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Food is an essential for individual survival and reproduction, but intrinsically
presents a variety of mechanical obstacles that must be meind nutritional
requirements that must be overcome by the consumer. Mechanically, foods may be
hard, tough, or stiff enough to inflict dental, damage on teeth, craniupor facial form
while chemically, it may be packed with toxins, nutrient deficiencies orin excess
which may harm the consumers' fitness. Therefore, feeding efficiency and
challenges associated withfoods provide a strong selective mechanisnpotentially
influencing the evolution of foraging behavior and diet The problems ofaccessing
food and ensuring sufficient intake of energy and proteimare likely to have a greater
impact on juveniles than adults, as juveniles are smallerJess experienced and
generally more inefficient foragers Detailed studies testng the effects of these
formative factors on juvenile feeding have yet to be conductetiowever, and there
is a poor understanding of how adultjuvenile foraging differs in nonhuman

primates. The main debate on this issue centers on the development of juvenile
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foraging efficiency, particularly on the effects of body size, nutritional needs, and
experience in driving the suggested adujuvenile differences in feeding. In order to
clarify understanding of adultjuvenile foraging differences, | collected data and
compared the diet choice, metabolizable energy intake, the mechanical and
nutritional properties of foods, and the interactive effects of thesgroperties on
food selectivity in the Tana River mangabeysCercocebus galeritusThis research
addressd the following questions about the implications of mechanical and
nutritional properties of foods on foraging. Compared to adult lactating females,
how do juveniles differ in: (1) diet, particularly in food choice and energy intake?;
(2) the influence of mechanical and nutritional properties on foraging decisions?;
and, (3) food electivity as a resultof interactive effects of the mechanical and
nutriti onal properties of foods? | collected data on feeding behavior using focal
animal sampling from two wild groups (Kitere & Mchelelo groups) in lower Tana
River forest fragments, Kenya. | measured the fracture toughness and elastic
modulus of the primary andfallbacks foods of the mangabeys using a portable H1S
food tester machine Finally, | performed laboratory analyses to determine the
nutritional properties of the foods. Overal, | found that dietary breath (BA) was
wider in lactating females (Ba = 0.13) than in juveniles Ba= 0.11) and was higher in
Mchelelo group(0.22 & 0.17) than in the more anthropogenically impactedKitere
group (0.15 & 0.11)for both age classes, respectively. OOAT E1 AOGd 1 AAT
energy intake per metabolic body mass peminute was higher than in lactating
females. Juveniles also ingested more available protein per metabolic body mass per

minute than the lactating females. Lactating females ingested foods with



significantly higher fracture toughness than juveniles, but lastic modulusvalues of
the food did not differ between the two age classes. Moreovefruit availability and
the mechanical and nutritional properties of foods interacted to influence the diet
selection acrossseasons of different fruit availability, but there were no age class
differences. These findingsupported my predictions thatjuveniles will ingest more
protein and metabolizable energy per unit of metabolic body mass compared to
lactating females potentially due to increased nutritional needs forgrowth.
Additionally, differences in the mechanical properties of the foods ingested by
juveniles and lactating females support the Needo-Learn hypothesisthat juveniles

that require time to learn and acquire competence in feeding skills.
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CHAPTER ONEGENERAL INTRODUCTION

1.1 Introduction

Feeding is a matter of unconstrained choice for primates; it is, however, a

OEOEU OAT OO0OA UAO EO AEAOAOAO #HdndlicaliasA OAl

of food choices are paramount for all species of primates. Empirical evidence shows
that energy and nutrient intake is a fundamental correlate of individual fitness in
primates (Stephens et al., 2007; Senior et al., 2015). Individuals efficient in obtaining
food will have higher survivorship and reproductive success and will contribute
more offspring to the following generation (Sinclair et al., 2011). Therefore, the
problems of foraging constitute key selective pressures on behavioral and dietary
adaptations.

One early analytical approach, optimal foraging theory, posited that foraging
decisions maximize benefit: cost ratio associated with net rate of energy returns
(Schoener, 1971; Stephens et al.,, 2007; Gunst et al., 2010). The nutritional
properties of food were viewed as challenges in achieving foraging efficiency
(Lambert & Rothman, 2015), and have been suggested to explain morphological and
physiological adaptations both in extant primates and early hominins (Norconk et
al., 2009; Lambert, 2010; Strait etl., 2012; Daegling et al., 2013iartstone-Rose et
al., 2015. It is important to emphasize that nutritional properties of food are
expected to operate synergistically with physical characteristics to shape primate
behavioral adaptations. These interactie effects are poorly understood, however,
both in early hominins and extant primates. The implications of these two

properties of foods are especially highlighted through a comparative study of adults
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and juveniles. This is because, compared to adults, gniles are more potentially
constrained by mechanical and nutritional properties of foods due to the
developmental challenges of growth and maturation, as well as small body size
(Pereira & Fairbanks, 2002; Gunst et al., 2010).

Although studies focusing o the interactive effects of physical and chemical
properties of foods are still limited, over the last decade research on the role of each
of these two food properties on primate evolution and adaptation has advanced
(Dominy et al., 2003; Lambert, 2004; &den & Wrangham, 2005; Norconk & Veres,
2009; Felton et al., 2009; Marshall et al., 2009; Constantino et al., 2012; Lucas et al.,
2012; Johnson et al., 2013; McGraw et al., 2014; Lambert & Rothman, 2015; Herzog
et al., 2016). The role of food mechanics haattracted considerable attention,
particularly of hard fallback foods in shaping the evolution of early hominin cranial
dental morphology and nonhuman primate foraging behavior (Kinzey & Norconk,
1990; Lambert, 2004; Ungar, 2004; Wright et al., 2008; Sitaet al., 2009;
Constantino et al., 2012; Vogel et al., 2014). Similarly, the field of primate nutritional
ecology has made significant progress in the understanding of how food chemical
properties influence foraging goals and reproduction of primates (Heon et al,
2009; Rothman et al., 2015; Senior et akR015; Herzog et al., 2016). While there is
no doubt that studies of nutritional and mechanical properties of food continue to
generate insightful information, in this dissertation one of my main focusis to
investigate how these two properties interactively influence juvenile primate
feeding behavior and evolution of dietary adaptations, which remains poorly

understood.



The ongoing debate surrounding primate juvenile foraging competency
partly concerns both the nature of juvenileadult differences in feeding and the
sources of these differences in terms of experience, body size, or both (Gunst et al.,
2010; Lonsford & Ross, 2012). In addition contradictory results on the timing of
juvenile competence wtereby in some species it appears to be delayed close to
maturity but in others it occurs long before maturity (Janson & van Schaik, 1993;
Gunst et al., 2008; Pereira & Fairbanks, 2002). An analysis that incorporates field
data on both the mechanicalnd nutritional characteristics of food items, and how
juveniles and adults achieve foraging efficiency has yet to be attempted but holds
great potential to resolve these theoretical debates.

Juveniles are generally considered to be less efficient foragers thaaults
(Pereira & Fairbanks, 2002; Gunst et al., 2010) and therefore, foraging constraints
are potentially amplified in juveniles. For these reasons, a study of their foraging
provides an important opportunity for clarifying the ecological and evolutionay
implications of the interactive effects of mechanical and nutritional properties of
their diet.

In this dissertation, | present data on juvenile Tana River mangabeys
(Cercocebus galeritysto answer the following questions. Compared to adult
lactating females, how do juveniles differ in: (1) diet, particularly in food choice? (2)
the influence of mechanical and nutritional properties on foraging decisions? (3)
behavioral strategies employed to overcome the nutritional and mechanical
constraints? and, (4 how can the results obtained in questions 1, 2 and 3 inform the

conservation of the endangered Tana River mangabey? Answering these questions



will enhance our understanding of juvenile foraging ecology and competence as well

as the evolution of primate detary adaptations.

1.1.1 Theoretical Background

The two primary theoretical areas addressed by this dissertation study
concern juvenile feeding ecology and juvenile development in the nutrition ecology
in the context of foraging.
1.1.1.1 Primate foods and their ecological significance

It is known that food type significantly impacts ecology and evolution of both
fossil and living primates (Lambert, 2007; Harrison & Marshall, 2011). The
constraints encountered by foraging primates exploihg different foods constitute
the underlying mechanisms driving such adaptations. Of particular importance are
the nutritional profile, accessibility and seasonal availability of foods (Norconk et al.,
2009). The nutritional content of food is affected pely by the habitat quality and
edaphic factors (White, 2012), while availability is determined by seasonal
variations in forest productivity, phenological cycles, and crop size (Chapman et al.,
2003; Milton et al., 2005). The degree of accessibility isfanction of the challenges
posed by food or food parts, such as mechanical or chemical plant secondary
metabolites (Norconk et al., 2009). Food availability, accessibility, and the need to
balance nutrient intake for survival and reproduction presents a sbng selection
pressure on primate feeding behavior, masticatory morphology, and digestive
anatomy as well as speciation and extinction processes (Marshall et al., 2009; Lucas

et al., 2012; Lambert & Rothman, 2015).



Research on weanling yellow baboonsRapo cynocephalul in Amboseli,
Kenya, provides compelling evidence that success in obtaining adequate energy and
protein as a youngster is likely to predict survival to adulthood, the subsequent
length of reproductive career, fecundity, and lifetime reprodative success
(Altmann, 1998). This is due to the risks and difficulties associated with feeding and
this is particularly true for juveniles in unpredictable environments. Food resource
availability, energy requirements, life history, habitat quality, preétion, and
competition are some of the factors that influence primate food intake (Chapman et
al., 2004; Rothman et al., 2008; Vogel et al., 2008; McGraw et al., 2014; Senior et al.,
2015). Therefore, based on these factors it is expected that food intakkould show
high variability on spatial-temporal scales.

Primate foods fall into two general, but ecologically important categories:
preferred foods and lessb OAEAAOOAA 10 OAZAAI 1 AAAESG AT AO
Marshall & Wrangham, 2007; Lambert, 2010). Referred foods are defined as those
selected disproportionately more than would be suggested by their abundance
within the habitat. Fallback foods are those whose use is significantly negatively
correlated with the abundance of preferred foods (Marshall eal., 2009). Preferred
foods are generally more abundant, calorically rich, easily accessed processed than
fallback foods. The lesgpreferred status of fallback foods may arise in two ways:
The foods may be high in nutritional value but much harder to finéind process or
are may be abundant and easy to access, but low in nutritive value. Thus, these
AT A0 AOA OOEI EUAA AO OZA1 1 AAAEOGO6 EIT DAOI

preferred foods (Constantino & Wright, 2009; Lambert, 2010).



Lambert (2010) argues that lesspreferred foods exert stronger selection
than preferred foods on the evolution of feeding adaptations for two reasons. First,
they are abundant and require less processing time although they may be poor in
energy or nutritional content. Such feds include vegetative plant parts like leaves,
petioles, and bark. Second, some legseferred foods are actually rich in energy, but
OEAEO O1I AOO POAEAOOAAG OOAOOO AAOEOAO &EOI I
processing. Such foods include the repductive and energy parts of plants, such as
fruits, seeds, nuts, tubers, and corms. This class of lgg®ferred/fallback foods is
ecologically and evolutionarily more important than preferred food class because it
can facilitate maintenance of higkenergy-yield diets during lean periods (Lambert,
2010; McGraw et al., 2014). Overall, abundant low quality and difficutb-process
foods are potentially important in driving specialized food processing adaptations
while relatively rare, high quality and easyto-process foods promote behavioral
adaptations (Lambert, 2007; Harrison & Marshall, 2011).

Although preferred foods may typically be more easily found and processed,
they are not usually continuously available over time and space (Marshall et al.,
2009; McGraw et al., 2014). Thus, temporal dietary switching to legsreferred food
is a common strategy to maintain adequate energy intake (Constantino & Wright,
¢nnwn 271 OAT AAOCAOh ¢mpon , AT AAOO 0O 21 OEI A
exploit less-preferred foods during lean periods is likely to affect strongly survival
and reproductive success, especially where reliance on such foods is inevitable

(Lambert, 2004; Marshall et al., 2009; Senior et al., 2015). Consequently, behaviors

and morphologies that enhace the locating, procuring, ingestingand processing of



less-preferred or fallback foods will be favored, even though such features may be
less relevant during those major parts of the year when preferred foods are

relatively abundant (Lucas et al., 2012McGraw et al., 2014).

1.1.1.2 Juveniles and foraging competence

Compared to other mammals, primate juveniles show more prolonged
periods of immaturity and delayed age at first reproduction (Pereira & Fairbank,
2002). Life-history models have revealed hat such differences are potentially
explained by trade-offs among a humber of variables, such as sexual maturity, adult
body size, agespecific mortality and fecundity (Charnov, 1993; Rubinstein, 2002).
These studies assert that delayed maturity tends téavor the growth of relatively
large body size which leads to longer lives and protracted reproductive careers. On
the contrary, quick maturation is associated with lower adult body size, elevated
chances of living to reproduce age and shortened longevityhe sources and rates of
juvenile and adult mortality have a significant influence on a species' IHgistory
strategy. Data on primate mortality across sites indicate that 15% of the juveniles
die annually compared to 8% of the adults, and on averagestthan half of all the
newborns survive to the age of maturity (Ross & Jones, 1999). Risk and difficulties
in obtaining food have been demonstrated as a key factor underlying this mortality
(Altman, 1998; Janson & van Schaik, 2002; van Noordwijk et alQ@2; Kivai, 2013).
Therefore, achieving foraging competence in juvenility is extremely important: it

simply means increased chance of survival and reaching the reproductive stage.



Two alternatives, but not entirely mutually exclusive, hypotheses have been
proposed to explain the adaptive design features of juvenility in the context of
foraging (Pereira & Fairbank, 2002; Gunst et al., 2010; Lonsford & Ross, 2012). The
NeedTo-Learn (NTL) hypothesis suggests that attaining adult foraging efficiency
requires long periods of juvenile social learning, enhanced cognitive ability,
independent practice, and physical maturation (Pereira & Fairbank, 2002; Gurven et
al., 2006; Gunst et al., 2008; Eadie, 2015). Given the complex feeding strategies that
are argued to characterize many primates, this hypothesis predicts that, compared
to adults, juveniles will necessarily be less efficient foragers due to limitations in
foraging experience, feeding skill proficiency, cognitive abilities, physical strength
(to break food mechanical defenses), and nutritional demands to sustain growth
(Altmann, 1998; Altmann & Alberts, 2005; Gunst et al., 2010; Chalk et al., 2016). The
need for a long period for the development of foraging capabilities may be
particularly crucial for speciesthat feed on hard foods, such as nuts and seeds, or
those that engage in extractive foraging (Wieczkowisk, 2009; Gunst et al., 2010;
Yamashita et al., 2012).

The alternative Ecological Risk Aversion (ERA) hypothesis argues that slow
growth is an adaptive response to the fithess problems of starvation and predation
risk, which then secondarily explains adukljuvenile foraging differences (Janson &
van Schaik, 193; O mara, 2015). This hypothesis assumes that juveniles are more
vulnerable to starvation, predation, and adult aggressive interference as they are
smaller, weaker, and have poorer antipredator strategies when compared to adults.

This vulnerability reduces their foraging efficiency (Janson & van Schaik, 1993;



Lonsford & Ross, 2012). Consequently, juveniles are more likely than adults to
forage selectively in areas of low predation risk, which may have poor food
resources that, in turn, necessitates moreirhe spent in feeding. Aduljuvenile
foraging differences are argued to emerge from this profile (Pereira & Fairbank,
2002).

Adult traits are of course the outcome of developmental processes that are
themselves the product of complex selective pressuresD@egling et al., 2013).
Therefore, knowledge of how juveniles attain foraging competence provides an
opportunity to fully understand primate dietary adaptations. Pereira & Fairbank
(2002) use the term "juvenile" to refer to a weaned individual old enougha likely
survive the death of its primary caretaker, but not yet sexually mature. For the
purpose of this study, the term juvenile will be used to refer to "sexually immature
and independently foraging individuals (weaned or unweaned) that are unable to
obtain adequate nutrients to support their body metabolic needs from suckling and
AOA AAPAAT A T &£ OOOOGEOETI ¢ OEA AAAOE T £ OEARE
independence, juveniles face numerous challenges in the acquisition of adequate
energy and nutrients to support growth and maintenance.

We know very little, if anything at all, on how juveniles overcome the
foraging constraints in the course of maturation Such information is valuable in
understanding the adaptive and ecological role of botpreferred and lesspreferred
foods in influencing survival, behavioral, and morphological traits (such as food and
patch selection, food processing, ingestion rate, enamel thickness, cranial and facial

form). This is because foraging competence is partiaidly important where food
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items are difficult to locate, process, masticateand ingest (Gunst et al., 2010). As a
result, consumption of such challenging foods has great relevance to understanding
juvenile foraging competence (Janson & van Schaik, 1993risford & Ross, 2012).

