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Abstract

Tropical regions have extremely high plant diversity, which in turn supports a high
diversity of animals. However, not all plant species are selected by animals as food sources,
with some herbivores selecting only specific plants as food as not all plants have the same
nutrient make up. Animals must select which food items to include in their diets, as the

amount and type of nutrients in their diet can affect lifespan, health, fitness, and reproduction.

Gibbon populations have declined significantly in recent years due to habitat
destruction and hunting. Northern yellow-cheeked crested gibbon (Nomascus annamensis) is
a newly described species, and has a limited distribution restricted to Cambodia, Laos and
Vietnam. The northern yellow-cheeked crested gibbons play an important role in seed
dispersal, yet little is currently known about this species, including its food selection and
nutritional needs. However, data on food selection and nutritional composition of selected
food items would greatly inform the conservation of both wild and captive populations of this

species.

This study aims to quantify food selection by the northern yellow-cheeked crested
gibbons by investigating the main plant species consumed and the influence of the
availability of food items on their selection. The study also explores the nutritional
composition of food items consumed by this gibbon species and identifying key plant species

that provide these significant nutrients.

A habituated group of the northern yellow-cheeked crested gibbons with five
members located in northern Cambodia was studied for 12 weeks during the dry season, and
focal animal sampling was used to observe individual feeding behaviours. Four main activity
categories were recorded including resting, feeding, travelling and socializing. Phenological
data was recorded from transect lines, and plant densities from 20 vegetation plots inside the
home range of this group of gibbons were also measured. Seventy-four plant samples from 20
tree and liana species that were consumed by this group of gibbons were collected for
nutritional analyses. These samples were initially dried in sunlight, and then oven dried
before levels of protein, total non-structural carbohydrates, lipids, fibres and condensed
tannins were measured at the Nutritional Ecology Lab at Hunter College of the City

University of New York, New York.



The northern yellow-cheeked crested gibbon individuals spent most of the time
resting, followed by feeding, travelling and socializing. Their main diet was fruit,
supplemented with young leaves, flowers, mature leaves, and occasionally insects.
Individuals selected food from 37 plant species, but predominately fed on just 16 of these
species. The three most-consumed species were fruit from Illex umbellulata (tree), Ficus. sp
(liana), and young leaves from Lithocarpus elegans (tree). There was a significant
relationship between feeding time and the availability of flowers, indicating that flowers were
actively selected for when present. However, there was no significant relationship between
feeding time and the availability of fruit or young leaves. Only a small number of plants bore
fruit, with very low densities in the home range of this gibbon study group, but these plants
produced a large abundance of fruit. These findings clearly indicate that fruit is the main diet
for northern yellow-cheeked crested gibbons in the dry season, with young leaves, flowers,
mature leaves and insects acting as secondary food sources. The northern yellow-cheeked
crested gibbons selected only a small number of specific plants in their territory for food
sources, indicating that any selective logging targeting these plant species would reduce food
availability, and restrict the diet of these animals.

Fruits consumed by the northern yellow-cheeked crested gibbons were rich in
carbohydrates and lipids, while young leaves were richest concentration of protein. Mature
leaves had a high moisture content, whereas flowers contained condensed tannins more often
than other plant tissues. All plant tissues consumed had similar amount of fibres. Generally,
the food items consumed had higher concentrations of carbohydrate than protein or lipids.
The overall diet of this group of gibbons was low in lipids. These results indicate that
northern yellow-cheeked crested gibbon consumed food items with high concentrations of

carbohydrate, and only selected a few food sources with high level of protein.

Overall, these findings have contributed important knowledge that can be used for
long-term conservation of this gibbon species. There are a small number of key food species
in the home range which need special protection. The northern yellow-cheeked crested
gibbons consumed food items from different plant species, and as a consequence, all plant
species selected play an important role for nutritional requirements by this gibbon species.
When considering feeding requirement by the northern yellow-cheeked crested gibbons for
captive breeding programs, diets should include fruit, which is rich in carbohydrates, and

young leaves, which have high levels of protein.
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Chapter 1

General introduction

1.1 Global threat to wildlife populations

1.1.1 Extinction risks for wild animals

Global wildlife populations have declined at an alarming rate in the last few decades
(Pimm & Raven 2000; Schipper et al. 2008). Twenty-five percent of all mammalian species
whose status have been recorded are faced with extinction, while other species have already
gone extinct (Brooks et al. 2002; Galbreath et al. 2006; Schipper et al. 2008). The highest
declines in global wildlife populations have been from areas of high species richness such as
biodiversity hotspots in Southeast Asia and Africa (Ceballos & Ehrlich 2002; Schipper et al.
2008; Duckworth et al. 2012). Terrestrial mammals in South and Southeast Asia face a higher
extinction risk compared to other regions (Schipper et al. 2008; Duckworth et al. 2012) and
Ceballos and Ehrlich (2002) argue that the extinction rate of mammals in Southeast Asia is
between 75 and 100%. This is primarily due to anthropogenic pressures, such as
deforestation, land use changes and hunting (Brook et al. 2003; Nakamura et al. 2014;
Sharma et al. 2014). For example, due to anthropogenic pressure, both Pere David's deer
(Elaphurus davidianus) native to the subtropics of China (Ceballos & Ehrlich 2002) and the
Vietnamese sika deer (Cervus nippon pseudaxis) (Thévenon et al. 2003) are now extinct in
the wild. The extinction of these species signals serious threats to global biodiversity
(Ceballos & Ehrlich 2002). Without conservation and research efforts, and the reduction of
pressure on wildlife and their habitats, other species listed as Critically Endangered or
Endangered by the International Union for the Conservation of Nature (IUCN) Red List as
well as species with small geographical ranges will probably go extinct in the near future
(Ceballos et al. 2005; Schipper et al. 2008).

1.1.1.1 Decline in wildlife populations in Cambodia

Cambodian wildlife populations have declined significantly from 1953 to 2005, with
the most rapid period of decline occurring during the 1970s (Loucks et al. 2009), and with a
continued decline in the last few decades (Walston et al. 2010; O’Kelly 2013). Armed
conflict and civil war were the root of these declines, particularly during the Lon Nol (1970-
1975) and Pol Pot (1975-1979) regimes (Loucks et al. 2009; Gray et al. 2012). Hunting with



machine guns, increasingly available after the conflicts, and internal and external wildlife
trade were the main reasons for declining wildlife populations in Cambodia (Loucks et al.
2009). Large mammals including tigers (Panthera tigris), leopards (Panthera pardus), Asian
elephants (Elephas maximus), wild cattle (gaur Bos gaurus, banteng Bos javanicus, kouprey
Bos sauveli, and wild water buffalos Bubalus arnee), eld’s deer (Rucervus eldii) and hog deer
(Hyelaphus porcinus) were the most targeted species during these periods (Gray et al. 2012).
These hunting pressures might have driven at least one species, the kouprey (B. sauveli),
which is the Cambodian national mammal, to extinction in the past few decades (Galbreath et
al. 2006; Hassanin et al. 2006). Tigers are also likely to become extinct in most regions in
Cambodia, due to similar pressures (Walston et al. 2010; O'Kelly et al. 2012). Tigers were
confirmed to be present in some important areas in 2001 (Lynam 2010). However, since
2005, camera trap surveys have not recorded tigers in the Virachey National Park (Walston et
al. 2010), and only a single photograph has been recorded in Cardamom Mountain (Lynam
2010).

Due to poverty and the demand for basic food resources, Cambodian wildlife provides
a source of protein and traditional medicine for local people who live near wildlife habitats
(Hon et al. 2010; Starr et al. 2010; Starr et al. 2011; Alves et al. 2013; Clements et al.
2013a). Wild animals are being hunted not only for personal consumption, but also to sell at
local markets (Hon et al. 2010; Starr et al. 2010), particularly in remote provinces. Asian
small-clawed otters (Aonyx cinerea) and smooth-coated otters (Lutrogale perspicillata) are
hunted in the remote areas of northern Cambodia for meat, and skins are sold for traditional
medicine at local markets (Hon et al. 2010). Similarly, one of the rarest primates in
Cambodia, pygmy slow lorises (Nycticebus pygmaeus) are hunted by local people for
traditional medicine (Starr et al. 2011). The impacts of these activities can be seen on the
IUCN Red List, which lists 45 mammals (seven Critically Endangered or Endangered), 17
reptiles (nine Critically Endangered or Endangered), and 46 birds (12 Critically Endangered
or Endangered) in Cambodia (WCS 2009; Clements et al. 2010).



