWYV

Sum of
Source DF Squares Mean Square F Value| Pr > F
Model 3| 104466.964] 34822.321« 1.35| 0.2867]
Error 21| 543677.035] 25889.382]
Corrected Total | 24| 648144.000

R-Square| Coeff Var | Root MSE| TimeModel Mean
0.161179 174.513¢ 160.901¢ 92.2000(

Source |DF| Type | SS| Mean Square F Value| Pr > F

Species 3| 104466.964 34822.3214 1.35| 0.2867
3

Source | DF | Type lll SS| Mean Square| F Value| Pr > F

Species 3| 104466.964 34822.3214 1.35| 0.2867]
3
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Distribution of Time Frozen in Response to Fossa Model
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t Tests for (LSD) for Time Spend Frozen in Response to Fossa Model
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Picture Appendix

Photos of primates courtesy of David Haring.

Figure 5. Fossa (Cryptoprocta ferox)

Figure 6. Fat-tailed Dwarf Lemur (Cheirogaleus mgdius

47| Page



Figure 8. Aye-aye (Daubentonia madagascariensis)

Figure 7. Pygmy slow loris (Nycticebus pygmaeus)
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FigurelO. Grey mouse lemur (Microcebus murinus)

Figure 9. Ring-tailed lemur (Lemur catta)
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