While the NTL hypothesis has been supported by developmental studies of
yellow baboons (Altmann 1998), brown capuchin monkeyqgCebugaella) (Gunst et
al.,, 2010; Resende et al., 2014; Chal&t al., 2015), and chimpanzeeqPan
troglodytes) (Lonsdorf et al., 2004) it appears irrelevant for other species, such as
mountain gorillas (Gorilla gorilla berenge), Japanese macaquedvi@caca fuscat,
and common squirrel monkeys Saimiri sciureu$ (Gunst et al., 2010). On the basis of
these findings it has been hypothesized that crucial variable reconciling these
ostensibly contradictory findings is the ecological profile of food as shown by
, AT AAOOOS | ¢ mp m@duldidragihd elidiendy Biftzdehcésiak likely to
be particularly pronounced for foods that are difficultto-find and process that is for
less preferred foods (Gunst et al., 2010).

Although there are some data showing age differences in foraging on such
challenging foods, the timing of food acquisition proficiencyemains unclear (Gunst
et al.,, 2008). For instance, while in some species, such as squirrel monkeys,
proficiency occurs well before maturity (Hauser, 1987; Boinski & Fragaszy, 1989),
in others, such as brown capuchin monkeys, it is delayed until shortly bm® sexual
maturity (Gunst et al., 2008). The question of how juveniles achieve proficiency for
different key preferred and lesspreferred foods utilized by different primates is yet
to be answered. However, based on the characteristics of these two classé foods,

it can be predicted that feeding proficiency will be attained earlier for the preferred
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foods. This is because relatively high abundance and frequency of utilizing such
foods are likely to improve opportunities to learn and practice the skill equired to
exploit such resources compared to lespreferred foods, which are consumed
occasionally (Lambert, 2010). Exploitation of fallback foods may require cognitive
mechanisms because such foods are hard to locate and process (Pereira & Fairbank,
2002). Such cognitive abilities may, however, take a long period to develop due to
slow brain development, thus, delaying feeding proficiency.

Alternatively, data from tufted capuchin monkeys, Cebus apellp and
common squirrel monkeys Gaimiri sciureu$ appear to partly support ERA
hypothesis by suggesting that body size effects influence foraging efficiency in
species that feed on food items that are difficuito-access and extract, compared to
species that consume small or easily manipulated foods (Boins&i Fragaszy, 1989;
Visalberghi & Neel, 2003), but this principle does not hold across the primate taxon
broadly. Again, the ERA hypothesis assumption that juveniles are inefficient
foragers compared to adults is not always supported with species such as suel
monkeys (Pereira & Fairbanks, 2002) and tufted capuchin monkey (Chalk et al.,
2016), which show no adultjuvenile foraging differences.

This study compares mangabey diets and the food processing efficiency by
juveniles at different stages of develoment with adult females to clarify whether
juvenile foraging efficiency is dependent on body size, experience or synergetic

effects of both.
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1.1.1.3 The influence of mechanical and nutritional food properties on
foraging behavior

The decision to consumea particular food item largely depends on the
balance between the costs and benefits involved in finding, ingesting and also
digesting it. The benefits should outweigh the costs for diet preference to prevail. In
the context of foraging, the benefits arehe nutritional returns gained from the food
resource, while the costs include the risks and energy expended in finding and
processing the food (Visalberghi et al., 2016). The mechanical and chemical defenses
of foods increase the costs of foraging. Becausé the need to maintain a positive
benefit-cost balance in feeding, primates have evolved behavioral, anatomical and
physiological adaptations to overcome or minimize the foraging costs (Lambert,
2007). For juveniles, behavioral feeding adaptations are flamental in balancing
the foraging costbenefits because the anatomical and physiological mechanisms
may take longer to achieve full functionality.

Over the past four decades,anthropologists and biologists have increasingly
attempted to measurethe mechanical properties of foodsin order to understand the
relationship between diet foraging behavior, and functional morphology (Kay, 1975;
Lucas& Luke, 1984; Kinzey & Norconk, 1990; Lucas& Teaford, 1994; Strait, 1997;
Dumont, 1999; Elgart-Berry, 2004; Lambert et al.,2004; Lucas,2004; Dominy et al.,
2008; Lucaset al.,2012; Vogelet al.,2014; Laird et al.,2016). Mechanicalor physical
properties refer most fundamentally to the characteristics of food material that
influence its fragmentation (Chalk, 2011). The majority of previous studies have

employedthree material properties to describefood physical properties: toughness,
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91 O1 madldus (or elastic modulus), and yield stress (or hardness). Fracture
toughnessdescribeseither the intrinsic resistanceof a solid material to fracture (R)
or the effect of a crack on the stressfield in an object that haslinear elastic behavior
(T) (Lucas, 2004; Lucas et al. 2008). Therefore, based on these two material
characteristics toughness can be defined as, O O ErBount of work required to
propagate a unit area of crack on food material surface (measured in Joulesper
meter squared,Jmz2)6or O O Eakie of a quantity combining the averagestressand
the square root of crack length (MPa m/2) at the critical point when the stressis
sufficient for the crack to A @ O A(Luéag et al., 2008). Young's modulus, or elastic
modulus, refers to food's material ability to resist elastic deformation and can be
defined as the ratio of force to deformation at small, essentially linear,
displacements (Strait, 1997; Lucas, 2004; Chalk, 2011). Hardness (although in a
strict senseis not conddered a material characteristic) describesthe resistance of
food material to plastic deformation and is measured through indentation (Lucas,
2004; Chalk, 2011). Hardnessis measured as the amount of force applied to the
indenter divided by the projected area measuredin the same plane as the surface
(Lucas,2004).

There is growing evidencelinking the influence of mechanicalproperties of
foods with the evolution of masticatory apparatus structure (in both early hominin
and extant primates), specializedforaging behaviors,and successin colonization of
new environments (Daegling,1992; Kinzey & Norconk, 1990; Spencer,1997; Strait,
1997; Yamashita, 1998; Lambert et al., 2004; Daegling & McGraw, 2007; Ungar,

2007; Wright, 2007; Vogelet al.,2008; Gunstet al.,2010; Ravosaet al.,2010, 2014,
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Scott et al.,, 2014). Food ingestion among primates involves complex, time-
consuming and energy demanding strategies related to finding food, dextral
manipulation, oral, and post ingestion processes (Gunst et al., 2010). Where
mechanicalbarriers suchastough casingor fibrous materials protect food, foraging
primates may employ repetitive chewing combined with enough force loading on
the masticatory apparatus (Hylander & Johnson,1994; Agrawal et al., 1998; Rosset
al.,2007). Oral processingof such foods exerts stress and strain on the masticatory
apparatus, which has a threshold above which deformation occurs (Vogel et al.,
2014). Consequently, mechanical properties are expected to play a key role in
shaping morphological, behavioral and dietary adaptation especially in primates
that live in unpredictable environments where reliance on fallback foods is
inevitable.

Feeding strategies should reflect solutions to these ecological, chemical, and
mechanical problems msed by foods (Lambert, 2010). Behavioral strategies are one
class of possible solutions among juveniles. Consumption of tough, hard, and stiff
foods often may require extractive and/or cognitive skills to procure, process, and
ingest, compared to other fods that are easy to obtain and do not need such skills
to exploit (Gunst et al., 2010). Special processing skills based on certain specialized
dental adaptations are critical in the exploitation of such mechanically challenging
foods but may be absent orless developed in juveniles (Dominy et al., 2008;
Constantino et al., 2012; Chalk et al., 2011; Daegling et al., 2013). Of the handful
studies on juvenile foraging, very few have addressed competency in the context of

mechanical challenges foods (Noordwijl& van Schaik, 2005; Gunst et al., 2008; Biro
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et al., 2009; Gunst et al., 2010; Chalk et al., 2016), and nearly all of these focus on
capuchin monkeys or apes, and all fail to integratdoth the mechanical and
nutritional properties of foods.

Tool use, whch has been intensively documented in the majority of wild
populations of chimpanzees, orangutans, and capuchin monkeys, is one of the
behavioral-cognitive adaptations that characterize complex extractive foraging (van
Schaik & Knott, 2001; Hayashi et al2006; Bentley-Condit & Smith, 2010). The
ability to manufacture and/or use tools facilitates feeding on higkquality foods that
are protected by hard husks or found in hidden substrates (Gunst et al., 2010). Palm
nut cracking using stones and palm poundig using a pestle by Bossou chimpanzees
in West Africa (Humle & Matzusawa, 2004), nut cracking stone hammer and anvil by
wild capuchins in Brazil (Fragaszy et al., 2004), and use of sticks to remove lipid
dense seeds from stingindNeesiafruit by Sumatran orangutans (Pongo abeli), (van
Schaik & Knott, 2001) are good examples of how tool use to overcome the
mechanical challenges of foraging. For the first time | report in this dissertation
extractive foraging that resembles tool use behavior in wild Tana Ri&v mangabeys
and | argue it is a strategy to overcome mechanically challenging foods.

Food cheek pouching among the cercopithecines presents another potential
behavioral-anatomical strategy to overcome both mechanical and chemical barriers
of foods (Murray et al.,2006). Buccal pouches refer to bilateral, oblong sacculations
that are formed in the interior portion of the buccinator pocket in the oral cavity,
and, among primates, they are restricted to the cercopithecinae (Murragt al.,

2006). They are equipped with a slit-like orifice that allows lateral distention
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depending on food size stored. The interior parts of the check pouches are lined
with a mucous membrane, whereby the mucous glands are concentrated at the
anterior and posterior creases of tle pouch and around the orifice. The glandular
tracts are aligned with the passage of food in and out of the cheek pouches and play
a lubricant role in food processing.

Cheek pouches represent an interface between behavior and morphological
adaptations to feeding (Murray, 197; Lambert, 2005). Different hypotheses
supported by data from cercopithecine monkeys have been suggested to specify
dietary functional of cheek pouches. These include; separation of intake and
digestion of food (Hediger, 1964), food sirage and facilitation of terrestrial forays
(Hill, 1966; Lambert, 2005), buffering conspecific food competition (Hill, 1966;
Napier, 1970), and predation counter strategy (Smith et al. 2008), and salivary pre
digestion of food (GautierHion, 1971). Examiration of cheek pouch contents of
wild -shot and captive specimens provide compelling evidence that members of the
genusCercocebusnd Cercopithecusold hard food materials (seeds, kernels, small
nuts, wood chips, lizard bones) in their cheek pouches ovarolonged periods of
time (Haddow, 1952; Fooden, 1971; Murray, 199). Further experiments onyellow
baboonsand rhesus macaquesNacacamulatta) have confirmed that pouches fill
up to onethird of their relaxed dimension with parotid and mucous secretions
(Murray, 1975). Data from macaques Nlacacasp.), vervet monkeys Chlorocebus
pygerythrug), and recently the hamadryas baboonsP@pio hamadrya¥ showed high
levels of alphaamalyse in the parotid glands (Jacobens, 1970; Lambert, 2007; Mau

et al. 2010). In adition, food samples retrieved from the cheek pouches of living
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Cercopithecines are well inundated in the saliva and mucous secretions (Murray,
1975). These lines of evidence clearly indicate the potential behavioral responses
and pre-digestion strategies to handle mechanically and chemically challenging
foods.

Other potentially counter strategies for minimizing the chemical and
mechanicals deterrents include seed spitting or swallowing (Vogel et al., 2016).
Captive and field studies of longailed macaques Macaca fasciculariy have
demonstrated the utilization of this strategy in handling tough seeds (Corlett &
Lucas, 1990). For examples, lontpiled macaques spat intact seeds from 69% of the
ripe fruits eaten. This strategy of handling seeds haalso been reported in wild
guenons, such as Puttposed monkeys Cercopithecus nictitang blue monkeys C.
mitis), and red-tailed monkeys (C. ascanius(Gautier-Hion, 1980; Rowell & Mitchell,
1991; Lambert, 2002). This strategy is believed to be a countetrategy for both
mechanical and chemical challenges of food because seeds not only contain toxins
but also possess hard mesocarps that deter consumption @izen, 1974).

Food intake regulation and partial or complete avoidance constitute another
set of beéhavioral strategies primates employ in countering the chemical and
mechanical costs (Milton, 1980). For instance, using geometric framework analysis,
primate nutrition ecologists have empirically demonstrated nutrient balancing in
primate foraging (Raubenkeimer & Simpson, 2004; Hemingway & Bynum, 2005;
Felton et al., 2009; Raubenheimeet al., 2009). Although it is clear that primates
have specific nutritional goals and need to balance their nutrient intake, the

available evidence suggests that this is atiteed through food selection that involves
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food switching, avoidance or regulation of plant secondary metabolites, controlled
fiber intake, maximization of protein and energy and inclusion of rare minerals or
other micro-nutrients that may be required in snmall quantities (Freeland & Janzen,
1974; Milton, 1980; Altmann, 1998; Rothman et al., 2008; Felton et al., 2009; Gunst
et al., 2010; Vogel et al., 2014).

Food sharing, scrounging (where individual cedes portion of food
monopolized by another, where costs b defending it exceeds the benefits) or
foraging on leftovers (here used to refer to partially processed food fragments that
are either dropped or abandoned by a competent forager becoming available to
another individual, who is incompetent or low rankingforager) are other behavioral
means juvenile primates utilize to achieve the nutritional goals while navigating the
mechanical constraints of food (Gunst et al., 2010). These set of behaviors are
potentially effective where individuals are tolerant of eab other or assist
immatures to learn food items eaten and the manipulative procedures. These
behaviors stimulate food exploration and independent food processing facilitating
learning of foraging skills (Rapaport & Brown, 2008). Data from wild brown
capuchin monkey demonstrate the use of these behavioral strategies by juveniles to
overcome mechanical constraints and meet daily energy intake goals during periods
of high consumption of the difficultto-process maripa palm fruit, Maximiliana
maripa, (Gunst etal., 2010). This study observed that youngsters unable to harvest
and open the maripa palm fruit compensated their foraging incompetence by
gnawing unplucked fruit and opportunistically feeding on partially processed fruits

abandoned by competent conspedifs. The same has been illustrated in the tufted
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capuchins, which share food and tolerate young individuals unable to open
nutritionally rewarding nuts, (Fragaszy et al., 1997). This study established that
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juveniles have behavioral tactics to exploit difficultto-process foods before they can

achieve adult processing competence. This nutritional benefit to the immatures may

be especially crucial in environments where hareo-process foods constitute the

main energy source.

Pre-ingestion visual, olfactory and dental food inspection also serves as a
potential behavioral means of discerning the chemical and mechanical properties of
food items (Dominy, 2004; Yamashita et al., 2012). Dany (2004) found that
primates use color and deliberate smelling, combined with tactile and dental
evaluation, to select the appropriate fruit to ingest. Interestingly he found a positive
correlation of ethanol (a potential olfactory cue) with the concentation of soluble
sugars in fruits eaten by primates. Thus, a combination of visual, olfactory, tactile
and dental cues are likely to offer a potentially an important strategy to discriminate

food on basis of chemical and mechanical characteristics.

1.1.2 Study species
1.1.2.1 Ecology of the study species, Tana River Mangabey, Cercocebus
galeritus

The Tana River mangabey was selected as an appropriate species model to
test my research questions for several reasons. Foremost, the species dietary

adaptations to feed on hard objects (McGraw et al., 2012) and seasonality in food
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abundance in its habitat Wieczkowski & Kinnaird, 2008) were considered critical
factors in understanding the implications of mechanical and nutritional properties
of food on feeding belavior. In addition, Cercocebus galerituss considered to be
among the most threatened primates globally (Mittermeier & Konstant, 2002). The
species is endemic to the lower Tana River forest galleries and faces an eminent
threat of habitat loss, degradatimm and fragmentation due to both anthropogenic and
natural processes (Butynski & Mwangi, 1994; Butynski et al., 2008; Kivai, 2013).
Thus, the data on the species nutritional ecology and foraging behavior generated by
this study would also be fundamental irthe conservation of the species.

The Tana River mangabey is restricted to the lower Tana River forest
galleriesin southeastKenya,specifically within the last the 60km stretch of the river
before entering the Indian Ocean (Medley, 1993). This section of the river
constitutes 62 forest fragments of which only 40 are inhabited by the mangabey
(Wieczkowski, 2003). According to Wieczkowski (2004), mangabeyabundanceis
correlated with fragment size and tree density. The speciesis largely terrestrial
spending 56 - 72% of the active time on the ground (Homewood, 1978;
Wieczkowski, 2010). The mating and social organization of this population
resembles that observed in olive baboons and yellow baboons, with clear social
hierarchy among both males and females. The Tana River mangabeysdisplay a
polygynous mating system in which high-ranking males dominate mating with
estrus females (Kinnaird, 1990). However, on several occasions,| observed the
formation of male alliances precipitating successfultakeovers of receptive females

from the dominant males. Although mangabeyslive in multi -female-multi-male
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groups the females are philopatric (Rowe, 2016). Group territories overlap and
aggressive encounters are common especially during the period of low food

availability (Kivai pers.obs.,2015; Kinnaird, 1990).