1.2 Global deforestation

Habitat loss through deforestation and degradation are the main threats to mammals
worldwide (Pimm & Raven 2000; Brooks et al. 2002; Nakamura et al. 2014), and this
particularly affects Asia, the Americas, and Africa (Schipper et al. 2008). Globally, 5.2
million hectares of tropical forests lost per year (FAO 2010). Fewer than 5% of tropical
forests are protected around the world, and even these protected forests are often illegally
exploited (Chapman et al. 2000). In addition, 403 million hectares of tropical forests were
recently proposed for selective logging (Putz et al. 2012). Moreover, a vast majority of felled
forests are cleared and transformed into agricultural areas (Bender et al. 1998; Oates et al.
2000), including cattle farms in Brazil (Malhi et al. 2008), rubber plantations in China (Li et
al. 2007), tea and coffee farms in Sri Lanka (Wickramagamage 1998), pine plantations
(Cheyne et al. 2008) and palm oil plantations in Malaysia and Indonesia (Fargione et al.
2008). Globally, Brazil and Indonesia have the highest levels of forest cover loss, and Brazil
has had a huge decline in forest loss in the last few years (Harris et al. 2012; Hansen et al.
2013). Table 1.1 shows the global forest cover loss between 2000 and 2012 (Hansen et al.
2013). The annual forest loss in Brazil was 40,000 km?.year? between 2003 and 2004, but
declined to 20,000 km2.year? in 2010 to 2011, while in Indonesia it was 10,000 km?.year
between 2003 and 2004, and increased to 20,000 km?.year? from 2011 to 2012 (Hansen et al.
2013).

Table 1.1: Global forest cover lost between 2000 and 2012.

Regions Forest types Forest cover loss Km2.year
Eurasia Tropical rainforests 1393
Africa Tropical moist deciduous forests 536
South America Dry tropical forests 459
Eurasia Tropical moist deciduous forests 221
Eurasia Tropical dry forests 123

Source: Hansen et al. (2013)



1.2.1 Deforestation in Cambodia

The natural forest resources in Cambodia have been exploited since the late 1980s,
starting at the end of the civil war in 1979 (Le Billon 2002). Forest cover in Cambodia was
estimated at approximately 60% in 1991 and 55.7% in 1995, as recorded by the Food and
Agriculture Organization (FAO)/United Nation Development Program (UNDP) (Lang 2001;
Le Billon 2002). Logging was particularly high during the 1980s and 1990s, with large
quantities of timber exported to neighbouring countries including Thailand and Vietnam (Le
Billon 2000, 2002). Table 1.2 shows the volume of timber export (thousands m?) and the
estimate value (millions $USD) of those timbers in the 1990s (Le Billon 2000). The
Cambodian timber export increased dramatically from 1990 to 1994, and gradually declined
from 1995 until 2003 (Figure 1.1) (Le Billon 2000; ITTO 2003; Barney 2005). Consequently,
Cambodia has lost approximately 29% of its forest cover, which is the highest rate of
deforestation in mainland Southeast Asia (Cambodia, Laos and Vietnam) (Avtar et al. 2012),
with an annual deforestation rate of 0.7% between 1973 and 2003 (Sasaki 2006) and 1.2%
per year between 2005 and 2010 (Lambrick et al. 2014). Figure 1.2 demonstrates the latest
updated trends in Cambodian forest cover between 1973 and 2014 (ODC 2014a).

Table 1.2: Volume (thousand m®) and value (millions USD) of Cambodian timber exports
and government revenue (millions USD) from these exports between 1990 and 1998

1990 1991 1992 1993 1994 1995 1996 1997 1998

Volume of timber exports 515 848 1,393 1,360 1,495 1,691 992 1,045 1,090

(thousand m?®)

Estimated value (US$ 77 170 348 340 374 423 248 188 218
million)
Forestry government na” na’” 15 3.3 39 27 11 12 5

revenue (US$ million)

Original reports from the Royal Government of Cambodia, Thai Forestry Department, and Global
Witness. n.a.” = no available data.
Source: Le Billon (2000)
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as evergreen and semi-evergreen forests. Mixed forests (square symbols) mainly refer to mixed
deciduous forests, but these also include regrowth forests, mangrove forests, inundated forests,
stunted forests, bamboo, and forest plantations, which include rubbers, acacia, eucalyptus or other tree
crops.

Source: Open Development Cambodia (2014a).



1.3 Conservation in Cambodia

Since wildlife populations, including primates, have declined significantly, the
Cambodian government has cooperated with international non-governmental organizations
(NGOs) to protect and increase species-specific research. Because of this strong commitment,
Cambodia has developed at least 23 protected areas including seven national parks, 10
wildlife sanctuaries, three landscape protected areas, and three multi-purpose areas (ICEM
2003; ODC 2014b), which is about 18% of the total land area (ODC 2014b). Such initiatives
are needed to increase wildlife conservation in Cambodia. Cambodia has enacted many
programs designed to protect key species. For example, the Cambodian national bird, the
giant ibis (Thaumatibis gigantea), declined to less than 250 individuals in 1997 (Keo et al.
2009), but due to conservation efforts (Clements et al. 2010; Clements et al. 2013b), its

populationis now estimated at 345 individuals (BirdLife-International 2015).

Despite these conservation efforts, the challenges of conservation in Cambodia
remain undeniable. The two main factors that lead to challenges to conservation in Cambodia
are poverty (ADB 2014) and poor law enforcement (Clements et al. 2010). Cambodia is one
of the poorest nations in Association of Southeast Asian Nations (ASEAN), with the vast
majority of people rely on natural resources for their livelihoods, and most living under the
poverty line (ADB 2014), leading to illegal activities occurring even in protected areas.
Shifting cultivation is still being practiced, which adds to conservation concerns as it disrupts
forest habitats (Baird & Dearden 2003). Although Cambodia has forestry, fisheries, and
environmental laws, there are still weaknesses in putting this legislation into practice (De
Lopez 2002; McKenney et al. 2004; Ratner 2006; Clements et al. 2010). There is not enough
financial support to ensure adequate protection of natural resources by law enforcement
teams, necessitating funding for biodiversity conservation by international NGOs (Milne &
Niesten 2009; Clements et al. 2010; Clements et al. 2013b). However, the cost of setting up
these areas and ensuring their protection is such that it is likely to be only a short-term
solution, and external financial contributions are unlikely to be feasible long-term (Clements
et al. 2010).

1.4 Threats to primates

Non-human primates are distributed mainly in Asia, Africa, and South and Central
America (Mittermeier 1986; Cowlishaw & Dunbar 2000). For all the reasons described

above, along with global warming, primate populations in all regions have significantly



declined in the last few decades (Wiederholt & Post 2010). Habitat destruction has received
particular attention, as removing trees from inside the range of primates can negatively affect
population size and reduce the overall food supply (Chapman & Onderdonk 1998). For
example, the population size of the olive baboon (Papio anubis) and common chimpanzee
(Pan troglodytes) in Uganda were lower in logged forested areas than non-logged forested
areas (Plumptre & Reynolds 1994). Similarly, the population size of the Ugandan red colobus
monkey (Piliocolobus tephrosceles) decreased as forest fragmentation increased (Chapman et
al. 2006), which may be, in part, due to selective logging (Chapman et al. 2000). Food
scarcity caused by logging forces primates to consume food of lower nutritional value,
leading to the overall consumption of lower quality diets, which in turn can lower milk
production by lactating females (Altmann et al. 1977). The reduced food supply that results
from logging may also modify the ecological behaviour and activity budgets of primates
(Johns 1986). For example, when food tree density is low, primates must spend
comparatively more time travelling or searching for food, and less time resting (Hardus et al.
2012). This was seen following EI Nifio events that reduced food availability, in a population
of spider monkeys (Ateles. spp) and woolly monkeys (Lagothrix. spp), both of which
declined as a result (Wiederholt & Post 2010). It is clear that reduction of food availability
affects lifespans of primates (Mattison et al. 2012) and reproductive success (Thompson &
Wrangham 2008). Due to the pressures described above, the Miss Waldron’s red colobus
monkey (Piliocolobus badius) is probably extinct in Ghana (Oates et al. 2000).