The Tana River Mangabey is considered a frugivoigranivore where its diet
consists of 46.5% seeds and 25.6% fruits (Homewood, 1978Vieczkowski &
Kinnaird, 2008). The diet consists of hard and tough food items, which reflect the
apparent species dental and craniofacial adaptations ideal for handling and
ingestion of toughskinned fruits, seeds, and nuts (Kivai pers. obs., 2015;
Wieczkowski, 2009; Daegling et al., 2011). Although the general feeding ecology of
the Tana River mangabey has been described (Homewood, 19&8jeczkowski &
Kinnaird, 2008; Wieczkowski, 2009), nutritional ecology and food mechanics have
received very little attention. Early attempts by Homewood (1978) to perform
nutritional analysis generated little information due to field methodological
problems. Use of the agricultural food tester to measure more food mechanics
provide useful preliminary data that are, however, less prese than the FLSL tester

machine that | used.

1.1.2.2 Mangabey dietary adaptations

The mangabeys Cercocebus Lophocebuy are members of the Old World
monkeys of the tribe Papionini (Harris, 1999). According to Harris, they do not
conform to population genetics theory prediction of monophyly, but instead, they

are polyphyletic. Consequently, Cercocebusis considered the sister taxon of
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Mandrillus, whereas Lophocebusconstitute an unresolved trichotomy with Papio
and Theropithecus (Disotell, 1994). Despite the unresolved relationship, the
Cercocebudvandrillus clade displays skeletal and dental adaptations for
consumption of hard-object foods that resist decomposition on the forest flor over
long times (Daegling et al., 2013). There is a morphological convergence of
Cercocebusand Lophocebusand both share many ecological and behavioral traits,
which include: commonalities of vocalization, group size, social organization, and
diet (Homewood, 1978; Olupot, 1998; Shah, 2003; Bouchet et al.,, 2010).
Nevertheless, there is growing evidence that the two mangabey gene@ercocebus
and Lophocebudiffer in their dietary adaptations (Daegling & McGraw, 2007). The
members Cercocebusre more terrestrial while Lophocebusare arboreal, and both
are considered as generally frugivorous seed predators. Evidence also suggests that
these two mangabey groups show marked variations in the hardness of the seeds
they consume, processing behavior, and dentahorphology (Fleagle & McGraw,
2002).

As a group, mangabeyspossessa set of dietary adaptations comprising: very
thick enamel, large incisors, powerful jaws, and a facial configuration capable of
generating the large occlusal forces necessary for hard food fragmentation
(Hylander, 1975; Kay, 1981; Singleton, 2005; Daegling & McGraw, 2007). These
morphological traits play a major role in durophagy (defined as a diet of hard food
objects), which characterize the mangabeytaxa. With the raging debate on the role
of food mechanicsin early human evolution, especially with the utilization of

fallback foods, and few available data on the influence of food mechanicson Old
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World | T T E Adigt@r§ adaptations, the comparison of the mangabey groups is
fundamental to improving our understanding of these aspects. While data on
durophagy exist for majority previous studies of the mangabeys,such as sooty
mangabeys,Cercocebustys, (Daegling& McGraw,2007; McGrawet al.,2012), grey
cheeked mangabeys(Lophocebusalbigena) (Lambert et al., 2004), and red capped
mangabeys (Cercocebustorquatus), (Dumont, 1995), there are any hardly any
detailed data on the same for Tana River mangabeysexcept preliminary work by

Wieczkowski (2009).

1.1.3 Goals and Dissertation Research Layout

The primary goal of this dissertation is to compare the foraging behavior
with the mechanical and nutritional properties of foods eaten by juveniles and
lactating females to investigate how juveniles overcome both chemical and
mechanical challengesof food to achieve foraging competence. Results from the
study will deepen our understanding of the roleof food properties in shaping
behavioral and dietary adaptations of primates as well as informing the
conservation of the endangered Tana Rivenangabeys. In order to achieve this goal,
I will answer my research questions, on the implicatioa of mechanical and
nutritional properties of food on juvenile foraging behavior by testing different
hypotheses and predictions in different chapters of this dissertation.

Chapter 1: This chapter provides an overall general introduction of different
thematic areas covered in this dissertation including the research questions. It
offers the broad theoretical background of the primate foods and their ecological

significance, thesuggestedhypotheses explaining juvenile foraging competence and
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the debate about them, introduces the study species and associated dietary
adaptations, and presents the research questions investigated.

Chapter 2: In this chapter, | investigate the food choice and metabolizable
energy intake by juveniles and lactating females relativeo metabolic body mass. To
achieve this | present data on dietary composition and preference of the two age
classes by calculating their dietary breadth and selectivity index of all the food
species they ingested. To compare energy intake, | present data metabolizable
energy intake between the two age classes.

Chapter 3: This chapter focuses on the nutritional properties of foods and
macro- and micro-nutrients intake by juveniles and the lactating females. First, to
understand the nutrition properties of the mangabey foods and influence on
foraging, | present data on available protein, crude fat, fiber (nitrogen detergent
fiber - NDF, acid detergent fiber ADF, & acid detergent lignirADL), and minerals
content of the different foods eaten by the two agelasses and estimate their daily
energy intake. | compare nutrient intake between juveniles and lactating females
and also relate it to fruit availability measured through phenological assessment.
Second | compare the plant secondary metabolites in theobds ingested by the Tana
River mangabeysto examine whether mangabeys forage selectively to avoid foods
with high concentration of such compounds.

Chapter 4: In this chapter, | examine the mechanical properties of foods
eaten by the Tana Rivermangabeysand investigate the interactive effects of
nutritional and mechanical properties on diet electivity. | present data on toughness

and elastic modulus of the food materials eaten by both juveniles and lactating
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females and proceed to compare the differencebetween the two age classes
concerning the mechanical properties of the foods they ingest. Finally, | explore how
nutritional properties (available protein and metabolizable energy) interact with
mechanical properties (fracture toughness and elastic moduk) to influence diet
selectivity.

Chapter 5: This constitutes the conclusion section whereby | review all my
findings highlighting whether my data analysis supported the proposed hypotheses
and predictions that were tested in chapters 2, 3 and 4. | summarize the
implications of my results towards onthe ongoing debate on the Neetb-Learn
hypothesis and ecological risk aversion hypothesis in explaining juvenHadult
foraging differences as well as the potential role of food mechanical and nutritional
food properties in shaping the dietary adaptatiors in primates with extension to
hominin dietary adaptations. | will also provide the implications of my results in the
field of primatology, longterm conservation of the endangered Tana River

mangabeys and recommend the new research gaps | have identifie
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CHAPTER TWODIETARY CHOICE AND ENERGY INTAKE IN JUVENILE TANA

RIVER MANGABEYS ERCOCEBUS GALERITUS

Abstract
Acquisition of adequate energy to meet the requirements of basal

metabolism, physical activities, growth, and reproduction is important, particularly
in juveniles and lactating mothers among primatesCompared to adults, yveniles
are faced with increasecdenergetic demands than adults due to need for fast growth
and high physical activity. Lactating females as well have to meet the energetic
requirements for milk production, infant transport, and generalbody maintenance.
However, adults are more competentforagers than juveniles, which are
disadvantaged asnexperienced foragers. Consequently, little is known about how
juveniles achieve their energy requirements and whether their dietary breadth and
intake rates differ from those of adults. To address thiproblem | tested the Need
to-Learn hypothesis in juvenile Tana River mangabeys, which posits that juveniles:
a) are less efficient foragers because they are still learning appropriate food choices
and processing skills and are developing the relevant physcal and motor
capabilities; and b) require more energy per unit of body mass for growttFirst, |
predicted that juveniles will have a narrower dietary breadth and their diet
selectivity will be skewed towards preferred foods in the diet; and second, thewill
ingest more relative metabolizable energy (ME) (per metabolic body mass) to

maintain the higher metabolic needs resulting from smaller body size.
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| collected feeding data usinghe focal animal sampling method to determine
food selectivity (preference), dietary breadth, and energy intake. | calculated dietary
breadth from feeding data usingOOAT AAOAEUAA |, AGET 60 EI AAQ
selectivity | usedVanderploeg and Scavia (1979) electivity index (E*). To examine
energy intake, | collected samles of the mangabey foods in the field and performed
laboratory nutritional analyses using the standard field and laboratory procedures.
Compared to lactating females, juveniles differed significantly in food electivity in
both Mchelelo (W =-1004, p < 00001, N = 66) and irKitere (W =- 1637, p < 0.0001,

ExpQq OOOAU cOlI OPO A0 ) AgpAAOAA8s * OOAT E
both preferred and avoided foods. True to my prediction, juveniles had a narrower
dietary breath (BA = 0.11) compared to e females (BA = 0.13). Ae relative ME
intake varied significantly in response to age class, and juveniles exhibited higher
intake of energy than lactating female for both the per minute analysis (F = 38.02, df
=60, p <0.0001;t=6.17, p < 0.000N, =63) and the per feeding bout analysis (F =
38.09, df = 61, p < 0.0001t =-6.17, df = 61, p < 0.0001N = 63) supporting my
prediction. These findings supported my hypothesis that juveniles are less efficient
in foraging andingest more energy per unit ofbody mass for growth compared to

the adults.
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2.1 Introduction
2.1.1 Background

Despite several decades of rigorous primate research on feeding and
behavioral ecology, data on juvenile foraging strategies continue to be limited for
the majority of primate species. However, over the last two decades the situation
has improved with studies of juveniles in yellow baboons Fapio cynocephalys
(Altmann, 1998), capuchin monkeys Cebussp.) (Janson & van Schaik, 1993;
Fragaszy & Boinski 1995; Gunst et al., 20; Chalk et al., 2016), longailed
macaques Macaca fasciculariy (Janson & van Schaik, 1993), Sumatrasrangutan
(Pongo abelij (van Noordwijk & van Schaik, 2005Jaeggi et al., 2008 chuppli et al.,
2016), and ring-tailed lemurs (Lemurcatta | / 8 - AOAh ¢ mpindga@te 4 EAOA
that juveniles are incompetent foragers and experience feeding challenges in
meeting their nutritional requirements, thus, informing understanding of the factors
that influence juvenile foraging ontogeny and associad lifetime fithess
consequences in the wild. Primate juveniles are characterized by protracted periods
of immaturity, relative to expectations from trends in mammalian body size (Pereira
& Fairbanks, 2002). This lifehistory trait, coupled with complex foraging strategies,
implies that ontogenetic factors strongly influence juvenile food choice and energy
acquisition (Janson & van Schaik, 1993; MacKinnon, 2006; Gunst et al., 2010; Chalk
et al., 2016).

Evidence from the few studies on foraging in juvenil@rimates suggests they
differ from adults in food choices, energy intake, and food processing (Pereira &

Fairbanks, 2002; MacKinnon, 2006; Gunst et al., 2010). Four hypotheses have been
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proposed to explain these differences. First, the ecological risk awon hypothesis
(Janson & van Schaik, 1993) argues that slow growth rates evolved as a counter
strategy to feeding competition, reduced access to resources, or reduced intake
rates in juveniles. The reason is that juveniles are relatively poor competitorand
may be pushed to the periphery of the group, where predation risk is higher and
resources are more reduced than at the core of the group (Janson & van Schaik,
1993). Second, the needo-learn hypothesis posits that juvenileadult differences in
feeding behavior emerged due to variation in learning opportunities (Visalberghi &
Fragaszy, 2002). This may be more applicable in species that feed
disproportionately on challenging foods, which require juveniles to master complex
foraging processes. Under theseconditions, juveniles may spend a greater
proportion of their time observing competent individuals, as opposed to active
foraging. Thirdly, the physical immaturity hypothesis proposes that juveniles are
limited in solving feeding tasks requiring strengthand manual dexterity (Gunst et
al., 2010). That is, juveniles experience lower ingestion rates of foods where
individual motor skills are necessary to extract them or break mechanical barriers
before ingestion (Fragaszy & Boinski, 1995; Eadie, 2015). Fihgl the nutritional
requirements hypothesis states that the energetic demands of growth are high for
juveniles, and they may target nutrient dense plant parts or prey more than adults

while feeding (Altmann, 1998; Albert & Altmann, 2005; Felton et al., 2@).

2.1.2 Juveniles-adult feeding differences
Although little is known about juvenile foraging strategies among the

majority of primates, some inferences can be drawn from the few existing studies.
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For instance, in wedgecapped capuchin monkeys Cebusolivaceou$ juveniles
included lower amounts of fruits in their diets and engaged more in less strenuous
foraging activities than adults (Fragaszy, 1986; Fragaszy & Boinski, 1995). Juveniles
were less efficient than adults in foraging on plant materials. éause capuchin
monkeys are hard object feeders, these results also suggest possible parallels with
the Tana River mangabeys (see below). Further compelling evidence on juvenile
adult differences comes from a detailed study of yearling yellow baboons in
Amboseli National Park, Kenya (Altmann, 1998). Dietary intake at an early age of
these baboons was highly variable, and during periods of food scarcity, juveniles
experienced a 55.7% shortfall irenergyintake.

Juveniles differ from adults in ingestion of dferent nutrients. In mountain
gorillas (Gorilla beringe) juveniles consumed more minerals per kilogram of body
weight compared to silverback males and adult females (Rothman et al., 2008a). The
daily mean intake of protein relative to body mass was highién both juveniles and
adult females than silverbacks. These patterns likely result from the nutritional
requirements imposed by lactation in females and by growth in juveniles.

The nutritional returns and mechanical (processing) challenges of foods are
likely to influence the foraging efficiency (e.g., energy intake/time) of juveniles and
adults. This has been demonstrated in wild juvenile brown capuchin monkeys
(Cebus apellg which do not attain adult efficiency in plucking the Maripa palm
(Attalea maripa) fruit until the age of 3 years, at which time the required behavioral
skills and physical strength have been attained. For ingestion of beetl®yelobia

sp.) larvae, however, efficiency is not achieved until 6 years of age (Gunst et al.,
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2010). Theselarvae are an excellent source of protein, but exploitation requires
extractive foraging, which involves successfully learning to identify the appropriate
bamboo substrate, detecting the concealed larvae via auditory, olfactory, tactile and
visual cues, ad finally possessing the manual strength to rip off the bamboo stalk.
These observations support both the needo-learn and physical maturation
hypotheses in explaining adukjuvenile foraging differences.

The prediction of the ecological risk aversion hgothesis that predation risk
impacts energy intake (Pereira & Fairbanks, 2002) is well supported by data from
the ring-tailed lemur (Lemur cattd). When foraging together in areas of high
predation risk, juveniles had significantly lower ingestion rates tha adults for the
majority of foods (O'Mara, 2015). This study also found that juveniles did not attain
adult intake rates of young leaves as the primary diet until the age of 2 years.

2.1.3 Primate dietary strategies and challenges

Primate diets exhibit high complexity regarding the structure, content, and
spatio-temporal distribution of foods (Robbins & Hohmann, 2006). Understanding
the factors that govern the dietary selection and energy intake is fundamental to
providing insights about feeding ecology, especially in juveniles. Primates utilize a
wide array of foods, including: leaves, fruits, flowers, seeds, insects, fungi, bark,
roots, underground storage organs, pith, gum, and meat. Three broad dietary
strategies exist among prinates, based on the major food component included in
their diet: frugivory (eat more fruits), folivory (eat more leaves), and
insectivory/faunivory (eat more insects) (Janson & Chapman, 1999). Primates

supplement these core diets with other food items suchs nectar, flowers, gum, sap,
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corms, grasses and small vertebrates, which at times may be good sources of limited
macronutrients or even energy (Garber, 1987; Felton et al., 2009). Individual
choices of food aredirectly or indirectly influenced by some fators such as plant
food chemical and mechanical properties, body size, metabolic or physiological
needs, and energy intake demands (Havey & Cluttddrock, 1981). Other factors
scaled to body size, such as gut size, the rate of food passage, home range amd
locomotive energetics, critically influence dietary choice as well (Chivers & Hladik,
1984; Estrada & Coatedstrada, 1984; Havey & CluttosBrock, 1981).

Primates are confronted by multiple challenges that are likely to limit energy
intake. Some othese derive from the foods, such as the abundance and patchiness
of distribution (which influences competition and predation risk) and plant
chemical and mechanical defenses, while others are intrinsic to the consumers
themselves, such as the need for naént balancing (Milton, 1984; Garber, 1987,
Felton et al., 2009; Lambert & Rothman, 2015). Dietary choices are expected to
reflect a delicate tradeoff between the need to maximize energy intake to meet the
optimal body metabolic needs and the effort to avigate foodrelated foraging
constraints.

Distinct sets of adaptations may help primates to overcome the foraging
problems that limit nutrient acquisition and achievement of energetic goals. For
instance, insectivores need specialized dental and enzymatadaptations to process
and break down the chitinous exoskeleton of insects (Garber, 1987), namely high
crowned molars and production of enzyme chitinase (Janson & Boinski, 1992; Strier,

2016). The availability, distribution, and size of insects affect sech time and
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acquisition rate, such that their consumption is mostly limited to smaitbodied
primates ranging from 300 to 3000g (Janson & Chapman, 1999).

Fruits also pose nutritional and ecological problems to frugivorous primates.
Although ripe, fruits are relatively easy to ingest and high in simple sugars (Milton,
1999), they are poor in protein and fat, and their availability is typically limited by
spatial and temporal patchiness (Janzen, 198&autier-Hion et al., 1985 Janson &
Chapman, 1999; Miltm, 1999; Boyer et al., 2006; Vogel et al., 2016). Overcoming the
latter problem often necessitates that frugivores range and search widely for fruit
patches, which is energetically costly. Unripe fruits are armed with chemical and/or
physical defense mechaisms against herbivory, which consumers must overcome
to exploit this food resource (Milton, 1999; Vogel et al., 2016). In addition, plants
have evolved adaptive mechanisms to limit dispersal to a small fraction of
mammalian consumers, such as morphologat features, toxicity, taste, and delayed
ripening (Mack, 2000; Stevenson et al., 2005). Thus, not all of the available fruits are
nutritionally beneficial because the combination of these adaptive strategies offers a
substantial barrier to efficient fruit utilization. Selective foraging and good spatial
memory remain some of the major strategies primates employ in resolving these
problems. For example, in primates, spatial memory has been found to improve
foraging efficiency by 300% in relation to random éod searching (Janson, 1998;
Boyer et al., 2006; Reynolds, 2012).

Folivory requires avoidance of complex structural and chemical defenses to
herbivory, particularly when focused on mature leaves (Garber, 1987; Janson &

Chapman, 1999). Cellulose limits expltation due to indigestibility properties
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(Lambert, 1998; Felton et al., 2009). The presence of gut protozoans or bacterial
symbionts, combined with behavioral, and anatomical adaptive mechanisms, help to
overcome this problem (Lambert, 1998). Selection foyoung leaves, which are
typically lower in cellulose and plant secondary metabolites, represents a good
example of behavioral strategies to avoid these chemical constraints (Milton, 1984).
Flexibility, rather than pronounced specialization, characterizes the diets of
most primates (Harding, 1981; Janson & Chapman, 1998). Faunivorous and
anatomical folivorous primates can afford to be relative specialists given their
dietary adaptations, bodysize, and the abundance and distribution of their foods,
but most primates show considerable dietary flexibility despite the possible bias
towards certain food categories (Robbins & Hohmann, 2006). Indeed, dietary and
foraging strategies differ even within closely related taxa (Sussman, 1987).
Flexibility in dietary patterns can be complex and dynamic. This may include
broadening or narrowing of diets, seasonal shifts, sex differences in foraging and
ranging behavior, and response to food scarcity by grougisintegration (Boyer et

al., 2006; Rothman et al., 2008a; Sato dt,&015; Vogel et al., 2017).

2.1.4 Nutritional and energetic influences on food choice

In recent years, studies of primate nutritional ecology have made significant
advances in develping systematic approaches (especiallfseometric Framework -
GF that include Right-angled Mixture Triangle - RMT) in understanding how
individual or speciesspecific nutritional requirements influence foraging strategies,
dietary choices, and energy intake (Simpson et al., 2003; Felton et al., 2008, 2009;

Raubenheimer et al., 2009;Rothman et al., 2007; Rothman et al., 2011;
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Raubenheimer et al., 2015)Although GF is notusedin this study, its application in
these studies ha provided compelling evidence that certain nutritional
requirements dictates the type and quantity of foodselected by primates (Felton et
al., 2009; Raubenheimer et al., 2015). The majority dhese studies concur that
primate nutritional goals drive food choice and foraging strategies (Felton et al.,
2009). Evidence obtained through the application of GF anBMT indicates that
primate dietary choices and feeding strategies are shaped by macronutrient
priorities. These include energy or protein maximization (Schoener, 1971; Mattson,
1980), minimizing the dietary fiber or intake of secondary metabolites (Milton
1979; Freeland & Janzen, 1974) and balancing of nutrient intake (Raubenheimer &
Simpson, 2004; Raubenheimer et al., 2015).

Although studies focusing on primate nutritional priorities are still scanty,
there is substantial evidence of energy maximizationin northern muriquis
(Brachyteleshypoxanthug (Strier, 1992). 0 OEi AOA8 O AAAAET ¢ AAEAO
which suggest energy maximization, include: minimizing energy expenditure (often
corresponds to folivory), and maximizing energy intake (common with frugivory)
fruits, and flowers, respectively. According to this study, thénigh proportion of
leaves in their diet and the high coaumption of fruits whenever they are available,
conform to predictions based on body size energeticand indicate combination of
the two behavioral strategies of energy maximizatior(i.e., folivory-frugivory) . The
species exhibit physical adaptations thaallow mobility for efficient exploitation of

fruits and digestive and dental adaptations that allow breakdown of fibrous leaf diet
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enhancing energy intake (Strier, 1992). Other feeding strategies that suggest
energy-maximization in primates are short food retention times and preference for
sugar and lipid rich fruits (Milton, 1981; Di Fiore et al., 2008; Strier, 2016). These
feeding strategies arerepresented in some cercopithecinessuch as blue monkeys,
(Cercopithecus mitis TanaRiver mangabeys, chacma baboon$épio ursinu$ and
vervet monkeys (Chlorocebus pygerythrygKinnaird, 1992; Barton & Whiten, 1994;
Isbell et al., 1998; Van Doorn et al., 201&uggesting possible energy maximization
among these species

Protein plays acentral role in metabolic processes, cellular structure, and
genetic coding, and is thus a limiting factor in growth and reproduction (Felton et
al., 2009). Consequently, Rothman et al. (2008b) argue that primate dietantake is
influenced by the need toacquire sufficient nutrients and juvenile and lactating
females ingest more dry matter of food than males to meet thejprotein needs
Nutritional studies of blue monkeys Cercopithecus mitis stuhlmanphiand golden
monkeys (Cercopithecus mitis kand}iin Kibale and Mgahinga Gorilla National Parks,
Uganda (Twinomugisha et al., 2006) as well as of olive baboonBapio anubi$ in
Laikipia plateau in Kenya (Barton & Whiten, 1994) illustrate how these species
carefully select food items to meet protein demandsAltmann (1998) emphasizes
protein intake as a particularly crucial factor influencing juvenile survival and future
reproductive fitness in yellow baboons.

Evidence of the prioritization of protein has also been found in Peruvian or
black-faced black spide monkeys, (Ateles chamek (Felton et al., 2009). Geometric

analysis has demonstrated that dietary composition of this species is governed by
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the regulation of protein intake as opposed to carbohydrate and fat intake. Similarly,
using right-angled mixture triangles and data from different field data,
Raubenheimer et al. (2015) showed that the dietary composition of plant parts
eaten by blue monkeys, chimpanzees Pan troglodyte3, red-tailed monkeys
(Cercopithecus ascanijisand greycheeked mangabeys Llophacebus albigena in
Kibale National Park, Uganda as well as mountain gorillas in Virunga and Bwindi
National Parks in Uganda and Rwanda, respectively, reflect balancing of protein,
non-structural carbohydrates and fiber. This was revealed by balancing of ptein:
non-structural carbohydrates intake increasing from chimpanzees to gorillas, with
the value for monkeys falling at intermediate values. However, rethiled monkeys
showed a high target of protein by including a significant proportion of insects whal
gorillas consumed more fiber compared to the rest.

Dietary fiber, which consists of cellulose, hemicelluloses, and lignin, requires
specialized adaptations to digest, except for lignin, which is indigestible (Felton et
al., 2009). The digestion of fiberis achieved through enzymes produced by
symbiotic gut micro-organisms, which break it down into fatty acids and microbial
protein (Clement et al., 2009). Consequently, dietary fiber affects food selection and
net energy gain. The colobines are the most agted in handling dietary fiber among
the cercopithecoids (Chapman & Chapman, 2002), particularly through their
compartmentalized stomach and foregut fermentation. Other less anatomically
specialized species avoid consumption of plants with high dietary der through
highly selective foraging (Waterman et al., 1988; Whiten et al., 1991; Chapman &

Chapman, 2002).
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2.1.5 Ecology of the Tana River mangabeys

The Tana River mangabeys live in multimalenulti-female societies with
mean group sizes ranging from 17 50 individuals (Homewood, 1978; Kinnaird,
1990; Wieczkowski, 2003). Females are philopatric and reach sexual maturity
earlier (2.5 - 3 years) than maks (5 - 6.5 years), which typically disperse
(Homewood, 1978;Wieczkowski & Butynski, 2007; Rowe & Myers, 2015)Groups
are territorial in the sense that aggression is sitespecific andhome range overlap is
minimal (Kinnaird, 1990). The expression of teritoriality, however, is reduced
when resources are limited. Home range size is on average 1.75 ha, and day range is
about 1395 m (Wieczkowski, 2003). Breeding occurs throughout the year, but peaks
between October and February. Inteibirth intervals range between 18- 24 months
(Kinnaird, 1990).

The Tana River mangabeys are sergrrestrial and spend about 56% of daily
time budgets foraging on the ground ieczkowski & Butynski, 2007. They are
hard object feeders whose diet largely comprises fruit (44%)and seeds (32%)
(Homewood, 1978; Wieczkowski, 2003) but also fungi and insects (24%) (Kinnaird,
1990; Kivai per. obsv. 2015). Their craniofacial morphology is characterized by
adaptations for the consumption of hard foods (McGraw et al., 2014), but how hi
influences adultjuvenile feeding differences remains unclear. Previous studies have
shown that dietary composition varies across groups in different areas of the Tana
River and ranges from 68z 96 plant species (Homewood, 1978, Wieczkowski,
2003). Howeer, there are no previous studies that have focused on dietary breadth

or energy intake between juveniles and adults, which are fundamental in
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understanding foraging strategies, juvenile feeding ontogeny, and dietary
adaptations.

This species is restrictedto the gallery forests of the lower Tana River, a
habitat characterized by high aridity and unpredictable climatic conditions (Njue,
1992). Thus, food resources are quite seasonal. Such environmental factors may
AAOGAOOCAT U AEEAAO wdged enbudlOehdrdy,ledhérially iftAel ladk OU Of
the skills and strength to exploit critical fallback foods, which are critical in
Al 1 AGEAOCET C 1 OOOEOQEI T AT OOOAOO AOOET C DAOA
defined as less preferred foods that areansumed during periods of low abundance
of preferred foods (Wrangham et al., 2009). The lower Tana River area is endowed
with important fallback foods (e.g., Hyphaene compressa, Borassus aethiopum,
Oncoba spinosa, Acacia robustad Saba comorensjsthat are hard to process, but
are potentially significant sources of energy duringperiods of food scarcity and
nutritional stress (Njue, 1992; Kinnaird, 1992). However, there is no data on
i AT CAAAUOE OAI AACEOGEOU AT A EAAAET CtheAT | PAOD
nutritional incentives of their utilization across the age classes. Adining feeding
efficiency on fallback foods is important, particularly in juveniles, which are
potentially more constrained during lean periods as poor foragers.

Data onnutritional ecology as well as juvenile foraging strategies in the Tana
River mangaeys (Cercocebus galeritysare entirely missing. More important, it is
unclear how juveniles meet their high energetic demands in the face of food
chemical and mechanical @nstraints. Previous research mainly focused on the

general behavior, feeding ecolog population ecology, and parasitology of this
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population (Homewood, 1978; Kinnaird, 1990, 1992; Butynski & Mwangi, 1994;
Mbora et al., 2009; Wieczkowski, 2003). Becauseaiia River mangabeys are hard
object feeders (Wieczkowski, 2009), juvenileadult feeding differences, and
subsequently energy intake, are likely to be pronounced (Gunst et al., 2010).
Investigating how juvenile Tana River mangabeys forage differently from dailt
females, and whether they vary in energy intake, contributes to broadening the
understanding of why these differences exist as well as why they do no exit in other
species.
2.1.6 Tests of hypotheses

In this study, | test the Needo-Learn hypothesisin juveniles Tana River
mangabeys.This hypothesis posits that juveniles: (a) are less efficient foragethan?
because they are still learning appropriate food choices and processing skills and
developing the relevant physical and motor capabilities; andb) require more
energy per unit of body mass for growth. | test two predictions of this hypothesis.
Using lactating females as a control comparisonl, predict that juveniles: (P1) will
have a narrower dietary breadth, but will try feeding on a higher number of
different foods unevenly, and will show a stronger higher preferences (diet
selectivity) skewed towards preferred foods in the di¢; and (P2) ingest more
metabolizable energy (ME) pera unit of metabolic body mass (MBM), which | refer
to below as rehtive metabolizable energy, to maintain the higher metabolic needs
resulting from smaller body size.

The rationale of my (P1) is guided by the fact that, primates engage in

complex foraging strategies and ingest wide array of diets in a balanced manner in
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order to meet their daily energetic needs (Chapman et al., 2012). Thus, foraging
efficiency is necessary to consume required energy, which requires learning
coordinated manipulative behaviors, preforming cognitively challenging feeding
tasks, and masterig the proper diet (Gunst et al., 2010; Jaeggi et al., 2010). These
skills take time to be achieved because they may require physical strength,
anatomical and morphological maturation, and extended period of practicing
(Pereira & Fairbanks, 2002; Chalketla8h ¢mpeQd8 4EAOA AODPAAOO |
to acquire, process, and ingest enough energy rendering them inefficient foragers
(Fragaszy & Boinski, 1995; Chalk et al., 2016). This is further complicated by
OAAOI T AT EOU 1T £ DPOEI A®d hgh en@Eigdtidreqiirémeits & AET EO!I
juveniles for growth and maintenance (Altmann, 1998). Diet selection and switching
between foods on basis of their nutritional quality, especially when food resources
are limited, present one of the feeding strategiesotmaximize energy intake while at
the same time minimizing costs of foraging (Lambert & Rothman, 2015; Vogel et al.,
2016). However, because of lack of foraging experience and higher energetic
demands compared to adults, juveniles are likely to engage imial and error
approach in effort to learn the complete diet (Schuppli et al., 2012), but elect to
consume highenergy foods that are easily acquired to meet the energetic needs.
Therefore, juveniles may sample more food species than adults, but may consum
them in unevenly and/or concentrate on foods with high energy gains resulting to a
narrower dietary breadth. To understand dietary breadth and food preference
between the two age classes to test this prediction (P1), | will analyze the dietary

selectivity relative to the abundance of those foods in the environment.
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The second prediction (P2) is anchored on the understanding that primate
energy budgets are determined by energetic requirements for maintenance bésal
metabolic rate (BMR), daily physical activities, and life stage physiological functions,
such as reproduction (especially lactation) in females and growth in juveniles
(Sorensen et al., 2005; Chapman et al., 2012). The energy to meet theseesses
derives from various macronutrients in foods, which primarily include lipids,
carbohydrates, protein, and to a lesser extent, fiber (Neutral Detergent FibeNDF)
for animals capable of digesting it (NRC, 2003; Conk}rittain et al., 2006).
(1T xAOAOh +1 AE AthaD BMR in Aaxmmai [isOE ie@ative allometric
function of body weight (BW), BWP-7> (Kleiber, 1947; Chapman et al.,, 2012)
suggesting that smaller bodies require more energy per unit body mass than large
bodies to maintain. Unlike the adults, juveniles at bfe stage of fast growth and also
engage more in energetically demanding activities such as play and practice of
locomotor activities to learn navigation skills through arboreal environments
(Pereira & Fairbank, 2002). Consequently, because of the smalteydy size, need for
COil xOEh AT A AAQOEOEOU 1 AOGAI 6n EOOATEI AOS
of lactating females. Thusjuveniles will require more energy per unit body weight
than adults.Because total metabolizable energy (ME) is an abstition from protein,
fat, total non-structural carbohydrates, and NDF component of fiber, to test this
prediction (P2) | will estimate the intake of these macronutrients from foods and
use the conventional physiological fuel (i.e., the ME concentrations 4Kcal/g of dry

matter of food for proteins and carbohydrates, 9 Kcal/g for fats) values to estimate

Al
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ME (NRC, 2003; ConkluBrittain et al., 2006). Increased ME intake will be reflected

through high intake of these macronutrients per minute or feeding bout
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2.2.0 Materials and Methods
2.2.1 Study site

Data were collected in the Tana River Primate National Reserve (TRPNR),
which is located in the lower Tana Riverfloodplains, Tana River County, in the
coastal region of Kenya (Fi@.1). The reserve lies between 1°40'2°15' S and 40°07"

- 40°10" E, and 20- 40 m above sea level (Wieczkowski, 2003). Mean annual
precipitation is 470 mm ranging from 122 mm to 1020 mm (Decker, 1994).
Temperatures range from 17.5°C to 36.5°C, with annuahean minimum and the
maximum temperature of 21.4°C and 33°C, respectively (Wieczkowski, 2003).