Primate populations have also declined significantly due to wildlife trade for
biomedical experimentation (Maldonado et al. 2009; Shepherd 2010). During the late 1960s
and early 1970s, demand for primates for research by the biomedical and pharmaceutical
industries was particularly high, and India and Peru exported approximately 20,000 to
50,000 primates per annum (Nijman et al. 2011). Similarly, between 2007 and 2008, 4,000
night- monkeys (Aotus. sp) were illegally traded in Brazil, Colombia and Peru for use in
biomedical laboratories (Maldonado et al. 2009). The United States of America is the highest
importer of primates for biomedical research (26%), followed by Japan (14%) and China
(13%) (Nijman et al. 2011). These exports involved both legal and illegal trade across
primate habitat countries (Shepherd 2010). Figure 1.3 shows the export of primates for
biomedical research and other purposes, involving both captive and wild-caught animals
(Nijman et al. 2011). Indonesia is a member of the Convention on International Trade in

Endangered Species (CITES), but the international trade includes not only the legally



exported long-tailed macaque (Macaca fascicularis), but also the highly endangered primates
listed in CITES Appendix I, which need the highest level of protection (Shepherd 2010).
These include orang-utans (Pongo. spp) and gibbons (Hylobates. spp), the majority of which
were caught in the wild (Nijman & Asia 2009; Shepherd 2010). The export of these wild-

captured, highly endangered individuals would have been particularly damaging for local
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Figure 1.3: Export of wild caught and captive-breeding primates as reported by exporting parties to
the CITES secretariat. The total export amounts to 1.1 million live individuals. In many years, the
total number of animals actually exported is higher than the numbers wild caught or captive animals
that were report as being exported to CITES.

Source: Nijman et al. (2011).

1.4.1 Cambodian primates

Knowledge of the distribution, abundance and status of Cambodian wildlife is limited
(Coudrat et al. 2011), although at least 12 species of primates are found across the country
(Table 1.3) (Rawson & Roos 2008; Nadler et al. 2010). However, like other primates around
the world, Cambodian primates are now under threat (Nadler et al. 2010) (Table 1.3). Illegal
logging, deforestation, agricultural development, hunting, illegal trade, mine development,
and poor law enforcement all contribute to declining primate populations (Coudrat et al.
2011; Starr et al. 2011). Cambodian Primates are among the most poorly studied wild
animals in Cambodia, with only a few species having been studied, such as the genera
Nomascus (Frechette 2014; Nelson 2014; Frechette et al. in prep), Nycticebus, and Hylobates
(Konrad 2004; Traeholt et al. 2006; Rawson & Roos 2008; Coudrat et al. 2011; Starr et al.
2011).



Table 1.3: Cambodian primates and their conservation status

N° Family Common name Genus and species IUCN status Main threats Sources
Hylobatidae
1 Yellow-cheeked crested gibbon Nomascus gabriellae Endangered Habitat loss, hunting, (Geissmann et al. 2008)
and illegal trade
2 Northern yellow-cheeked crested gibbon ~ Nomascus annamensis Not assessed, but data ~ Habitat lost, hunting, (Long et al. 2011)
suggest Endangered and illegal trade
3 Pileated gibbon Hylobates pileatus Endangered Habitat loss, hunting, (Brockelman et al. 2008)
and illegal trade
Cercopithecidae
4 Black-shanked douc langur Pygathrix nigripes Endangered Hunting, habitat loss (Rawson et al. 2008)
5 Red-shanked douc langur Pygathrix nemaeus Endangered Hunting, habitat loss (Ngoc Thanh et al. 2008)
6 Indochinese silvered langur Trachypithecus germaini Endangered Hunting, habitat loss (Nadler et al. 2008)
7 Assamese silvered langur Trachypithecus margarita  Endangered Habitat lost, hunting (Nadler et al. 2010)
8 Pig-tailed macaque Macaca leonina Vulnerable Illegal trade (pet), (Boonratana et al. 2008)
hunting
9 Stump-tailed macaque Macaca arctoides Vulnerable Illegal trade (pet), (Htun et al. 2008)
hunting
10 Long-tailed macaque Macaca fascicularis Least concern Illegal trade (pet), (Ong & Richardson 2008)
hunting
Lorisidae
11 Pygmy slow loris Nycticebus pygmaeus Vulnerable Hunting, illegal trade, (Streicher et al. 2008a)
habitat loss
12 Bengal slow loris Nycticebus bengalensis Vulnerable Hunting, illegal trade, (Streicher et al. 2008b)

habitat loss




1.5 Primates and ecosystem services

Fruit eating primates play very important roles in maintaining ecosystems in
tropical forests through seed dispersal and seed germination (Garber 1986; Chapman 1989;
Stevenson 2000; Frechette 2014). They consume large quantities of fruit, and defecate or
spit most of the seeds in areas where those seeds can survive, avoiding seed predators and
distancing seeds from the shade and competition of their parent (Chapman & Onderdonk
1998). For example, more than 98% of chimpanzee dung (Pan troglodytes) in Kibale
National Park, Uganda contained seeds, sometimes larger than 2 mm, suggesting they
could disperse approximately 350 large seeds per km.day* (Wrangham et al. 1994). There
is a strong relationship between primate seed dispersal and plant distributions (Russo et al.
2005). Some plant species produce large seeds, which would be difficult to disperse by
other agents beside primates (Russo et al. 2005; Nufiez-1turri & Howe 2007). For example,
the large seed of Virola. spp in Panama can only be dispersed by spider monkeys (Ateles.
spp) (Russo et al. 2005). A study on seed dispersal by gibbons in northern Cambodia
revealed that northern yellow-cheeked crested gibbons (Nomascus annamensis) play an
important role in long distance seed dispersal (Frechette 2014). Germination of seeds
dispersed by the genus Alouatta and Lagothrix is higher than seed germination without
primate assistance, indicating that primate digestion improves seed germination
(Stevenson et al. 2002). Consequently, any decline in primate populations may reduce seed

dispersal that may in turn alter forest compositions (Nufez-Iturri & Howe 2007).

1.6 Diet composition of primates

The dietary and nutritional requirements of non-human primates are very complex
and variable among species (Chivers 1998; Strier 2007; Felton et al. 2009a). Primates are
found in a diverse range of tropical forest habitats, their diets being primarily tree exudates
(gummivory) (Yepez et al. 2005), leaves (folivory) (Davies et al. 1988; Kool 1992; Smith
et al. 2013; Hanya & Bernard 2015), fruit (frugivory) (Whitington & Treesucon 1991,
Laska et al. 2000; Fan et al. 2009) and/or insects (insectivory) (Goodall 1986; Fan et al.
2009). Different regions inhabited by primates provide particular food sources, and
primates have evolved specific morphologies to exploit this diverse range of food sources

(Strier 2007). Frugivores have a comparatively long small intestines, folivores have a
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shorter intestine and some have a sacculated stomachs, gummivores have a proportionally

long caecum, and insectivores have a short gut (Strier 2007).

Fruit or leaves alone are unlikely to meet all nutritional requirements of an animal
(Chivers 1998) and very few species of plants, with some exceptions (e.g. figs), bear fruit
all year round and instead produce fruit, leaves and flowers in a distinct seasonal pattern,
with availability varying by season (Hamilton & Galdikas 1994; Wendeln et al. 2000;
Hanya & Bernard 2012). Fruit production may also vary widely over time: for example,
between 1998 and 2000, fruit production in Borneo was very low, with only a few tree
species fruiting each month, and only one peak season in September 1998 (Te Wong et al.
2005). In contrast, fruit production in the same location was high between 2004 and 2008,
with more than 98% of trees bearing fruit (Hanya & Bernard 2012). Primates need to be
able to shift their diets from fruit to young leaves, mature leaves, flowers, or insects from
season to season or year to year to meet their nutritional requirements when favoured food
sources become scarce (Fan et al. 2009; Behie & Pavelka 2012a; Hanya & Bernard 2012).

Different parts of plants (fruit, leaves, flowers and seeds) contain a variety of
nutrients, both favoured (proteins, carbohydrates, and lipids) and less favoured (fibres,
tannins and alkaloids) by primates (Hamilton & Galdikas 1994; Rothman et al. 2006;
Behie & Pavelka 2012a; Hanya & Bernard 2012, 2015). Consequently, every potential
food item is a medley of favourable and unfavourable compounds, in varying
combinations (Barton & Whiten 1994). It has been suggested that during a peak season of
food availability, primates should favour high quality diets (easily digested, rich in protein
and/or sugar) over poor quality diets that are difficult to digest (Strier 2007; Rothman et al.
2011). The Colobinaeselect food with higher protein and lower fibre content (Simmen et
al. 2013), which leads to them ingesting mainly young leaves and seeds (Davies et al.
1988; Kool 1992) while avoiding mature leaves, which are more difficult to digest as they
contain more fibre and secondary compounds (Davies et al. 1988). On the other hand,
black howler monkeys (Alouatta pigra) select mature leaves over young leaves due to their
high concentration of sugar, however, this selection may be due to the fact that this was
found following a hurricane, which wiped out the majority of preferred food sources
(Behie & Pavelka 2012a). This suggests that primate food preferences are highly
dependent on species, environment (Smith et al. 2013) and morphology (Strier 2007).