A high level of faunal and floral endemism characterizes the lower Tana River
gallery forests. The forests are home to five species of diurnal primates, incladi
the yellow baboons, vervet monkeys, lowland sykes monkey<ércopithecus mitis
albotorquatus), Tana River red colobus, Rrocolobus rufomitratu3, and the Tana
River mangabeys. There are also three nocturnal strepsirrhine species in the forest:
the Kenyan coast galago, Galagoides cocQs Northern lesser galago, .
senegalensis and Northern greater galago Qtolemur garnetti) (Butynski &
Mwangi, 1994). The species diverge in habitat preferences whereby vervet and
yellow baboons mostly utilize the @en savanna woodland and riverine forests,
while the mangabeys, red colobus, and sykes monkeys exclusively depend on the
riverine forests (Wahungu, 1998;Wieczkowski, 2003; Bentley-Condit, 2009; Kivali,
2013). The main predators of the Tana River mangabeyisclude, crown eagles
(Stephanoaetus coronatyspythons (Python sebag leopards (Panthera pardug, and

yellow baboons (Weiczkowski et al., 2012; Kivai, 2013).
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My study focused on two field sites within the TRPNR, the Mchelelo and
Kitere forest areas, whch are located in the north and south of the reserve,
respectively. These two areas represent ecologically distinct microhabitats. The
Mchelelo forest patches have experienced minimal anthropogenic disturbance
compared to those at Kitere, due to the form@d © B OT GEIi EOU O OEA
Service Reserve headquarters (Moind&ockler et al., 2007). The two sites were
characterized by the presence of essential mangabey plant foods. The most common
ones included Phoenix reclinata, Vachellia robusta, Synsepa msolo, Hypeane
compressa, Borassus aethiopum, Drypetes natalensis, Mimusops frutiaasiak-icus
sycomorus The species found most abundantly inboth forest patches were
Polysphaeria multifloraand Lecaniodiscus fraxinifoliusThe relative abundance of
other foods varied across sitesKitere forest patches, however, were more open due
to increased human activities. Unlike in Mchelelo, farming along the riverbanks was
common, which encouraged crop raiding by primate groups in Kitere study site. In
addition, due to anthropogenic disturbances, Kitere riverine forests were
characterized by a high number of woodland species, such dhespesia danish
Cassis abbreviateand the invasiveProsopis juliflora
2.2.3 Study subjects & design

| collected field data for 15 months between October 2014 and December
2015. | studied two groups of mangabeys, one in Mchelelo (N = 45 individuals) and
the other in Kitere (N = 49 individuals). | recorded data on 12 lactating females, 10
juvenile males, ad 9 juvenile females in the Mchelelo group, and 11 lactating

females, 12 juvenile males, and 9 juvenile females in the Kitere group. Thus, in total,
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Animals in both groups wee habituated seven months before actual data collection

started. The Mchelelo group had been followed for over 10 years by previous

researchers (Kinnaird, 1992; Wahungu, 1998; Wieczkowski, 2003), while the Kitere

group had never been studied before but wexr habituated by me from March-

September 2014. Habituation was to a distance of about 5 meters.
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Figure 2.1. Map of the study area in the lower Tana River showing the two study
sites (enclosed in the broken line rectangles) within theTana River Primate
National Reserve in the Tana River County, Kenya. Kitere study site is located at the

south, while Mchelelo isat the north of the reserve.
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2.2.4 Data collection methods

2.2.4.1 Feeding behavior data collection:

| conducted focal animal sampling (Altmann, 1974) throughout the day from
0700h to 1800h. | recorded data continuously for 1@minutes with resting intervals
of 5-minutes between focal sessions. During the focal observations, | recorded data
on: 1) the activity that the focal animal was performing; 2) the plant species eaten;
3) the exact plant part eaten; 4) the number of units ingested; and 5) the number
and duration of feeding bouts. | defined a feeding bout as a discrete unit of feeding
time starting when the focal individual made its first physical contact with a food
item until the time when it terminated contact for at least 5 seconds or switched to
another food item or activity.

In addition, | conducted 5- minute focal sampling to estimate the food and
energy intake rates from different food items eaten by the mangabeys. This was
done at the end of the 10 minute focal session and whenever a focatdividual was
still feeding or entered into a particular feeding tree that was eaten earlier and
captured in the focal observations.

Focal individuals in both cases were randomly scheduled for observations in
a manner that no individual was repeated befee all other focals were sampled. |
collected data for 3- 5 consecutive days a week from October 2014 to December
2015, depending on the performance of field activities related to data collection.
2.2.4.2 Vegetation sampling

To estimate the abundance othe plant foods in the study area | used the

nested plots sampling method for vegetation assessment (Ganzhorn et al., 2010). |
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established 170 vegetation plots (Mchelelo 76 plots, Kitere z 94 plots), each of
which was 20 m x 20 m. | recorded all treesnithe entire plot. For tall shrubs and
climbers (including lianas), | focused on measuring half of the plot (10 m x 20 m). |
recorded data on short shrubs (1- 3 m tall) in a quarter plot (5 m x 5 m), while for
herbaceous vegetation | used 1 m x 1m plotsandomly places in each the four
quarters of the plot. | recorded the total number of plant species as well as
individuals of each species encountered in the plot as well as the percentage cover
of the plot and herbaceous layer. Samples of plants that coutdt be identified in
the field with the help of a botanist were collected and taken to the East African
Herbarium, at the National Museums of Kenya, where they were positively
identified up to species level where possible.
2.2.4.3 Insect sampling

The mangabeys foraged on insects predominantly on the ground. Thus, |
sampled insects in the same plots as where | surveyed vegetation, using quadrant
methods, which is effective for sampling ground dwelling insects and has been
applied in entomological studies(Kuno, 1991; Zaller et al., 2015). With minimal
disturbance, | established four quadrants of 1 m x 5 m from the center of the plot in
each of four directions- North, East, South, and West. In each quadrant, | searched
for insects under plant debris and dad leaves, and | recorded the type of insects

encountered and the toal number (Zaller et al., 2015)
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2.2.5 Nutritional data

The nutritional data were obtained in two phases: 1) collection and
processing of food samples in the field; and 2) subsequent analyses in the
laboratory.
2.2.5.1 Field collection and processing of food samples

| collected and processed 485 plant food and50 fecal samples during 15
months of fieldwork. Because of insect attacks and molding before sample milling, |
lost about 60 samples, leaving 425 plant samples for analysis. | targeted different
plant foods that the mangabeys ate at various times of theear. | recorded all plant
foods consumed and usually collected samples immediately after the end of the focal
sample period in which | observed the food eaten. Where that was not possible, the
individual tree or plant was marked at that time with a red tge, and sample
collection occurred later that day or on the following day. Samples were collected
within 2 m of the observed feeding spot on a tree, shrub, or the herbaceous layer,
except when it was impossible to collect enough samples. For every sample
collected | recorded: focal animal identity, agesex class, time of the day consumed,
canopy height at consumption (upper canopy > 7 m, middle canopy 36 m, lower
canopy < 3 m), general habitat type (closed canopy forestcanopy layer continuous
with interlocking crowns; open canopy forest tree canopy layer discontinuous and
not interlocking; and open woodland z habitat characterized by dwarf woody
shrubs < 7 m tall adjacent to the riverine forest), and specific plant parts eaten (e.g.,
fruit, leaf, stem, root, bark) . Before drying each sample, | tried to process it in the

same way | had observed the subjects prepare the food before ingestion. For
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example, if a mangabey discarded the fruit exocarp and ate the seed, | removed the
exocarp and only procesed the seed. Where individuals consumed one particular
food species repeatedly over a period exceeding a month, the food sample was re
sampled until feeding on this food stopped.

To estimate both a unit wetweight and dry weight intake, | collected
between 5 and 50 food units (based on availability) of every species eaten. Wet
weight of fresh food units was measured immediately after collection using
scientific weighing balance (that measured to the nearest decimal 0.01 grams). Dry
weight was measured afte completely drying the food units in a dehydrator at 55C,
defined as the constant weight of the dry sample obtained after repeated weighings
every 30 minutes during the drying period.

In addition, | collected fecal samples opportunistically for estimatin of fiber
digestibility of foods. | collected about 50g of feces whenever | observed a focal
subject defecate during the focal period. The feces were submerged in 99% ethanol
for 24 hours to sterilize them and then dried the same way as the food samples
before packaging.

The sample processing, drying, and packaging of unmilled foods was done at
the research camp in the field. Since | needed approximately 50g of the dry weight,
where possible | collected about 250g of wet weight sample to ensure that |
obtained the minimum dry weight required for each sample. | prepared, dried, and
determined wet and dry weights of the actual food sample the same way | did for a
unit dry weight measurements. Dried food samples were transferred to plastic

envelope bags withsilica gel and stored in a large plastic container before being
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transported to Nairobi. The samples were milled using Willey mill machine with 1
mm sieves based at the Kenya Agricultural and Livestock Research Organization in
Muguga, Nairobi. The samples @re then stored at room temperature at the
Institute of Primate Research.
2.2.5.2 Laboratory analysis

Samples were transported from Kenya to the Primate Ecology Laboratory,
Hunter College. The goal of the analysis was to assay the nutritional content ¢dingt
food samples | collected to estimate the nutrients and total metabolizable energy
intake. To achieve this objective | measured: Dry matter, Ash, Neutral Detergent
Fiber (NDF), Acid Detergent Fiber (ADF), Acid Detergent Lignin (ADL), Crude Fat,
Available Protein (AP), and Acid Detergent Insoluble Nitrogen (ADIN). | followed the
standard chemical protocols of Rothman et al. (2012). | calculated the Total Non
structural Carbohydrates (TNC) by subtracting from 100% the percent of ash, NDF,
fat, and AP. Fothe fecal samples, only fibers (NDF, AD&nd ADL) and dry matter
were measured. In order to determine the dry matter digestibility, | compared the
proportions of ADL in the diet and in the feces, following Rothman et al. (2008b).
Finally, | used the conentional methods described by ConklirBrittain et al. (2006),
and also used by Rothman et al. (2012), to determine energy intake in kilocalories
per gram (Kcal/g) derived from ingestion of different macronutrients using the
following physiological fuel values: available protein z 4 Kcal/g, Total Non
structural Carbohydrates (TNC)z 4 Kcall/g, Fat (lipids) z 9 Kcal/g, and for Neutral
Detergent Fiber | used the fiber digestion coefficient of 0.552 that | obtained from

the fecal analysis and used a conversion of 4 Kcal/g.
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a) Dry matter and total ash

To determine the dry and fresh weight (g) of ingested food that constitutes
the nutrient component, | estimated the organic matter (DM) correction coefficient
of a field dried sample and grams of organic matter (OM) in fresh foodgested. To
obtain the field dry matter correction coefficient of the sample | weighed 0.43 0.55
g of field dried sample and dried it in oven at 105°C using dry matter beakers for 3
hours and determined the final dry weight of the sample while hot. Tobtain total
ash, | burned the sample in ash oven at 550°C. | then weighed the heated sample
remains at 100°C to determine the total ash. From these two measures (ash and DM
correction coefficient). | calculated the final organic matter (OM) of fiekdiried
sample as:

Equation -2.1: Calculation of organic matter of the field sample
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| applied both OM and DM correctiorcoefficients to determine the OM/g of fresh

food ingested as:

Equation -2.2: Calculation of organic matter of fresh food sample
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b) Crude Fat Analysis
| determined the fat content in the food through petroleum ether extraction
process using the ANKOM Fat Analyzer. | weighed 0-80%5 g of the foodsample
and transferred it into a fat extraction filter bag of known weight, which was then
sealed using a heat sealer machine. | included one empty control bag and a standard
of a commercial food "Duncan Hines Fudge ", which contained 2.87% fat in every se
of 18 food sample bags. The sealed filter bags containing the sample were dried in
the oven at 105°C for three hours then allowed to cool in a desiccator for 30
minutes, after which | determined the predried weight before fat extraction. | then
collected the sample filter bags into a coil, with the control at the middle and
suspended in petroleum ether solvent in the fat extractor, and heated for 120
minutes at a temperature of 90°C. | then transferred the samples into the oven and
dried them for 8 conseutive hours at 105°C. In cases where it was not possible to
dry the samples for 8 hours continuously, drying was divided into two drying
sessions, but the samples were kept in a desiccator before completing the drying
process. After drying the samples, allowed them to cool in a desiccator for 30
minutes and | then recorded afteffat extraction weight of the filter bags. | calculated
the percentage of crude fat content as follows:
Equation -2.3: Calculation of crude fat ofood sample
we_®g
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where, W1 = Original weight of the sample, W2 = weight of pidried sample with
filter bag, W3 = weight of the dried sample and filter bag after fat extraction

(Rothman et al., 2012).

c) Crude ProteinAnalysis

Crude protein analysis was done through complete combustion using Leco
TruSpec Nitrogen Analyzer. | weighed about 0.10 g of the food sample into a small
foil bag and rolled it into a spherical shape. | included one sample of orchid leaf in
every 10 samples as a control. The prepared samples were loaded systematically in
the open carousel of the analyzer with numbered positions where sample are
pushed slowly to the combustion chamber. The carousel positions were displayed
on a computer screen conneged to the machine where | entered the corresponding
weight details of the samples before analysis. | ran at least five blanks and two
orchid leaf samples before the start of nitrogen analysis for standardization of the
machine. The machine automatically gnerated the percent crude protein of each
food sample after combustion. To estimate the available protein, | determined the
Acid Detergent Insoluble Crude Protein (ADICP in the food samples in order to
account for protein bound by fiber and unavailable @ the animal as well as what is
utilized by gut microbes. | then subtracted the AOZP from the crude protein to
obtain available protein (Rothman et al., 2012).
d) Fiber Analysis

Using the ANKOM Fiber Analyzer, | analyzed the food samples and fecal
matter for three forms of fiber: Neutral Detergent Fiber (NDF), Acid Detergent Fiber

(ADF), and Acid Detergent Lignin (ADL). | calculated the fiber content of the food
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and fecal matter in the same way. | performed the analysis of the three fiber types
sequentially, meaning | used the same samples for the next type of fiber assay in the
order listed above. Samples that had more than 5% fat were first soaked in
histological grade acetone for 20 minutes before aidrying for 24 hours prior to
fiber analysis. The proedure extracts the fat that could be trapped in the fiber bags,
which can distort values.

i) Neutral Detergent Fiber (NDF): This analysis focused on determining the
fiber residue (hemicellulose, cellulose, & lignin) that remains after digesting or
heating the food sample in a neutral detergent solution. | weighed 0.46.55 g of the
food sample, transferred it into a fiber filter bag of known weight, and sealed the
bag. One empty fiber bag was sealed and included in every set of 23 fiber sample
bags as a catrol. | collected the sealed sample bags plus the control into a bag
suspender then placed them in the boiling chamber of the fiber analyzer. | added
1900 z 2000 ml of neutral detergent solution into the sample chamber, then i of
alpha amylase. After losing the chamber tightly, | agitated and heated the samples
at 100°C in this solution mixture for 1 hour 15 minutes. | then removed the samples
and rinsed them two times with hot distilled water supplemented with 4 ml of
alpha-amylase and then four timeswith hot distilled water alone. After rinsing, |
squeezed excess water from the fiber bags then soaked them for five minutes in
histological grade acetone before aidrying them for 24 hours. | transferred the
samples into an oven and dried them at 105°for 30 minutes, then cooled them in a
dissector for additional 30 minutes before recording the after fiber analysis (NDF)

dry weight. | determined the % NDF as obtained as follows:
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Equation -2.4: Calculation ofNDFcontent in food samples

wo wp Op

P0O0 .
w(q

pTT

where, W1 = bag weight, W2 = sample weight, W3 = dried weight of the fiber bag
with the sample, C1 = blank bag correction (control).

To express the percent NDF on dry matter basis, | divided the value obtathabove
by the dry matter correction coefficient obtained after DM analysis.

i) Acid Detergent Fiber (ADF): The aim here was to determine cellulose and
lignin content by measuring the fiber residue after sample digestion with sulfuric
acid and hexadecylimethyl ammonium bromide, called the acid detergent solution
| assayed ADF by using the same samples from which | extracted the NDF. | repeated
the same procedure for NDF, but this time | used Acid Detergent solution of the
same amount, no alpha amylaseand | agitated and heated the samples for 60
minutes and rinsed in hot running water for 30 minutes (instead of hot deionized
water as in NDF). | calculated the ADF the same way as NDF but, instead, | used the
final dry weight after the ADF analysis.

iii) Acid Detergent Lignin (ADL): The final stage of fiber analysis focused on
determining the indigestible component of the fiber in foods. To accomplish this, |
analyzed the same samples in the fiber bags that | had extracted NDF and ADF. |
collected the sanple bags into a 250 ml beaker with a 50 ml Erlenmeyer flask placed
on top to counter floatation. | put the beaker with the samples in Pyrex tray filled
with deionized water mixed with about 50 ml of sodium bicarbonate to neutralize

any spilling sulfuric add. | then added 72% sulfuric acid to the beaker until the
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samples were submerged. | pressed down the samples using the flask for 30 times
while flipping them with a spatula after every time | pressed them in order to
agitate the samples. | repeated thismpcess after 30 minutes for three hours. | then
transferred the samples into a large plastic beaker and rinsed them with hot water
for thirty minutes prior to air -drying for 24 hours. After air-drying, the samples
were oven dried for 30minutes to expel the atmospheric moisture. After the
samples had been cooled in the desiccator, | recorded the dry weight after lignin
analysis. | used the same calculation procedure as in NDF (see above) to obtain the
ADL, but | used the dried weight after lignin analysisinstead of dry weight after
NDF.
e) Acid Detergent InsolubleCrude Protein(ADICP Analysis

The protein remaining in the residue after acid detergent fiber analysis
represents the protein unavailable to the animals because is bound by fiber. This
analysis involved determining the ADF and assessing tharotein content of the
residue after fiber analysis. | achieved this through running the ADF fiber while
skipping the NDF assay using the fédr assay method described above for ADF. After
completing the ADF assay and recording the final dry weight of the fiber bags, I
opened the fiber bags and processed the sample residue in protein foil bags and
performed protein analysis as described for othefood samples. After determining
the protein content of this sample, | calculated the AQIPas follows,

Equation -2.5: Calculation of acid detergent insolublérude ProteinfADICBH
0 006D WM QPED POOO@IOOI TWnM
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where %CP= percentCPin ADF residue, %ADF (DM basis) = percent ADF expressed

on dry matter basis and calculated using ADF procedure (Rothman et al., 2012).