11



Our knowledge of what drives food selection in wild and captive primates is
limited to relatively few studies (Milton 1979; Rothman et al. 2006; Rothman et al. 2008b;
Felton et al. 2009a; Felton et al. 2009c; Rothman et al. 2011; Behie & Pavelka 2012b;
Simmen et al. 2013), yet this information is necessary to understand how best to preserve
key food resources for wild populations and to ensure the best long-term care is given to
captive populations and rehabilitation programs. For example, several studies show that
figs play a very important role in maintaining food balance for many species of gibbons
and monkeys (Wendeln et al. 2000; Serio-Silva et al. 2002; Felton et al. 2009c¢). Figs are a
common food source in spider monkey habitats, as some species bear fruit for 8 to 9
months of the year (Felton et al. 2008). But, as the nutritional content of figs differs
between species, they may provide different benefits (Serio-Silva et al. 2002). Some
species contain high levels of inorganic materials (Felton et al. 2009c), while others are a
rich source of calcium (Duhan et al. 1992; Behie & Pavelka 2012a), or have high levels of
protein and low levels of fibre (Wendeln et al. 2000). This information is necessary to
inform conservation programs to increase the protection of fig species. Although fig
species are not commercially valuable, they play a crucial role in food security for

primates and other wildlife (Duhan et al. 1992).

Many studies on food selection by primates suggest that nutritional composition of
plant tissues (mainly protein) influences food selection (Davies et al. 1988; Kool 1992;
Koenig et al. 1997; Behie & Pavelka 2012a; Smith et al. 2013), and food selection in turn
influences health (Givens & Shingfield 2004), lifespan (Fernandes et al. 1976; Grandison
et al. 2009; Trepanowski et al. 2011), social relationships, fitness, and reproduction
(Koenig et al. 1997; Harris et al. 2010). For example, consuming low-protein diets can
potentially increase the mortality rate of juvenile primates (Altmann et al. 1977), and
caloric restrictions can have a negative effect on a lifespan of the normally long-lived
rhesus monkeys (Macaca mulatta) (Mattison et al. 2012). In cases where food is available
and of high quality, there is a positive correlation in chimpanzees between birth rates and
the availability and quality of food sources (Thompson & Wrangham 2008). Savannah
baboons (Papio cynocephalus) shows a positive correlation between food selection and
population growth rates (Altmann & Alberts 2005). This suggests that both the quality and
availability of food sources (Strier 2007; Felton et al. 2009b; Felton et al. 2009c) may
influence food selection by primates (McConkey et al. 2002; Serio-Silva et al. 2002).
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The consumption of a variety of food items by primate species may be
representative of their attempt to target specific nutritional goals to survive (Felton et al.
2009a). Felton et al. (2009a) and others (Schoener 1971; Freeland & Janzen 1974; Milton
1979; Mattson 1980; Raubenheimer & Simpson 2004) propose five main models for
primate nutritional goals: (i) maximising nitrogen (protein), (ii) maximising energy, (iii)
limiting fibre content, (iv) avoiding secondary compounds and (v) balancing nutritional
values.

Protein is one of the most important nutrients for primates (Milton 1979; Rothman
et al. 2008b; Felton et al. 2009a; Rothman et al. 2011; Hanya & Bernard 2015), even
though it may be consumed in low quantities by some primate species (Felton et al.
2009b). This is because a lack of nitrogen in the form of amino acids can affect health,
reproduction, growth, and survival rates (Mattson 1980; Yiming 2006; Felton et al. 2009a;
Felton et al. 2009b). As a consequence, some primate species need to maintain a minimum
daily intake of protein, while allowing the relative proportion of other nutritional
components in their diet to fluctuate, indicating that they select items based on protein
contents that can help them reach their minimum requirement (Felton et al. 2009b).

The idea of energy maximization originated from optimal foraging theory
(MacArthur & Pianka 1966). Animals may maximize energy intake per unit time feeding
(Cowles et al. 1988; Belovsky 1997; Felton et al. 2009a). This hypothesis is usually tested
in herbivores, mainly grazers (Belovsky 1984, 1997). Although it is rarely tested in
primates due to the complexity of their diets (Milton 1979), some primate species may also
maximise energy by allowing other nutrients to vary while keeping energy intake at a
constant level (Strier 1992).

Dietary fibre generally refers to plant cell walls made up of -cellulose,
hemicellulose and pectin (Milton 1999). Most animals do not produce enzymes to
breakdown cell walls to produce beneficial fatty acids and microbial proteins (Milton
1999; Felton et al. 2009a), which is why most primate species tend to minimize food items
with high level of fibre contents in their diets (Davies et al. 1988; Barton & Whiten 1994,
Yiming 2006; Hanya & Bernard 2015). An exception to this are the Colobines, who have a
variety of anatomical specialisations to break down fibres into high quality fatty acids that
can be used for energy (Dasilva 1992; Wasserman & Chapman 2003).

Plants have evolved secondary compounds to defend against a wide range of

herbivores (Biere et al. 2004; Rosenthal & Berenbaum 2012). As a consequence, most
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herbivores, including primates, tend to avoid food items with high concentrations of these
compounds (Mckey et al. 1981; Glander 1982; Barton & Whiten 1994). This is due to the
fact that most of secondary compounds are bitter-tasting and even toxic when consumed
by animals (Acamovic & Brooker 2005). Although flowers (nectar and pollen), fruit,
young leaves and mature leaves sometimes contain low to moderate concentrations of
secondary metabolites including alkaloids, glycosides, tannins, and phenolics, some
primate species have been observed feeding on these food items (Glander 1982; Barton &
Whiten 1994). Some primates include secondary compounds such as particular tannins and
alkaloids in their diet, which may be a form of self-medication, although this idea needs
further investigation (Barton & Whiten 1994; Carrai et al. 2003).

Balancing nutritional intake is crucial to animal survival (Raubenheimer &
Simpson 1997). As a result, animals (including primates) need to consume a variety of
food sources to keep this balance (Whiten et al. 1991; Behie & Pavelka 2012b). Fruit and
young leaves provide highly concentrated sources of simple sugar and protein, respectively
(Felton et al. 2009c; Rothman et al. 2011; Hanya & Bernard 2015), but some primate
species may also need to consume seeds to balance lipid concentrations (Whiten et al.
1991; Hanya & Bernard 2015). This need to balance nutrients often results in animals
switching between food sources at different times of year to meet their nutritional targets,
to ensure continued survival and reproduction (Felton et al. 2009¢; Rothman et al. 2011,
Behie & Pavelka 2012a).

1.7 Gibbons

Gibbons (Family: Hylobatidae) are the smallest apes, and are distributed in tropical
forests in Asia (Mootnick & Fan 2011; Carbone et al. 2014; Veeramah et al. 2015). Their
habitats are evergreen and semi-evergreen forests (Gray et al. 2010; Fan et al. 2011). They
belong to the superfamily Hominoidea along with humans and the great apes (Carbone et
al. 2014). There are 17 species of gibbons from four genera: Symphalangus, Hylobates,
Hoolock, and Nomascus (Chatterjee 2009; Carbone et al. 2014; Veeramah et al. 2015), and
are distributed across south China to Southeast Asia (Figure 1.4).
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Figure 1.4: The geographical distributions of gibbons in south China to Southeast Asia. Cambodia

has three species of gibbons from the genera Nomascus and Hylobates.
Source: Modified from Carboneet al. (2014).




Gibbon populations have declined significantly over the past three to four decades
(Cheyne et al. 2008) and most species are listed as Critically Endangered or Endangered
by the IUCN Red List (Gray et al. 2010) and CITES Appendix | (Geissmann 2007) due to
the threats discussed above (Geissmann 2007; Cheyne et al. 2008; Phoonjampa &
Brockelman 2008; Peng-Fei et al. 2009; Gray et al. 2010; Malone et al. 2014). For
example, the total population of western hoolock gibbons (Hoolock hoolock) in India has
declined by approximately 90% due to human disturbance, including habitat destruction,
land use changes, and hunting (Kumar et al. 2009). The majority of threats to the yellow-
checked crested gibbon (N. gabriellae) and pileated gibbon (H. pileatus) in Cambodia are
habitat fragmentation, while hunting for meat and the pet trade are a secondary concern
(Nadler et al. 2010; Rawson 2010b). Gibbons use trees not only for food sources, but also
for calling (Nelson 2014), travelling and sleeping (Fan & Jiang 2008). Logging inside
gibbons’ habitat disturbs all of these behaviours (Peng-Fei et al. 2009). Sleeping trees
selected by gibbons are generally tall, thick trees (Fan & Jiang 2008), and these are
normally the target of loggers (Nelson 2014). This suggests that knowledge of tree and
habitats selection by gibbons is urgently needed in order to allow governments or
conservation agencies to protect these resources (Fan et al. 2011; Nelson 2014).

Fruit makes up the vast majority of gibbon diets, followed by young leaves,
flowers, and seeds (McConkey et al. 2002; Fan et al. 2009; Fan et al. 2013), and
occasionally insects (McConkey et al. 2002; Fan et al. 2013; Borah et al. 2014). Gibbons
mainly select fruit that is yellow-orange in colour with small seeds and soft, juicy pulp
(McConkey et al. 2002), but during times when fruit is scarce or unavailable, gibbons tend
to shift their diet to leaves and flowers (Fan et al. 2013). The western black crested
gibbons (Nomascus concolor) in Southern Yunnan have diets that consist of more than
70% fruit, while leaves only make up less than 20% of their diet (Fan et al. 2009).
Similarly, most Hylobates consumes more fruit than leaves, flowers and insects
(McConkey et al. 2002). Gibbons also spend time searching for insects (mainly cicadas,
lepidopterans, and miscellaneous larvae) and the occasional bird chick as an alternative
source of protein (Fan et al. 2013; Borah et al. 2014).
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1.7.1 The genera Symphalangus, Hylobates, and Hoolock

The genus Symphalangus has only one species, siamang (Symphalangus
syndactylus). However, due to the similarity between the morphology of S. syndactylus
and H. klossii, particularly their shared black colouration, both species were initially
thought to be the same genus (Geissmann 2002). The genus Symphalangus is distributed in
peninsular Malaysia and Sumatra, Indonesia (O'Brien et al. 2004). S. syndactylus has the
largest body weight (10-12 kg) compared to other gibbons, with both males and females
reaching a similar size (Gittins & Raemaekers 1980). Moreover, the siamang produces a
loud group call, and has a smaller home range than other gibbons (Chivers & MacKinnon
1977). Most female gibbons take care of an infant and are frugivorous, while male
siamangs take responsibility for carrying offspring (Lappan 2008) and are folivorous
(Elder 2009).

The genus Hylobates consists of seven species including the agile gibbon
(H. agilis), kloss's gibbon (H. klossii), white-handed gibbon (H. lar), Javan gibbon (H.
moloch), Bornean gibbon (H. muelleri), white-bearded gibbon (H. albibarbis) and the
pileated gibbon (H. pileatus) (Strier 2007; Chatterjee 2009). This genus is distributed
across south China to Cambodia, Thailand, Malaysia, and Indonesia (Ma et al. 1988;
Geissmann 2007). The Hylobates are similar to other gibbons being frugivorous and
monogamous (Chatterjee 2009; Elder 2009).

The genus Hoolock consists of two species, the western hoolock gibbon
(H. hoolock) and the eastern hoolock gibbon (H. leuconedys) (Strier 2007). This genus is
distributed in India, Myanmar and Yunnan province in China (Chetry et al. 2008), and is
monogamous and frugivorous (Zhang et al. 2008). When young both males and females
are black, but upon reaching maturity at age of five or six, females turn yellowish grey in

colour (Islam & Feeroz 1992).

1.7.2 The genus Nomascus

The genus Nomascus was initially thought to only contain one species, N. concolor
(Monda et al. 2007). However, seven species have since been identified: the western black
crested gibbon (N. concolor), eastern black crested gibbon (N. nasutus), yellow-cheeked
crested gibbon (N. gabriellae), white-cheeked crested gibbons (N. siki), hainan gibbon
(N. hainanus), northern white-cheeked crested gibbons (N. leucogenys), and northern

yellow-cheeked crested gibbons (N. annamensis) (Geissmann 2002; Thinh et al. 2010;
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Mootnick & Fan 2011). There are four sub species of N. concolor: N. c. concolor, N. c. lu,
N. c. furvogaster, and N. c. jingdongensis (Mootnick & Fan 2011). The crested gibbons
(Nomascus. spp) have shorter and denser hair than other gibbons, and are distributed
across Cambodia, South China, Loas and Vietnam (Figure 1.5) (Mootnick & Fan 2011).
The crested gibbons calls are slightly different from other species, in that mated pairs sing
together, while non-mated individuals produce solo songs (Konrad & Geissmann 2006).
They typically live in small family groups consisting of an adult male, an adult female, and
any offspring (Fan et al. 2010). All crested gibbons are listed as Endangered or Critically
Endangered by IUCN Red List (Gray et al. 2010; IUCN 2015), except N. annamensis,
which has not yet been assessed, but it is thought to be Endangered (Vinh et al. 2010).

N. gabriellae
N. sp
siki
leucogenys

hainanus

c. concolor

c. furvogaster
c. jingdongensis
c. lu | ==

N.
N.
N.
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Kilometers

Figure 1.5: Distribution of Nomascus. spp in South China and Indochina regions.

This map was created by M. Swartz and N. Ambar from IUCN Red List range maps, and surveys
conducted by Pan P-F in South China.

Source: Mootnick & Pan (2011).
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1.7.2.1 The northern yellow-cheeked crested gibbon (Nomascus annamensis)

The northern yellow-cheeked crested gibbon is a newly-recognized species (Thinh
et al. 2010). This species was thought to be N. gabriellae due the similarity of physical
appearance; males of both species are black in colour with a yellowish-gold cheek patch
and females are fully yellow in colour (Thinh et al. 2010; Vinh et al. 2010). However,
northern yellow-cheeked crested gibbon is now recognised as a separate species distributed
in northern Cambodia, Laos and Vietnam (Thinh et al. 2010), and most populations are
declining due to habitat destruction and hunting (Long et al. 2011). Of these three
countries, the largest population occurs in Cambodia (Rawson 2010a). They inhabits
evergreen and semi-evergreen forests (Vinh et al. 2010), and plays a crucial role in seed
dispersal (Frechette 2014).

Fruit is the main diet for N. annamensis, followed by young leaves, flowers and
occasionally mature leaves and insects (Frechette et al. in prep). This species spends a
considerable period of time resting, and the peak time for travelling and feeding occurs
between 7 am and 10 am, and entering sleeping trees generally occurs around 4pm, in the
late afternoon (Frechette et al. in prep). Gibbons, including crested gibbons, differ from
other apes in that they do not build nests, but they use trees as their sleeping sites (Fan &
Jiang 2008). A recent survey on sleeping tree selection by N. annamensis reveals that
individuals select 11 species of trees to sleep in, with the most used species being
Dipterocarpus costatus, Shorea thorelii, and Anisoptera costata (Nelson 2014). Of these,
the family Dipterocarpaceae has economic value and is targeted for both timbers and resin
by humans (Kao & lida 2006), which puts this gibbon species in conflict with humans for
this resource. These illustrating points of conflict and risk between humans and gibbons, is
important for conservation measures, and will indicate those species that need protecting.

As with other endangered gibbon species, data about resource use and food
selection are needed in order to create a successful long-term conservation plan for
N. annamensis. Although it is known that N. annamensis selects predominately fruit,
followed by young leaves and flowers, for their food sources (Frechette et al. in prep),
knowledge is lacking on why they choose those specific plant species, what the main food
plant species for this gibbon are, and what nutritional values these food sources have. The
lack of this information creates difficulties for conservation planning. By increasing our
understanding of food selection in N. annamensis, we will know which plant species are

key resources and which main nutritional compositions are needed by this species. These
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results will inform conservationists of those plant species that provide high quality food
sources for N. annamensis in the wild, and the optimum nutritional composition of food
that should be given to animals in captivity. Moreover, as the habitats of this species have
been destroyed, these data will help the regeneration of habitats by growing specific key
resources for this gibbon species. This will save time, money, and have a long-term
positive effect on primate conservation. Providing this type of data for conservation efforts
has helped the white-handed gibbon (H. lar), which became locally extinct in Phuket
Island, Thailand in the 1980s (Osterberg et al. 2014). Eight families (30 individuals) of
this species were reintroduced to the island in 2002 (Osterberg et al. 2015). When re-
introducing a species to a habitat, knowledge of food availability and resource use by that
species is key to supporting the new population (Tutin et al. 2001; IUCN/SSC 2013). In
the case of the H. lar reintroduction, 10 years after the reintroduction just over half (16
individuals, 53%) of the original recolonizing population have survived on the island
(Osterberg et al. 2015). Although many factors influence the failure and success of
reintroduced populations, the availability of food sources could be one of the main factors
(Taylor et al. 2005; Detedcc & Courchamp 2007). Therefore to best inform conservation
of N. annamensis, data on food selection and resource availability are greatly needed.