Fecal analysisTo estimate the fiber digestibility | assayed the fecal samples
for fiber (NDF, ADFand ADL and dry matter using the same procedures described
for food samples. | calculated NDF digestibility coefficient on dry matter (DM) basis

using the following equation adopted by Rothman et al. (2008a).

Equation -2.6: Estimation of neutral detergent fiber (NDF) digestibility coefficient
0 0"0'QQQI 6 VD QA QO W
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f) Estimating Metabolizable Energy (ME) Intake
i). Absolute Metabolizable Energy (ME) Intake

Because | obtained fiber digestibility from the fecal samples analysis, |
calculated the energy intake by assuming gh Metabolizable energy (ME) was
derived from neutral detergent fiber fermentation or digestibility. Therefore, | used
the fiber digestibility coefficient (0.17), which | multiplied by 3 Kcal(i.e. 0.17*3 =
0.552) and then by NDF content on dry matter bass (g) per food to obtain the ME
derived from NDF fermentation. | followed ConklinBrittain et al. (2006) in

calculating the ME intake as:
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Equation -2.7: Calculation of metabolizable energy intake Kilocaloriesper gram
from macronutrients infoods ingested
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| calculated the total ME ingested per feeding bout in every focal as the sum
of products of grams (g) of each food item consumed and the energy content per
gram of that food (Altman, 1998; ConklirBrittain et al., 2006). | first obtained the
total dry weight of the food units ingested by multiplying the total number of units
ingested per feedingbout with the field corrected dry matter, then by the energy

concentrations of that particular food item. This can be expressed as follows,

Equation -2.8: Estimation of metabolizable energgonsumed from different foods per
feeding bout
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To obtain ME ntake per minute per food item, | divided the total ME intake
derived from the food item ingested by the total time (min) spend feeding on that
particular food item. To obtain ME intake perfeeding bout | divided the total ME
ingested from each food item g the number of feeding bouts in each feeding everit.
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same food patch, starting when the focal individual make first physical contact with

—_—)
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the food and ending when it stpped feeding or switched to a different food type or
class of food within the food patch or completely left the food patch, as modified

from Bryso-Morrison et al. (2017).

i) Relative Metabolizable Energy (Metabolizable Energy per Metabolic Body Mass)

| caculated relative metabolizable energy (ME) intake, by dividing the total
ME obtained from each food item consumed during the feeding events by the
estimated metabolic body mass (MBM5) of the focal individuals. | obtained basal
MBM as follows:

For the body size of adult female Tana River mangabeys, | used the average
body mass of 5.30 kg reported by Gautiedion & Gautier (1976). | calculated
juvenile body size in the following twastep manner, which involved: (1) assigning a
juvenile to one of two ageclasses, either < 2 years of age or2years of age; and
then (2) assigning a body size to each category using a quantitative criterion. For the
first step, exact ages were known for juveniles born during my study. For those
juveniles whose exact ages wer not known because they were born prior to my
study, | used the comparative physical characteristics of juveniles of known age to
make this age category assignment. This approach elaborated upon a similar system
of age assessment used successfully by Howaod (1978) in a study of the same
species where emphasizes are pubn body size dfferences, changes in coat color,
and sexual characteristic The second step of calculating body size was based on the
assumption that juveniles less than 2 years would wgh about half the average
body mass of adult female while those more than 2 years would weigh about three

quarters of their mass. Thus, the MBM of juveniles less than 2 years was calculated
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to be 2.08 kg (i.e., 2.655kg) and those more than 2 years wasalculated to be 2.82

kg (i.e., 3.9875kg).

2.2.6 Data Analysis

| collected 5980 10- minutes focals of behavioral observations, and 4130 5
minutes focals of nutrient intake estimation. This translated into 996.67 hours of
behavior data, 344.17 hoursof nutrient intake estimation, and 20,486 feeding
events that | used for my analysis. | used results of nutritional analyses of the 394
food samples that | matched with all the feeding events for this analysis. The feeding
behavior and nutrient intake datawere obtained from a total of 63 focal individuals,
of which were 40 juvenies (i.e., 22 males & 18 femalg@uveniles) and 23 were
lactating females, in the Mchelelo and Kitere study groups combined. Matching of
the feeding observations data with laboratoy nutritional data was done in the
following manner. First, where multiple food samples of the same item analyzed in
the laboratory were collected at different times of the year, the results were
matched with feeding data collected at the same time or ahé closest period
possible. Second, where nutritional samples were missing (either plant part eaten or
entire food species), due to spoilage or no collection at gile., about 12%) | used
average nutritional scores for other parts analyzed for a partidar species (where
parts of same species were missing) or the monthly average for all parts and food
species eaten during the month of the missed observation (where no nutritional
data was available for the food species) (ConkkhBrittain et al., 2006; Rohman et al.,

2008a; Vogel et al., 2015).
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of the overall annual diet of mangabeys or the two age cleess. This criterion to
delineate important plant foods has been adopted previously by other researchers
(Fashing et al., 2001; ConkliBrittain et al., 2006; Rothman et al., 2006). In my study
this criterion was useful because the species designated as muipal Plant Food
Species in this manner collectively accounted for 90% of the foods ingested by both
lactating females and juveniles annually. This suggests that such foods may have
more influence of feeding than other foods.

| tested my first prediction (P1) that juveniles had a narrower dietary
breadth and higher selectivity of preferred foods than lactating females by
calculating the dietary breadth and food preference between the two age classes.
First, | compared food preference between juveniles anthctating females using
6 AT AAOPI TAC O 3AAOEABO jpwxwq 2A1 ACEOGEUAA
used in ecology (Manly et al., 2002and has been used | primate studies (Bastian et
al., 2010; Vogel et al., 2017)This index utilizes both therelative abundance of food
items in the diet and in the environment to measure dietary selectivity. | obtained
the monthly and annual percentage of each food species or items in the diet by
dividing the total number of times | observed a particular food en, by the total
number of times | observed all the food species or items being consumed
(multiplied by 100). | calculated the relative abundance of the plant foods and

insects in the environment by dividing the total number of individuals counted for
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ead species in all the plots by the total number of individuals counted for all species
in all the plots (multiplied by 100).
Several indices have been used to assess dietary preferences in mammals,
but a majority suffers from serious shortcomings, such asatk of statistical
OAOOAAEI EOU j, AAET xEAUh pwywcgqs8 6AT AAODPI T AC
over other indices as one of the best indices for evaluating dietary preference
(Strauss, 1979; Lechowicz, 1982; Manly et al., 2002). This is because theeix has
most of the desirable characteristics necessary for making meaningful comparisons
in diet selection, whichinclude randomness, symmetry, range, linearity, robustness,
stability, and statistical testability (Manly et al., 2002). The E* equation issdollows:

Equation -2.9: 7+ Mg > =it e Vi m < 0 Mg
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relative abundance of the food resource in the diet, pi = relative abundance of the
food resource in the environment (habitat), n = total number of foods items selected
or consumed.
The index E* ranges betweenl and +1 where positive values indicate high
food preference and negative values low preference or avoidance. Here |
I PAOAOCET T AT T U AAEET A OPOAEAOOAAG A TAO AO

OA OT E A A dsdhosa&ivith Arlndex below 0. | predicted that juveniles will have a
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higher selectivity (E* values) for preferred foods (that easily accessible and high in
energy) than the lactating females due to their high energy demands for growth and
low foraging efficiency.
| used Wilcoxon signeedrank test to statistically compare the food
preferences of juveniles and lactating females for different foods. | calculated E* for
juveniles and lactating females for every food resource utilized in each area, then
used the paired selectivity scores for the two age classes for statistical comparisons.
3AATTAh ) OOAA OEA OO0OA) Aeusukboldidtary, AOET ¢
breadth (Levin, 1968) as described by Manly et al. (2002). This index has been used
successfully to asess uniformity in the use of resource shared by species, groups or
individuals in same habitat (Novakowski et al., 2008; Lyngdoh et al., 2014). These
equations are as follows:
Equation -2.10q, , AOET 6 0 AEA Gikhaith AOAAAOE ET AA@ AO
, AOGGBIEAOORAA AOE

where, & = dandardized measure of dietary breadhBE , AOET 60 | AAOO
dietary breadth (and it's the inverse of summation of proportions of food resorces

utilized by the age class.e.p¥t | "‘Q\ere pij = proportion of diet of age class that is

made up of food resource or specigjsin a diet consisting ofn food resourceg, n = is

the total number of food resources (species) eaten by the particular age class.

Values of0 range from 0 to 1,whereby maximum value indicate wider dietary

breadth where each resources is utilized in proportion to its abundance (i.e.,
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available resources are evenly exploitation) while minimum values suggest
narrower dietary breadth where resources are utilized on he least abundant
resource state (i.e., available resources are unevenly used) (Hurlbert, 1978; Hadi et
al., 2012). | predicted that juveniles will have lower values ot than lactating
females because the latter are likely to sample more foods but camee them
unevenly compared to the former.

To test my (P2) that juveniles will have a higher intake of relative
Metabolizable energy (ME) (i.e., intake per Metabolic Body Mas#1BM), evaluating
absolute ME intake, and energetic gains from food typesused Generalized Linear
Mixed Models (GLMMs). | performed all the analyses in R statistical software
version 3.3.2 (R Core team (2013). Before fitting and running any statistical test or
model, data were checked to ensure that all assumptions for generadiz linear
models or parametric tests were met, especially normal distribution of the data. |
used quantilequantile (g-q) plots and the ShapiragWilk test to examine the
distribution of my data. Where the assumption of normal distribution was not met, |
performed log transformation of the data. For all the statistical analyses | set alpha
at 0.05. Also, | selected the best variables and model to test my gditions by first
constructing full models including all variables that could have had some effect on
dependent or response variables of interest. | then fitted reduce versions of the full
model by eliminating a single variable of the full model at a timd.then compared
the models using analysis of variance (anova) in R and finally selected any
significant model that had the lowestAkaike information criterion (AIC) value as the

best model fit for my analysis.
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Before testing my second prediction (P2) | exmine the energetic
contributions from different food species eaten by juveniles and lactating females,
the energetic gain obtained by both age classes from these foods, energetic
contribution of the Principal Plant Food Species, and the absolute intaKee., actual
intake without controlling for body mass) of ME between the age classes and study
groups. First, to gain more understanding of ME intake, | assessed the energetic
gains obtained from consumption of different food types (i.e., fruits, seeds,ales,

i OOEOI T 1 Oh OOAI R cOih ET OAAOOR AT A O1 OEAOC
data, | fitted a GLMM with ME intake per feeding bout as my response variable, food

type as my fixed effect, and focal ID as my random effect. | proceeded to compéee t
proportions (%) of energetic intake from these types of foods using a clsiquare

test. Further, | descriptively evaluated the ME intake derived from consumption of

the 20 Principal Plant Food Species as well as time spent feeding on such foods. |
statistically compared the energetic contributions (i.e., metabolizable energyper

minute and per feeding bouj of all the 96 plant foodsconsumed by both juveniles

and lactating femalesusing paired t test. Finally, | assessed the absolute ME intake

between the age classes and study groups using GLMMs.

| fitted GLMMs to test P2 using the mean relative ME intake in both the per
minute and per feeding bout as my response variables (i.e., dependent variables). |
included age class and study group as fixed effec(gxdependent variables) and
controlled for the focal ID (as the random effect). | first ran the model using absolute
mean ME intake both per minute and per feeding bout as my response variable and

repeated the test with the mean ME per MBM. | did this tdetermine the effects of
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metabolic body mass on energy intake and how this varied with feeding bout
between the age classes.

To understand the energetic contributions of different macronutrients in the
foods ingested by juveniles and lactating females, | epared the proportions of ME
derived from ingestion of fiber (NDF), fat, available protein (AP), and total nen
structural carbohydrates (TNC) in the diet. | focused on ME intake per MBM and
how this varied in response to age class and study group. | testélde statistical
differences in intake by constructing a GLMM with the per minute mean relative ME
intake obtained from the four macronutrients (NDF, Fat, AP, and TNC) as my
response variable, age class and study group as fixed effects and focal ID as the

random effect.
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2.3.0 Results
2.3.1 Diet of the Tana River mangabeys

Before presenting the empirical test of the hypothesis and predictions on
dietary breadth, preference, and ME intake in juveniles and lactating females, |
provide a general description of the dietary patterns of the Tana River mangabeys
and for the two study groups.
2.3.1.1 Species & Family representation in the diet

A total of 124 different food items differentiated by species (plants) or by
family (animals), were eaten by the Tana River mangabeys during all focal sampling
and ad libitum observations (Apgendix 2.1). The largest portion of this diet was 110
species of plant foods from 42 families. Of these species, 11 (10%) were human
cultivated crops, and 99 (90%) were naturally occurring. The familieFabaceae
(13.6%), Poaceagq10.0%), Malvaceag(6.4%), Spindaceae(5.5%), and Rubiaceae
(5.5%) accounted for the majority of dietary species (41.0%) (Tabl.1). Twenty-
one families (Table2.1) accounted for about 81% of the total number of all plant
species consumed.

Trees contributed the highest percentage (40.0%) of plant foods eaten by the
Tana River mangabeys, followed by climbers, herbaceous vegetation, and shrubs
(Fig. 2.2). Fungi (mushrooms), hemiparasites, and sedges were the least

represented, and each contribted only 1% of the plant food life forms.
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Table 2.1. List of the plant families in the diet of the Tana River mangabeys.

Family No. of species eaten Percent in diet

Fabaceae 15 13.64
Poaceae 11 10.00
Malvaceae 7 6.36
Sapindaceae 6 5.45
Rubiaceae 6 5.45
Phyllanthaceae 4 3.64
Moraceae 4 3.64
Apocynaceae 4 3.64
Arecaceae 3 2.73
Capparaceae 3 2.73
Commelinaceae 3 2.73
Bignoniaceae 3 2.73
Acanthaceae 3 2.73
Anacardiaceae 3 2.73
Vitaceae 2 1.82
Rutaceae 2 1.82
Sterculiaceae 2 1.82
Combretaceae 2 1.82
Euphorbiaceae 2 1.82
Sapotaceae 2 1.82
Cucurbitaceae 2 1.82
Agaricaceae 1 0.91
Cornaceae 1 0.91
Lecythidaceae 1 0.91
Annonaceae 1 0.91
Ulmaceae 1 0.91
Lamiaceae 1 0.91
Burseraceae 1 0.91
Cyperaceae 1 0.91
Ebenaceae 1 0.91
Putranjivaceae 1 0.91
Flagellariaceae 1 0.91
Clusiaceae 1 0.91
Lythraceae 1 0.91
Molluginaceae 1 0.91
Musaceae 1 0.91
Salicaceae 1 0.91
Passifloraceae 1 0.91
Violaceae 1 0.91
Celastraceae 1 0.91
Loranthaceae 1 0.91
Rhamnaceae 1 0.91
Total (N) 110 100
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In the faunal diet, arthropods were exploited most (64.3%), all of which were
consumed whole, except for millipedes, whose endoskeletal tissue was sucked out
and the exoskeleton discarded (Appendi®.2). Other faunalcomponents of the diet
were amphibians, reptiles, mollusks, and birds, which together with honey,

contributed about 35.7% to the faunal diet.

Herbaceous Hemiparasite
Tree/Shrub_ Climber %?S(S,e 0.9%

6.4% “\?m@
Grass

9.1%

Figure 2.2. Dietary contributions of different life forms represented in the Tana

2EOAO 1 AT CAAAUOGSE AT 1T OA1 AEAOS
2.3.1.2 Tana River mangabey diet
Fruits and seeds accounted for the most of the diet, 54.7% and 19.8%,

respectively (Fig.2.3). Mushrooms contributed 5.0% of the diet, nearly as much as
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leaves (7.1%). Stems, flowers, bark, exudate, deadwood, subterranean structures

(which | operationally is used in this study to collectively refer to all below ground

plant parts exploited by mangabeys, since not all were underground storage organs

or typical roots), honey, and unidentified foods items were all eaten in smaller

PDOi BT OOETT O AT A xAOA All AiTi AETAA ETOT O
contributed about 2.2% of the species annuatiiet. The Tana River mangabeys

ingested deadwood from Sorindea madagascariensisSynsepalum msoloGrewia

densa andCordia goetze{Appendix 2.1).

Insects GUM Others
Mushrooms 8.7% 2:6% 2.2%
4.9%
Leaves
7.1%

Figure 2.3. Representation of types of food in the diet of the Tana Riverangabeys,

expressed as a percentage of the total food items observed eaten. The category

Ol OEAOOS Al I POEOAO OOAI Oh &I 1T xAOOh AAOER A
structures, honey, and unidentified food items. (N = 63, feeding events = 20,486).

2.3.1.3 Diets of mangabeysin Mchelelo and Kitere study groups
Of the 110 plant foods in the total diet, 68 (62%) were present in both study

sites and eaten by both groups, while 32 (29%) and 10(9%) were unique to Kitere
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and Mchelelo sites, and consumed by the group in each site, respectively (24,).
Of all the 11cultivated plant foods, all were found and eaten in Kitere, but only two
(mango, Mangifera indica,and lemon, Citrus limon) were utilized by the Mchelelo

group (Appendix,2.1).

100

80

60

40

20

Percentage of unique food species

O T T 1
Mchelelo Only Kitere & Mchelelo Kitere Only

Study group

Figure 2.4. Distribution of plant food species (wild and cultivated) eaten by the two
mangabey groups across study sites (N = 110 plant foods).

2.3.1.4 Dietary abundance in the habitat and annual diets
1 0A1 OEOAOGEOA AOOAOOI AT O T &£# RAAAE AT A 0D
and calculating of dietary breadth and preference (diet selectivity) required
estimation of ingestion rates of each food relative to all other foods available in the
habitat. This can only be analyzed from focal sampling data but not with the ad

libitum observations, which were important in generating a complete checklist of

the species diet. Thus, henceforth, | focus only on focal data for the analysis.
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2.3.1.5 Overall food species abundance and contribution in the annual diet

The mangabeys consumed 96 species of plafbods (Appendix 2.3a). Of
these species, 18 were designated as Principal Plant Food Species (T&u®}, but
this number varied when data for each study group were considered separately. The
two species that were most locally abundant in the habitats werd’olysphaeria
multiflora (22.3%), and Sorindeia madagascariensi§9.9%) (Table 2.2). The two
species most targeted by mangabeys during foragingboth fruits and seeds),
however, were Phoenix reclinata(21.1%) and Ficus sycomorug17.7%), which
collectively accounted for 38.8% of the diet. The two least consumed plant food
species wereCissus rotundifoliaand Garcinia livingstonei,each contributing about
1% to the annual diet.Insects were the most consumed noplant food resource
(5.4%) (Table 2.2).

In summary, among the Principal Plant Food Specidzhoenix reclinataand
Ficus sycomorusvere the most consumed whileCissus rotundifoliaand Garcinia
livingstonei were the least utilized Polysphaeria multiflora and Sorindeia
madagascariensisvere the most abundant in the environment. Insects were a major
source of food and ranked fourth in the annual dietary contribution when compared

to plant foods.
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Table 2.2. The overall dietary composition and relative abundance (%) both in the
habitat and annual diet for the 18 Principal Plant Foods Species and insects eaten by
the Tana River mangabeys. Relative abundance is expressed as the percentage of
either feeding events (in the annual di® or species occurrences (in the habitat)
assigned to particular food species (N = 63 individuals, 20,486 feeding evens & 170
vegetation plots. Totals do not equal to 100 because foods contributing less than 1%
are not included.

Relative Abundance (%)

Species Habitat Annual Diet
Phoenix reclinata 8.06 21.11
Ficus sycomorus 0.55 17.66
Vachellia robusta 0.88 9.01
Synsepalum msolo 0.44 4.70
Hyphaene compressa 1.67 4.55
Agaricussp. 0.04 4.22
Oncoba spinosa 2.99 2.89
Sorindeia madagascariensis 9.87 2.70
Diospyros mespiliformis 2.94 2.66
Grewia densa 2.46 2.65
Polysphaeria multiflora 22.33 2.31
Brachiaria subquadripara 0.40 2.22
Mimusops fruticosa 3.03 1.89
Pavetta sphaerobotrys 2.07 1.52
Alangium salviifolium 1.09 1.42
Mangifera indica 0.05 1.25
Garcinia livingstonei 2.02 1.24
Cissus rotundifolia 0.08 1.19
Insects 1.00 5.40
Total 61.97 90.59

2.3.2 Diets of the two study groups

2.3.2.1 Dietary composition and abundance in the habitat and annual diet

The Kitere group utilized 76 species of plant foods besides insects, which
were eaten as much as some plants (Append4). Twenty plant species were
considered Principle Plant Food Species for this group. Locally, the most abundant

of these species werdolysphaeria multiflora(18.8%) and Lecaniodiscus fraxinifolius
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(14.9%) whereasAgaricussp. andMormodica trifoliata (< 0.1% each) were the least
common. Phoenix reclinata(26.3%) and Ficus sycomorug16.9%) constituted the
majority of the annual diet, tagether accounting for 43.2% of the total annual dietary
composition (Table2.3).

Table 2.3. Relative abundance (%) of Principal Plant Foods Species plus insects in
the habitat and in the annual diet of the Kitere groupRelative abundance is
expressed as the percentage of either feeding events (in the annual diet) or species
occurrences (in the habitat) assigned to particular food species (N = 32 individuals,
20,486 feeding events, & 94 vegetation plots). Totals do not egl to 100 because
foods contributing less than 1% are not included

Relative Abundance (%)

Species Habitat Annual Diet
Phoenix reclinata 8.72 26.26
Ficus sycomorus 0.86 16.93
Synsepalum msolo 0.64 7.86
Vachellia robusta 1.06 4.95
Diospyrosmespiliformis 411 4.39
Mimusops fruticosa 411 3.18
Agaricussp. 0.03 2.73
Oncoba spinosa 1.20 2.59
Polysphaeria multiflora 18.76 2.57
Grewia densa 2.88 2.52
Mangifera indica 0.12 2.50
Brachiaria subquadripara 0.83 2.44
Lecaniodiscus fraxinifolius 14.90 1.82
Cissus rotundifolia 0.17 1.60
Garcinia livingstonei 2.66 1.41
Momordica trifoliata 0.08 1.27
Sorindeia madagascariensis 5.66 1.20
Alangium salviifolium 0.60 1.19
Antidesma venosum 0.17 1.19
Harrisonia abyssinica 0.71 1.16
Insects 1.20 3.38
Total 69.47 93.14

Among the Principal Plant Food Speciegjarrisonia abyssinica Antidesma

venosum Alangium salviifolium and Sorindeia madagascariensisvere the least
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consumed and each contributed approximately 1.2% of the annual diet. Mango
(Mangifera indicg, which is cultivated fruit tree, contributed about 2.50% of the
AT 1 OAl AEAO8 )1 OAAOO Ai1 OOEAOOAA AAT OO o8
were the sixth most consumed food resources compared to the Principal Plant Food
Species.

The dietary composition of the Mchelelo group included 65 plant species
besides insects (Appendix2.4). Of these plant foods, only 16 species (24.6%)
qualified as Principal Plant Food Species (Tabl2.4). Among these plant foods,
Polysphaeria multiflora(25.2%) and Sorindeia madagascariensi€l3.3%) were the
most encountered in the habitat whileBrachiaria subquadriparaand Agaricus sp.
(<1% each) were the least abundantFicus sycomoru§l8.4%) and Phoenix reclinata
(16.0%) accounted for the highest percenta§ © 1T £ OEA CcOlI O8O Al 1l
Garcinia livingstonei(1.0%) and Saba comorensigl.1%) were the least targeted.

Among the plant dietary composition of the Kitere and Mchelelo groups, 20
and 16 species were designated as Principal Plant Food Species for each group
respectively. Phoenix reclinataand Ficus sycomorusad the highest percentage in
the diet in both groups while Polysphaeria multifiorawas the most abundant species

in both Kitere and Mchelelo.Mangifera indica, which was grown in farmland in

Kitere, constituted an important food for the mangabey in the Kitere group.
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Table 2.4. Relative abundance (%) of Principal Plant Foods Species plus insects in
the habitat and in the annual diet of the Mchelelo group. Relative abundance is
expressed as the percentage of either feeding events (in the annual diet) or species
occurrences (inthe habitat) assigned to particular food species (N = 31 individuals,
20,486 feeding events, & 76 vegetation plots). Totals do not equal to 100 because
foods contributing less than 1% are not included.

Relative Abundance (%)

Species Habitat Annual Diet
Ficus sycomorus 0.31 18.40
Phoenix reclinata 7.52 15.97
Vachellia robusta 0.73 13.08
Hyphaene compressa 3.01 8.98
Agaricussp. 0.05 5.71
Sorindeia madagascariensis 13.3 4.21
Oncoba spinosa 4.45 3.19
Pavetta sphaerobotrys 2.86 3.04
Grewia densa 2.13 2.78
Polysphaeria multiflora 25.24 2.05
Brachiaria subquadripara 0.04 1.99
Alangium salviifolium 1.48 1.65
Synsepalum msolo 0.27 1.54
Drypetes natalensis 7.06 1.29
Saba comorensis 0.15 1.14
Garcinia livingstonei 1.49 1.08
Insects 0.83 7.43
Total 70.92 90.53

2.3.3 Diets and food preference of juveniles and lactating females

To test my prediction (P1) on whether dietary selectivity differs between
juveniles and lactating females and whether lactating females had a wider dietary
breadth than the juveniles,| compared the two age classes concerning: i) dietary
composition and preference; and ii) dietarybreadth. While the prediction applies to
the general juvenileslactating females differences, | also compare the dietary

breadth and food selectivity differences between the age classes in the study groups.
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This is important to because it reinforces the fidings despite the group differences.
Before testing the prediction (P1), first, | evaluate the dietary contributions of

different types of foods that constitute the annual diet of juveniles and females.

2.3.3.1 Contribution of different types of foods in diet

Fruits were the predominant component food type of both juveniles (56.9%)
and lactating females (52.6%) (Fig2v 8 &I T A EOATI 6 1 61 PAA EI
were the least consumed food category by juveniles (1.7%) while gum was the least
consumed(2.3%) by lactating females. Among the noplant foods, insects were the
most commonly consumed, contributing 8.1% and 9.3% to the diets of juveniles and

lactating females, respectively.

O
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Figure 2.5. Diets of juveniles andactating females expressed as a percentage of the
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exudate, deadwood, subterranean structures, honey, and unidentified food items (N

= 63, feeding events = 20,486).
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2.3.3.2 Digtary composition and preference: juveniles versus lactating females

The Principal Plant Food Species, in addition to insects, collectively
accounted for about 90% and 92% of the annual diets of the juveniles and lactating
females, respectively (Table2.5, Appendix 2.3b). Overall, seven plant food species
and insects were most sought by both juveniles and lactating females (Talleb).
Phoenix reclinataand Ficus sycomoruaccounted for the highest proportions in the
annual diets of juveniles (21.1% & 17.6% respectively) and lactating females
(21.2% & 17.8%, respectively). Polysphaeria multiflom (22.3%) and Sorindeia
madagascariensig9.9%) were the most abundant food species in the habitat. The
overall plant food E* index demonstrated thatAgaricussp. (mushrooms) andFicus
sycomoruswere the most preferred foods of juveniles (0.93 & 0.81) and lactating
females (0.92 & 0.88), respectively. The least preferred plant foods classes were
Polysphaeria multifioe and Sorindeia madagascariensi§uveniles: E* =-0.93 & -
0.85; lactating females:0.96 & 0.88, respectively) (Table.5).

Compared to lactating females, juveniles exhibited higher values of E* for the
18 Principal Plant Food Species and insect components of the diet (Takl&; W =-
190, p = < 0.0001N = 19). This result also emerged for the sample based on the
larger botanical sample of 96 plant species and insecppendix 2.3b, W =-1004, p
= 0.0096, N = 97 pairs). In both cases, E* index values for juveniles exceeded those
of females for both thepreferred species (defined as foods with E* > 0) and the

avoided species (E* < 0) (Tabl@.5). These results provide support of prediction P1.
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Table 2.5. Dietary contribution, abundance in habitat and diet, and Electivity index
E* (Vanderploeg & Scavia, 1979) for the 18 Principal Plant Food Species consumed
by juveniles (Juv) and lactating females (L. fem), N = 63 individuals, 40 juveniles and
23 lactating females). Dietary contribution is the percentage of feeding events
assigned to particular food species (N = 20,486) while relative abundance is the
percentage assigned to each food species in the habitat (N = 170 plots). Values in
boldface represent prefered food species E* > 0. Totals do not equal to 100 because
foods contributing less than 1% are not included.

Relative Abundance (%) (E®)
Species Habitat Juv. Diet L.Fem Diet  Juv L. Fem
Agaricussp. 0.04 4,12 4,51 0.93 0.92
Ficus sycomorus 0.55 17.62 17.82 0.81 0.76
Mangifera indica 0.05 1.31 1.10 0.76 0.64
Cissus rotundifolia 0.08 1.21 1.12 0.65 0.53
Synsepalum msolo 0.44 4.61 4.94 0.52 0.43
Vachellia robusta 0.88 9.13 8.68 0.52 0.38
Brachiaria subquadripara 0.40 2.17 2.32 0.25 0.14
Hyphaene compressa 1.67 4.40 4.95 -0.11 -0.20
Phoenix reclinata 8.06 21.06 21.22 -0.12 -0.25
Alangium salviifolium 1.09 1.39 151 -0.44 -0.52
Grewia densa 2.46 2.71 2.49 -0.50 -0.63
Oncoba spinosa 2.99 2.69 3.41 -0.57 -0.59
Diospyros mespiliformis 2.94 2.61 2.78 -0.58 -0.65
Pavetta sphaerobotrys 2.07 1.60 1.30 -0.62 -0.75
Mimusops fruticosa 3.03 1.92 1.80 -0.68 -0.76
Garcinia livingstonei 2.02 1.19 1.38 -0.70 -0.73
Sorindeia madagascariensi.  9.87 2.68 2.77 -0.85 -0.88
Polysphaeria multiflora 22.33 2.49 1.82 -0.93 -0.96
Insects 1.00 5.19 6.00 0.22 0.15

Total 61.97 90.10 91.92 - -
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2.3.3.3 Dietary composition and preference in the two groups: juveniles versus
lactating females
Prediction (P1) was also supported when the data for eacstudy group were

analyzed separately.

s~ A s oA oA

a* OOAT EI A6 AT A 1 AAOAOGET ¢ AAI A1 AG8 AEAO Al
Among the 20 Principal Plant Food Species consumed annually by members
of the Kitere group, Phoenix reclinata, Ficus sycomorus, arSlynsepalum nsolo
were the most represented, accounting, respectively, for 25.9%, 17.2% & 8.2% of
juvenile diets, and 27.1%, 16.2% & 8.2% of female diets (Tab®6, Appendix2.4).
4EAOA OEOAA OPAAEAO AilT1AAOGEOAI U AAAT O OAA
thel AAOAOET ¢ &AAI A1 AG6 AT 1T OA1 AEAOS
The Electivity values of juveniles exceeded those of lactating females for the
20 Principal Plant Food Species (plus insects) (Tab®6, W =-231, p < 0.0001, N =
21), as well as for the larger botanical sample of 72 planspecies exploited
(Appendix 24, W = -1637, p < 0.0001, N = 7 Based on E* values, juveniles
preferred Agaricus sp. (0.93), Mangifera indica (0.70), and Ficus sycomorus (0.68),
while the lactating females focused similarly on Agaricus (0.90) and Ficus
sycomorus (0.55), but additionally on Momordica trifoliata (0.56) instead of
Mangifera indica (Table 2.6; Appendix 2.4). The least preferred species were
Lecaniodiscus fraxinifolius and Polysphaeria multiflora for both juveniles and

lactating females. Similato large botanical samples these results also support my

prediction (P1).



94

Table 2.6. Dietary contribution, abundance in habitat and diet, and Electivity index
E* (Vanderploeg & Scavia, 1979) for the 20 Principal Plant Fo&pecies consumed
by juveniles (Juv) and lactating females (L. fem) in Kitere group (N = 21 juveniles &
11 lactating females). Dietary contribution is the percentage of feeding events
assigned to particular food species (N = 20,486) while relative abundands the
percentage assigned to each food species in the habitat (N = 76 plots). Values in
boldface represent preferred food species E* > 0. Totals do not equal to 100 because
foods contributing less than 1% are not included.