1.8 Thesis overview

This is the first study on food selection by gibbons in Cambodia and to my
knowledge is also one of the first on gibbons in general. This study was conducted at Veun
Sai-Siem Pang Conservation Area (VSSPCA), northern Cambodia. This area has high
biodiversity, with 60 species of mammals, 130 birds, and 60 reptiles (CI unpublished
data). At least six species of primates were found in this area including red-shanked douc
langurs (Pygathrix nemaeus), silvered langurs (Trachypithecus germaini) (Rawson & Bach
2011), long-tailed macaque (Macaca fascicularis), pig-tailed macaque (Macaca leonina),
pygmy slow lorises (Nycticebus pygmaeus) (Hill 2011), and the study species, northern
yellow-cheeked crested gibbon (N. annamensis) (Thinh et al. 2010). As a result of these
findings, the status of this area should be updated to “protected forest” in the near future.
However, the area is currently under threat due to the impact of logging, hunting and
pressure of over-use of natural resources inside the VSSPCA (pers. observation). By
focusing on food selection in N. annamensis, we will gain a better understanding of the

main diet of this species and what the key food resources and preferences are. As the
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species is also threatened by illegal logging and habitat destruction, this information will
increase and improve conservation by identifying important food resources that need to be
protected. These data will also benefit captive rehabilitation and breeding programs and
wildlife rescue centres, and help determine food types that have similar nutritional value to
wild food sources for this species.

This thesis is organized into four chapters. As the two data chapters are formatted

for publication, there is some repetition of material.
Chapter 1: General introduction

Chapter 2: Feeding behaviour and food plant selection

This chapter will address three basic questions. (1) Are there any differences in
activity budgets among gibbons in the same group? (2) What are the main diets and key
food species for the study group, and are there any differences in the group? (3) Does food

availability influence food selection by this group?
Chapter 3: Nutritional values of food selected by N. annamensis.

This chapter focuses on the nutritional values of selected plant tissues and how
nutritional values influence food selection. This chapter aims to answer two basic
questions. (1) What are nutritional compositions of food items consumed by
N. annamensis? This will focus on key food items consumed by N. annamensis, and the
respective proportions of proteins, lipids, fibres, and some condensed tannins in each food
item. Knowing the nutritional profile of food items can help identify why some species are
eaten and others are not, and will identify important food species. (2) Using the “right-
angled mixture triangle model” (Raubenheimer et al. 2015), what food items and
nutritional compositions are targeted by N. annamensis? Answers to these questions will
reveal for the first time the nutritional values of food items consumed by this group of N.
annamensis. This chapter will also identify those plant species that should be protected,
and which nutritional compositions should be given to the gibbons in captivity.

Chapter 4: General discussion. This chapter brings together the results of Chapters
2 and 3, discusses the results of food selection by N. annamensis with regard to other
studies on food selection by primates, compares these findings with other relevant studies,

and provides suggestions and recommendations for future research.
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Chapter 2

Behavioural ecology and food plant selection

2.1. Introduction

Tropical regions exist extremely high plant diversity, with a large number of plant
species in turn supporting a high density and diversity of other species (Gentry 1988;
Clinebell 11 et al. 1995; Novotny et al. 2006). This is due to the diversity of food resources
that these plant species provide all year round, including fruits, seeds, leaves, and flowers
(Terborgh 1986). Between them, tropical plant species provide a diverse range of potential
food sources, but not all plant species are selected by animals, with herbivores often
selecting only specific plant species as food sources (Westoby 1974; Oates et al. 1980).
This food selection by herbivores is guided in part by plant defence mechanisms (Palo &
Robbins 1991). Some plant species have evolved both chemical and physical defences,
which can render some plant species unsuitable for consumption by some herbivores
(Wittstock et al. 2004; Rosenthal & Berenbaum 2012). To avoid foraging activity by
herbivores, some plant species have evolved leaves with low nutritional quality and/or an
increased range of unpalatable secondary compounds (Ryan 1989; Speiser & Rowell-
Rahier 1991; Coley & Barone 1996), while others have developed thorns and trichomes to
defend against numerous herbivores (Feeny 1976). Consequently, herbivores need to adapt
to those defences, and select particular species for their food sources; some species even
develop mutualisms with their hosts (Westoby 1974; Price et al. 1980; Wittstock et al.
2004).

The diets of the majority of primates include fruit, young leaves, flowers, seeds,
and mature leaves (Cowles et al. 1988; Laska et al. 2000; Behie & Pavelka 2012a; Smith
et al. 2013). However, primate diets differ dramatically among species (Davies et al. 1988;
Strier 2007; Smith et al. 2013) depending on digestive physiology, habitat quality,
nutritional needs and food availability. For example, both the Hylobatidae (gibbons) and
Hominidae families (including orang-utans, chimpanzees, and gorillas) prefer fruit
(Goodall 1986; McConkey et al. 2002; Boesch et al. 2006; Fan et al. 2009), whereas the
specialised anatomy of the Colobinae allow them to ingest mainly young leaves (Hanya &
Bernard 2012; Smith et al. 2013), and due to environmental pressure, some species even

select mature leaves over other plant tissues (Behie & Pavelka 2012a). Generally, primates
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are highly selective feeders, choosing not only specific plant tissues, but also specific plant
species as their food sources (Davies et al. 1988; Fan et al. 2013; Smith et al. 2013). For
example, a population of red leaf monkey (Presbytis rubicunda) in Malaysia
predominantly feeds on rarer species, and the five dominant tree species in its home range,
which make up over 80% of the total forest composition, comprise less than 7% of its diet
(Davies et al. 1988). These illustrate that reasons for food selection in primates vary both
among and within species, with some selecting food sources based on the availability of
plant species, while others deliberately seek out comparatively rare plant species (Davies
et al. 1988; Serio-Silva et al. 2002; Smith et al. 2013).

The northern yellow-cheeked crested gibbon (Nomascus annamensis) is a recently
discovered species (Thinh et al. 2010) that is distributed across Cambodia, Laos, and
Vietnam (Thinh et al. 2010; Long et al. 2011). There is a lack of data about this species,
and furthermore, populations of N. annamensis have declined significantly due to habitat
destruction and hunting (Rawson 2010b; Long et al. 2011). N. annamensisis similar to
other gibbons in that fruit forms the majority of its diet, followed by young leaves, flowers,
mature leaves, and insects (Frechette et al. in prep). Although Frechette et al. (in prep)
report on diet composition of this gibbon species, plant species selected are not identified

and the relationship between food selection and food availability is also not mentioned.