Relative Abundance (%) (E®)

. . Juv. L. Fem
Species Habitat Diet Diet Juv L. Fem
Agaricussp. 0.03 2.69 2.84 0.93 0.90
Mangifera indica 0.12 2.62 2.20 0.70 0.53
Ficus sycomorus 0.86 17.2 16.24 0.68 0.55
Momordicatrifoliate 0.08 1.15 1.56 0.58 0.56
Synsepalum msolo 0.64 7.71 8.24 0.52 0.40
Cissus rotundifolia 0.17 1.53 1.78 0.40 0.30
Antidesma venosum 0.17 1.21 1.14 0.30 0.08
Vachellia robusta 1.06 4.97 4.90 0.11 -0.09
Phoenix reclinata 8.72 25.94 27.08 -0.12 -0.28
Brachiaria subquadripara 0.83 2.25 291 -0.16 -0.22
Oncoba spinosa 1.20 2.42 3.02 -0.30 -0.38
Alangium salviifolium 0.60 1.20 1.17 -0.31 -0.48
Harrisonia abyssinica 0.71 1.22 1.00 -0.37 -0.6
Diospyros mespiliformis 411 4.31 4.58 -0.56 -0.67
Grewia densa 2.88 2.62 2.27 -0.61 -0.75
Mimusops fruticosa 411 3.19 3.16 -0.66  -0.76
Garcinia livingstonei 2.66 1.36 1.53 -0.76 -0.81
Sorindeia madagascariensis  5.66 1.18 1.24 -0.90 -0.92
Polysphaeria multiflora 18.76 2.74 2.13 -0.93 -0.96
Lecaniodiscus fraxinifolius 14.90 1.89 1.63 -0.93 -0.96
Insects 1.20 3.31 3.55 -0.16  -0.31
Total 69.47 92.17 94.17 - -

by* OOAT E1 AG8 AT A 1 AAOAOGET ¢ Z£AT Al A6s AEAO Al
The diet of Mchelelo group consisted was characterized by a fewer number of
Principal Plant Food Species compared to Kitere group (TabR7, Appendix2.5).

The plant foods that contributed the highest percentages of annual diet of the
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Mchelelo group for both juveniles and lactating females were Ficus sycomorus,
Phoenix reclinata, and Vachellia robusta (juveniles: 18.0%, 16.2%, & 13.3%;
lactating females: 19.4%, 15.4%, & 12.5%, respectively) (Table€.7). The three
species contributed 48% and 47% of the total annual diet of the juveniles and
lactating females.

Both the juveniles and lactating females preferred Agaricus sp., Ficus
sycomorus, and Brachiaria sbquadripara (juveniles: E* = 0.88, 0.81, & 0.77;
lactating females: E* = 0.86, 0.77, & 0.65, respectively). The two age classes showed
high avoidance of Polysphaeria multiflora, Sorindeia madagascariensis, and
Drypetes natalensis (Table2.7). Nevertheless juveniles showed higher electivity
indices than lactating females (E*) in both the sample of 16 Principal Plant Food
Species plus insects (W =136, p = < 0.0001, N = 17) as well as for the larger sample
of 65 plant species eaten plus insects in Mcheletwoup (W =-1004, p = < 0.0001, N
= 66) (Table 2.7, Appendix 2.5). These results for food electivity values of both
Principal Plant Food Species and the large botanical food sample and insects
supported my prediction (P1).

In summary, Phoenix reclinata ad Ficus sycomorus contributed the highest
percentages to the annual diet of both juveniles and lactating females in the two
study groups. Juveniles in Kitere, however, showed a high preference for Agaricus
sp. and Mangifera indica, while lactating femalegpreferred the former and
Momordica trifoliata. In Mchelelo, both juveniles and lactating females showed a
high preference for Agaricus sp. and Ficus sycomorus. Juveniles in both study

groups had higher electivity indices (E*) for both preferred and avoideé foods than
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the lactating females. This was reflected in both the Principal Plant Food Species and

the entire botanical food composition plus insects utilized by the groups separately

and combined thus, prediction (P1) was supported.

Table 2.7. Dietary contribution, abundance in habitat and diet, and Electivity index
E* (Vanderploeg & Scavia, 1979) for the 16 Principal Plant Food Species consumed
by juveniles (Juv) and lactating females (L. fem) in the Mchelelo group (N = 12
juveniles & 19 lactating females). Dietary contribution is the percentage of feeding
events assigned to particular food species (N = 20,486) while relative abundance is
the percentage assigned to each food species in the habitat (N = 94 plots). Values in
boldface represent preferred food species E* > 0. Totals do not equal to 100 because
foods contributing less than 1% are not included.

Relative Abundance (%) (E*)
Species Habitat Juv Diet L. Fem Diet Juv L. Fem
Ficus sycomorus 0.31 18.04 194 0.81 0.77
Agaricussp. 0.05 5.55 6.18 0.88 0.86
Brachiaria subquadripara  0.04 2.09 1.73 0.77 0.65
Vachellia robusta 0.73 13.3 12.46 0.49 0.35
Saba comorensis 0.15 1.3 0.72 0.15 -0.27
Synsepalum msolo 0.27 15 1.63 -0.07  -0.16
Hyphaene compressa 3.01 8.71 9.75 -0.37 -0.44
Phoenix reclinata 7.52 16.19 15.35 -049 -0.6
Grewia densa 2.13 2.81 2.71 -0.65 -0.73
Pavetta sphaerobotrys 2.86 3.2 2.6 -0.7 -0.8
Alangium salviifolium 1.48 1.58 1.84 -0.71  -0.74
Garcinia livingstonei 1.49 1.02 1.23 -0.8 -0.82
Oncoba spinosa 4.45 2.97 3.79 -0.81 -0.81
Sorindeia madagascariensi 13.3 4.17 4.3 -091 -0.92
Drypetes natalensis 7.06 1.3 1.26 -0.94  -0.96
Polysphaeria multiflora 25.24 2.24 1.52 -0.97  -0.99
Insects 0.83 7.06 8.45 0.15 0.1
Total 70.92 93.03 94.92 - -

2.3.4 Dietary breadth of juveniles and lactating females

As | predicted (P1), in each study group individually and for the combined

data set, juveniles had a narrower dietary breadth compared to lactating females

(Fig. 2.6). The dietary breadth washigher in the Mchelelo group compared to that in
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Kitere, and lower in juvenilesthan in lactating females in both study groups (Bz
Mchelelo: juveniles = 0.17, lactating female = 0.22;AE& Kitere: juveniles = 0.11,

lactating = 0.15; B\ z Overall: lactating female = 0.13; Juveniles = 0.11). This

suggested that juveniles consumed various food resources less evetiian lactating

female (Fig.2.6).
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Figure 2.6. Dietary breadth between the juveniles and lactating females in eadt
the two study groups and in pooled data set (both groups combined) measured
OOET ¢ OEA , AGEWS O AEAOAOU EIT AAg

2.3.5 Metabolizable energy (ME) intake

Before testing my prediction(P2) on relative ME intake (i.e., ME intake per
metabolic body mass- MBM) between juveniles and lactating females, | first

examine: the energetic gains from different types of foods, plant food species, time
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spent feeding on such [ant foods, and the differences in absolute ME intake
between the age classes and between theo study groups. | focus the analysis on
both per minute and per feeding bout intake of ME. Post the hypothesis testing, |
present data on ME derived from each of the constituent macronutrients that

contribute to total ME ingested, to understand the maisource energetic sources.

2.3.5.1 Absolute energetic returns of different types of foods per feeding bout

The mangabeys generally derived more absolute ME per feeding bout from
mushrooms, fruits, and gum compared to insects, leaves, seeds, and food catggo
Ol OEAODDH. Thelabs@lde mean ME intake returns per feeding bout were
highest in mushrooms (12.23Kcalfeeding bouf) and Ilowest in insects
(2.02Kcal/feeding bouf). The observed difference in mean ME per feeding bout
across the food types variedignificantly (F = 548.39, df = 6, p < 0.0001) controlling

for focal ID and time spent feeding Absolute metabolizable energy intake per

ARAAET ¢ AT 60 xAO OECIEAEAATOIU 11T xAO A& O

0.0001) than for fruits, gum, and mghrooms.
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Figure 2.7. Absolute metabolizable energy (ME) returns per feeding bout on dry
matter basis obtained from different types of foods eaten by juveniles and lactating
females combined in the Tana River mangabeys (N63 focal individuals, total
feeding events = 20,485, error bars indicate the mean standard deviation).

2.3.5.2 Variation in energetic returns from foods eaten by juveniles and
lactating females
Annual energetic contributions of plant foods

Fruits and se=ds contributed the highest percentages of the annual diets of
juveniles and lactating females as well as of the energetic annual returns (Tal28).
Fruits accounted for 45.0% of the juvenile diet and 71.8% of the total energy
ingested from all food items combined in Kcal/g. Seeds constituted 34.0% of the
annual diet and 14.4% of the total energy intake in juveniles. The annual diet of
lactating females comprised 45.1% fruits and 34.6% seeds, respectively. Fruits

accounted for 74.3% of the total energy ingested while seeds yielded about 14.1%.



10C

AEA mEIT A AAOACi OU O1 OEAOOS Al 1T OOEAOOAA
diet and energy returns d the juveniles and lactating females (diet: 1.8% & 1.5%,
energy returns: 1.2% & 1.1%, respectively). Fruits and seeds together accounted for
about 78.0% and 86.0% of the juveniles' total annual percentage of diet and
energetic returns, which was more tharnthree times the annual diet and energetic
returns of the remaining categories of food types combined. Similarly, fruits plus
seeds combined contributed 80.0% and 88.0% of the annual diet and energetic
returns of the lactating females, respectively. This &as, again, more than three times

the total annual diet and energetic returns obtained by lactating females from all

other categories of food types collectively (Tabl@.8).

Table 2.8. Annual percentages of different food typs and corresponding annual
absolute metabolizable energy (ME) intake on dry matter basis obtained from their
consumption by juveniles and lactating females in both study groups combined (N
=63 focal individuals, total focal observations = 20,486).

Annual percentages

Juveniles Lactating females
Food item Diet ME intake Diet ME intake
Fruits 44.98 71.78 45.13 74.29
Seeds 33.89 14.35 34.59 14.05
Mushrooms 4.17 6.24 4.50 5.64
Gum 2.13 3.30 1.81 2.28
Leaves 1.77 1.85 6.47 1.29
Insects 5.26 1.28 5.98 1.34
Others 1.80 1.19 1.52 1.10

Total 100.00 100.00 100.00 100.00
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Overall, the observed percentages at which various types of foods were
included in the diet (Table2.8) differed significantly (c2= 22.98, df = 6, p = 0.008).
The percentagesat which juveniles and lactating females included each type of food

in the diet did not differ significantly, however (2= 0.1597, df = 1, p = 0.689).

2.3.5.3 Absolute energetic gains and time spent feeding Principal Plant Food
Species per feeding bout

The mean time spent on feeding and the metabolizable energy obtained from
the Principal Plant Food Species per feeding bout showed major variations (Table
2.9). On average, juveniles spent more time feeding per feeding bout &ospyros
mespiliformis (2.94 ° 0.18 Kcal/g) and Ficus sycomorus(2.64 ° 0.05 Kcal/g)
compared to other plant species (Table.9). Lactating females as well spent more
time feeding on Diospyros mespiliformis(3.22 ° 0.31 Kcal/g), but not on Ficus
sycomorus instead focusing disproportonately on Hyphaene compress@.73 ° 0.52
Kcallg).

Juveniles obtained the highest energetic returns fromMimusops fruticosa
(30.09 ° 2.28 Kcal/g) and Ficus sycomorug§23.15 ° 0.48 Kcal/g). Similarly, lactating
females gained the highest absolute ME retos from Mimusops fruticosa(28.58 °
4.47 Kcal/g) and Oncoba spinos#26.66 ° 1.92 Kcal/g), (Table 2.9, Appendix 28).
Notably, juveniles and adult females also obtained substantial energetic gains from
Borassus aethiopun(24.97 ° 2.05 Kcal/g and 30.55 ° 3.55 Kcal/g, respectively).
Although Borassus aethiopunhad high energetic returns, it contributed less than

1% of the annual diet of the mangabeys. The mean ME intake per feeding bout from
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the food items consumed by both juveniles and lactating females as not
statistically different (t = 1.68, df = 96, p = 0.0961, N = 97 food types, 96 plant
species and insects).

Table 2.9. Time spent feeding (inminutes + standard error of the mean SEM and
absolute metabolizable energyfME) intake (Kcal/g) per feeding bout on dry matter
basis obtained from the important plant foods and insects that are eaten by the
juveniles (Juv) and lactating female (L.fem) in Tana River mangabeys (N = 63, total
feeding events = 20,486).

Mean + SEMtime spent in Mean + SEM Absolute

feeding (Min )/bout

ME gain (Kcal/g/bout)

Species Juv L. fem Juv L. fem
Mimusops fruticosa 1.97 £0.20 2.13+0.33 30.09 +2.28 28.58 + 4.47
Oncoba spinosa 2.23+0.13 2.50+ 0.20 20.07+1.16 26.66 +1.92
Ficussycomorus 2.64 +0.05 2.52+0.08 23.15+0.48 24.42 +0.84
Hyphaene compressa 2.63+0.35 2.73+0.52 15.77 +3.21 19.21+5.69
Agaricussp. 1.37 £ 0.07 1.45+0.11 12.79+0.63 11.37+0.86
Garcinia livingstonei 2.22+0.17 2.36 £0.27 6.25+0.55 8.02+1.67
Vachellia robusta 1.61 +0.06 1.60 + 0.06 7.87+0.36 7.78+0.44
Mangifera indica 1.28 +0.08 1.10+0.11 5.18+0.42 5.66*0.68
Cissus rotundifolia 1.42 £0.12 1.05+0.20 3.38+0.36 4.45+0.81
Phoenix reclinata 2.49 +0.05 2.43+0.09 349+0.13 3.50+0.20
Alangium salviifolium 1.39+0.10 1.31+0.15 2.63+0.24 3.29+0.51
Sorindeia madagascariensi 1.94 £0.14 1.87 +0.23 2.76+0.29 2.77+0.54
Synsepalum msolo 2.03 +0.09 1.82+0.16 259+0.24 253+0.40
Diospyrosmespiliformis 2.94+0.18 3.22+0.31 232+020 2.42+0.44
Drypetes natalensis 1.81+0.17 1.60 £ 0.34 2.05+0.26 1.98+0.24
Polysphaeria multiflora 2.05+0.14 2.13+0.27 1.92+022 1.88+0.45
Grewia densa 1.91+0.11 1.88+0.18 1.60+0.16 1.39+0.19
Lecaniodiscus fraxinifolius 2.08 +0.31 1.16 £0.10 243+0.39 1.38+0.32
Brachiaria subquadripara  1.50 +0.10 1.48+0.16 0.86+0.07 0.94+0.21
Pavetta sphaerobotrys 2.09 +0.09 2.12+0.15 0.35+0.03 0.26+0.03
Insects 1.03 £ 0.05 0.97 + 0.06 1.96+0.13 194+0.21
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2.3.5.4 Absolute metabolizable energy (ME) intake between age class and study
groups

Absolute intake of metabolizable energy was similar for both juveniles and
females (Fig.2.8). The energetic intake did not vary in response to age class for both
the per minute analysis (F = 0.09, df =1, p = 0.7710) and per feeding bout analysis (F
=1.06, df = 1, p =0.3068, p = 63). Juveniles and lactating females consumed similar
amounts of ME in both per minute (t = 0.29, df =1, p =0.7710, N = 63) and per

feeding bout (t = 1.03, df = 62, p = 3070, N = 63).

However, the energetic intake distinction was expressed variably depending
upon group identity (Fig 2.8). The absolute ME ingestion diffeed between the two
study groups in both ME intake per minute (F = 84.60, df = 62, p < 0.0001, N = 63)
and per feeding bout (F = 18.42, df = 1, p = < 0.0001, p = 63). Compared to Kitere
group, Individuals in the Mchelelo group consumed higher absolute MB both per
minute (t = 9.20, df = 62, p < 0.0001, N = 63) and per feeding bout (t = 4.29,df =1, p

< 0.0001, N = 63).

Within both groups, absolute ME intake did not differ between juveniles and
lactating females (Fig2.8). This pattern was true for ME itake per minute in both
the Mchelelo group (F =0.08, df =1, p =0.7820,t=0.28, df = 1, p = 7820, N = 31) and
the Kitere group (F = 0.24, df = 1, p = 0.6280, N = 32). The analysis of ME intake per
feeding bout produced a similar result as there was noiffierence between Mchelelo
(F=0,64,df =1, p=0.4284,t=0.08, df = 1, p = 0.4280, N = 31) and Kitere groups (F

=1.31,df = 1, 0.2560, t = 1.15 df = 1, p = 0.2560, N = 32).
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Figure 2.8. Absolute (Abs.) metabolizable energy (ME) intake in Kcal/g on dry
matter basis in both per minute and per feeding bout between juveniles (gray bars)
and lactating females (orange bars) in Kitere and Mchelelo study groups (data are
log transformed and N =63 focal individuals, error bars indicate mean standard
deviation, * shows study group statistical differences, p < 0.05).

In summary, absolute ME intake in either per minute or feeding bout was
similar between juveniles and lactating females. Howevemichelelo group had

higher energetic intake than the Kitere group.