An understanding of food resource use by threatened species like N. annamensisis
needed in order to create a long-term conservation plan. For example, knowledge of
feeding tree selection contributed to the success of re-introductions of white-handed
gibbons (Hylobates lar) into their natural habitats in Thailand (Osterberg et al. 2014).
Frugivores like N. annamensisare especially under threat. It is due to the fact that the
seasonal fluctuation of fruit production (Te Wong et al. 2005) and the removal of feeding
trees inside gibbon territories can affect their populations (Johns 1986; Nijman 2001;
Buckley et al. 2006). Scarcity of food could then in turn affect reproduction success and
lifespan, having implications for population health (Thompson & Wrangham 2008;
Mattison et al. 2012). This study focuses on food plant selection by N. annamensis, as well
as addressing whether food availability influences food selection. With these objectives,
three research questions have arisen. (1) Are there any differences in the activity budgets
of gibbons in the same group? (2) What are the main plant parts and key food species
selected by this gibbon group, and are there any differences among group members? (3)
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Does food availability influence food selection by group members? The answers to these
questions will show how many plant species are selected by this gibbon species, and
whether they prefer rare or common plant species in their territory. This information can
then be used to inform governmental agencies which plant species that need protection to
assist the conservation of N. annamensis, not only in Cambodia, but also in all areas
inhabited by this endangered gibbon. This information also can be used for gibbon
rehabilitation programs, especially in areas where captive breeding of N. annamensis may

be re-introduced.
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2.2 Methods

2.2.1 Study site

The study was conducted at Veun Sai-Siem Pang Conservation Area (VSSPCA;
14° 01° N, 106° 44’ E), a 55,000-ha site with an elevation between 100 - 400 m in
Ratanakiri and Stung Treng provinces in northern Cambodia. This area is composed of
evergreen and semi-evergreen forest, deciduous forest and grassland (Figure 2.1) (Geissler
et al. 2012), and is located within the Indo-Burma biodiversity hotspot (Myers et al. 2000).
The rainy season begins in May and lasts until October, while the dry season occurs from
November to April. In the dry season, the mean minimum temperature is 15.5°C and the
mean maximum temperature is 25.5°C, while in the rainy season the mean minimum
temperature is 18°C and the mean maximum temperature is 23.5°C (Nelson 2014). The

mean monthly rainfall in the rainy season is 189 mm (King et al. in review).
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Figure 2.1: The Veun Sai-Siem Pang Conservation Area (VSSPCA), northern Cambodia (14° 01
N, 106° 44’ E), outlined in red. Currently, this site is protected by the cooperation between Forestry
Administration and Conservation International.

Image credit: Ben Rawson/Conservation International
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2.2.2 Study Animals

A recent population survey of N. annamensis at VSSPCA revealed approximately
450 groups at the site (Rawson unpublished data). Due to a lack of data on this gibbon
species, the first long-term study on its behaviour was established on one group of gibbons
(called group A) in 2007 involving local, national and international researchers (Frechette
et al. in prep). Currently, group A consists of five members: an adult male, an adult
female, a sub-adult male, a juvenile male and an infant that was approximately 8 months
old at the start of the study period (Figure 2.2). This group is now habituated to humans,
which provides opportunities to observe them with minimum impact on their natural
behaviours. The adults are easily distinguished, as the male is black and the female is
yellow. Both the sub-adult male and juvenile male are black, but they can be distinguished
by their body size. Group A is usually located about one hour walk from the main research

station, and their territory is approximately 50 hectares in size.
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BECSZ ) L ; y L ) o
Figure 2.2: Study group (Group A) of northern yellow-cheeked crested gibbons (N. annamensis)
from Veun Sai-Siem Pang Conservation Area (VSSPCA), northern Cambodia. (a) the adult female,
(b) the adult male, (c), the sub-adult male, and (d), the juvenile male, (e and f), the adult female
and her baby. The colour of the adult female is changed according to the reflection of sun-light.
Photo: Naven Hon
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2.2.3 Behavioural data collection

In total, 235 hours of focal animal data was collected over 40 days on group A.
Four members of the group were observed for the study, and the infant was not included,
as it was not weaned at the time of data collection. The study was conducted from mid-
January until early April 2015. As gibbon groups are located by their morning
vocalisations, behavioural observations began at 5:30 — 7:10 (calling time) until 11:00 or
~16:00. Each individual gibbon was observed for two different time periods, a half day
from calling time to mid-day and a full day from calling time to early evening (sleeping
time normally at 16:00). Each individual was observed equally for 5 half days and 5 full
days (N = 10).

For each observation, the behaviours of the gibbons were recorded for 45 min per
hour with a 15 min break before the next observation started. During observation, any
change in behaviour was recorded. This allowed the exact time spent on each particular
activity to be calculated. Activities recorded were resting, feeding, travelling, socializing,
and ‘out of observation. Feeding was recorded when an individual gibbon was seen
directly picking, chewing, swallowing and handling any food item (Fan et al. 2009).
Resting was recorded in any situation where the focal gibbon did not move or was
inactive. Travelling was recorded whenever the focal gibbon was moving. Socializing was
noted when the focal animal saw playing, grooming and calling (for more detail, see
Appendix 1). ‘Out of observation’ was noted when the focal animal could not be seen

directly.

When the focal animal was feeding, the types of food item (species, and part of
plant eaten) were recorded. The locations of those trees and lianas were marked with a
handheld Global Position System (GPS) device (Garmin GPSMAP 62S) and the trees and
lianas were labelled with species name and GPS waypoint. Photographs were taken of
those species that could not be identified, for later identification by local people and to
compare with a guide book (Phon 2000). If those plant species still could not be identified,
they were named as unknown species. If the plant species still could not be identified, they
were named as unknown species. Any illegal logging activities and human disturbance

were noted during the observation period.
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2.2.4 Ecological data
2.2.4.1 Phenological data

Phenological data were recorded in January, February and March 2015. Three
transect lines within the home range of the gibbon study group were created by researchers
from Conservation International (Cl) and Forestry Administration (FA), and were used to
collect phenological data in this study. These data included the percentage coverage (0%,
25%, 50%, 75%, and 100%) of plant tissues (fruit, flowers, young, and mature leaves). The
percentage coverage of each tree and liana was assumed to be 100% including all those
plant tissues. The percentage cover of each plant tissue was estimated by direct
observation. For example, one tree could include 25% fruit, 25% flowers, 25% young
leaves and 25% mature leaves, and another tree could be 100% mature leaves. For the
purposes of this analysis, the contribution of branches and trunks to the total plant mass
was ignored, as these tissues were not consumed by N. annamensis. Herbs and small
shrubs were also not included in this analysis. Leaves were classified as young leaves from
bud emergence until they reached full size and were lighter in colour (Behie & Pavelka
2012a), while mature leaves were fully expanded and darker in colour (Coley 1983). Ripe
fruit and unripe fruit were identified based on their colours and physical examinations to

determine if they were ripe or unripe.

2.2.4.2 Plant density

To estimate plant density and food availability, 20 vegetation plots (25 x 25 m)
were randomly placed throughout the home range of group A during the study period
(January-April 2015). Plant density was estimated from the 20 vegetation plots rather than
from the transect lines because the trees and lianas on the transect line were biased towards
feeding species, and therefore were not an accurate representation of the habitat. However,
both plots and transect lines were located inside the home range of the gibbon study group.
In each plot, all trees with a diameter at breast height (DBH) greater than 10 cm and liana
species with a DBH greater 5 cm were measured and identified (Gerwing et al. 2006).
These data were analysed to provide abundance, density, and dominance information on
all tree and liana species throughout the home range of N. annamensis. Each tree and liana
in each plot was tagged with a unique code number and recorded with GPS location. This
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will be used for future research. Tree and liana species were identified by local
researchers, with help from a guide book (Phon 2000). Local knowledge built up over
seven years of studying this group of N. annamensis at this site allowed accurate
identification of tree and liana species, particularly those used as food sources.

A food availability index (FAI) was calculated for the top 10 food species as
recorded in this study. The gibbons fed on 37 different plant species (Table 2.3), but only
the top 10 food plant species were selected for FAI analysis because only these 10 species
overlapped inside the three transect lines and in the 20 vegetation plots. The FAI was
determined for each plant tissue (fruit, flowers, and young leaves) for species i (Silver et al
1998), and defined (e.g. for fruit) as

FAlt =Y 1i(Di X Cr, i) 1)

where FAls is the FAI for fruit, Di is the density of tree or liana species i, and Cs
is the average monthly coverage percentage for the fruit of that species. Similar FAIs were
calculated for flowers (FAlq) and young leaves (FAly). Gibbons did not feed on mature
leaves from the top 10 plant species, so FAIm was not included in the analyses. However,
the gibbons did consume mature leaves from other plant species. The density of species i

was calculated as

Di = Ni / Nt @)

where Ni is the total number of stems of species i, and Nt is the total number of

stems in the 20 vegetation plots.

2.2.5 Statistical analyses

The mean percentage time spent feeding, resting, travelling and socializing per day
was calculated for each individual gibbon in the group. Similarly, the mean percentage of
food type (fruit, flowers, young leaves, and mature leaves) each gibbon consumed per day
was calculated. Both sets of data were non-normally distributed, thus non-parametric
Kruskal-Wallis Tests were used to assess any differences between the time each individual

spent on each activity, and any differences in food selection between individuals. Mann-
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Whitney U-Tests were used to test the significance of the differences between each pair of
activities (eg: resting and feeding) of individual gibbons, and to test the difference between
time spent feeding in each pair food items (eg: fruit and young leaves). To assess the
relationship between feeding time and food availability of fruit, young leaves, and flowers,
Spearman’s rank correlation tests were performed (Silver et al. 1998). All statistical
analyses were performed in SPSS version 22, and in all cases a = 0.05. A Bonferroni
correction (0.05/N, i.e., o = 0.0125) was used to adjust for multiple tests (Rice 1989).
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2.3 Results

2.3.1 Activity budgets

The gibbons in group A generally spent similar amount of time on each activity
together, and there was no statistically significant difference between the members of the
group in their activity budgets (Kruskal-Wallis H test: all P > 0.35, Table 2.1. Figure 2.3).
On average, the gibbons in group A spent most of their time resting (42.89%) and feeding
(37.78%), with less time spent travelling (17.61%). The least amount of time was spent in
social activities (1.72%) (Figure 2.3).
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Figure 2.3: The average percentage of time that each individual gibbon spent on each activity,
(feeding, resting, travelling and socializing) (+ Standard error).

Table 2.1: Results of a Kruskal-Wallis H test comparing the mean percentage of time that
individual gibbonss spent feeding, resting, travelling and socializing.

Behaviours N(days) Chi-square P-value
Feeding 10 1.92 0.58
Resting 10 3.25 0.35
Travelling 10 0.67 0.87
Socializing 10 3.49 0.32
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While all group members engaged in activities for similar proportions of time,
there were significant differences in the amount of time the entire group engaged in
different activities (feeding, resting, travelling and socializing) (all P = 0.0001, Table 2.2,
Figure 2.3). Moreover, there were statistically significant differences between times that
all individual gibbons spent time on most activities (Mann-Whitey Utests:all P < 0.01,
Figure 2.3). However, the percentage of time that all individual gibbons spent feeding and
resting were not significantly different (Mann-Whitey U tests:all P > 0.07, Figure 2.3). For
more detail about each pairwise activity comparisons and significant values see Appendix
4, Tablel.

The gibbons either hid, rested or moved out of observation when there was
excessive noise (two cases of chainsaw and one case of tractor), especially when the noise
of chainsaws from illegal loggings was close to the observation areas. Several cases of
illegal loggings were observed around the VSSPCA (Appendix 2, Figure la and b).
Moreover, although the gibbons in group A were habituated to humans, the gibbons
avoided dogs and were suddenly out of observation when they saw domestic dogs with

local researchers (one case).

Table 2.2: Results for Kruskal-Wallis H test comparing the mean percentage of time spent
feeding, resting, travelling and socializing among N. annamensis.

Gibbons N(days) Chi-square P-value
Adult female 10 3241 0.0001
Adult male 10 30.11 0.0001
Sub-adult male 10 28.91 0.0001
Juvenile male 10 26.02 0.0001
Overall gibbons 40 120.20 0.0001

When comparing activity by month, the gibbons in group A spent a similar amount
of time feeding (38.80%) and resting (44.49%) in January, more than travelling (14.34%)
and socializing (2.37%). In contrast, the time spent feeding increased to 49.06% in
February, while resting dropped to 37.06%. In March, the time spent feeding declined to
28%, whereas resting and travelling increased to 49.55% and 21.44% respectively. The

gibbons spent the least amount of time in social activities in all three months (Figure 2.4).
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Figure 2.4: The average percentage of time that gibbons in group A spent on each activity budget
from January to March 2015 (+ standard error).

2.3.2 Food plant selection

In total, the gibbons fed on 37 different plant species from more than 17 families,
and these plant species were distributed evenly inside their home range (Figure 2.5) of
which 18 species were trees (48.65%), 17 species were lianas (45.94%) and two species
were epiphytes (5.41%) (Table 2.3). Twenty-one species were fed on for less than 1% of
the feeding time, however the top 16 species (feeding time more than 1% in the diet) made
up 88.83% of the overall diet (Table 2.3). The gibbons were occasionally observed feeding
on insects, spiders and larvae, although the species were not identified (Appendix 2, Figure

2). The gibbons were also observed feeding on honey bees and bee larvae.
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Table 2.3: Plant species selected by group A of N. annamensis, including the time they
spent feeding each species and the tissue consumed from January until early April 2015 in
northern Cambodia. Percentage here represents the amount of time that the gibbons spent
feeding all food plant species. The species are ranked according to the time spent feeding
those species (highest to lowest) with the line draw under the top 16 species. Months here

refer to the periods that the gibbons selected the food items.

Family Species Time (%) Rank Form Planttissue Months
Aquifoliaceae llex umbellulata 22.13 17T F/Fr Feb/Mar
Moraceae Ficus. sp 14.56 2 L Fr Jan/Feb/Mar
Fagaceae Lithocarpus elegans 9.50 3T YL Jan/Feb/Mar
Guttiferae Garcinia oliveri 6.91 4 T YL/F Jan/Feb/Mar
Apocynaceae Willughbeia edulis 6.62 5 L FriYL Feb/Mar/Apr
Dipterocarpaceae  Dipterocarpus alatus 5.89 6 T F Feb/Mar
Gnetaceae Gnetum macrostachyum 3.68 7 L Fr Jan/Feb/Mar
Leguminosae Dialium cochinchinensis 3.20 8 T YL Feb/Mar
Sapotaceae Madhuca elliptica 3.12 9 T Fr Mar/Apr
Anacardiaceae Mangifera duperreana 2.78 10 T YL Feb
Unknown Unknown-1 2.16 11 T YL Jan/Feb
Unknown Kbal Thum 2.01 12 T Fr Feb/Mar
Unknown Liana Vor Krovanh (LN) 1.71 13 L YL Feb/Mar
Unknown Unknown-2 1.69 14 T YL Jan
Unknown Liana Chrey Slekthum (LN) 1.64 15 L ML Feb
Apocynaceae Dischidia. sp 1.23 16 E ML Jan
Unknown Liana Vor Antong (LN) 0.93 17 L YL Jan/Feb
Unknown Liana Vor Tang Ant (LN) 0.79 18 L YL Jan/Feb
Unknown Unknown-4 0.46 19 T YL Jan/Feb
Ochnaceae Ochna atropurpurea 0.35 20 T F/YL Feb/Mar
Dipterocarpaceae  Anisoptera costata 0.34 21 T YL Jan
Unknown Unknown-3 0.28 22 T YL Jan/Feb
Moraceae Ficus racemosa 0.24 23 T Fr Mar
Meliaceae Aglaia grandis 0.24 24 T Fr Jan
Unknown Unknown-5 0.12 25 T YL Jan
Myrtaceae Syzygium. sp 0.06 26 T YL Jan
Unknown Other Unknown Species” 5.74 27-37 L YL Jan/Feb/Mar
Arthropods Spiders/Insects/Larvae 0.56 A Jan/Feb/Mar
Water Drinking water 1.06 W Mar

Key: A =animal, T=tree, L=liana, E= epiphyte, YL= young leaves, ML= mature leaves,
F= flowers, Fr= fruit, and W= water, LN = local name. Other unknown species” = Unidentified
food plant species (11 species).

35



Figure 2.5: Distribution of food plant tree and liana species selected by the group of Nomascus
annamensis at VSSPCA, northern Cambodia. The green stars refer to the top 10 feeding plant
species, while the pink stars refer to the rest of feeding plant species. These data are based on the
GPS locations of each species recorded during observation periods. The dark-green is evergreen
and semi-evergreen forest, while grey-brown sports are deciduous forests.

Image credit: Google Earth, created by Kuthet Sok

2.3.3 Diet budgets

All group members of N. annamensis had similar diets with no statistically
significant differences in time spent feeding on each food types among group members
(Kruskal-Wallis H test: all P > 0.53, Table 2.4, Figure 2.6). When all 37 plant species
consumed by gibbons in group A were considered, fruit was the most preferred food in
each gibbon’s diet, making up 60.36%, followed by young leaves (22.60%), flowers
(13.74%), and mature leaves (3.30%). The gibbons mostly consumed only the flesh of
the fruit, and generally spat out the seeds (Appendix 2, Figure 4), although some small
fruits were swallowed with seeds. For example, the gibbons usually consumed only flesh
from W. edulis and M. elliptica, while I. umbellulata and G. macrostachyum were
swallowed with their seeds. Of the fruit selected, the gibbons mainly chose ripe fruit
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(87%) over unripe (11%) and mature fruit (2%). The common unripe fruits consumed
was: |. umbellulata (Appendix 2, Figure 5), while mature fruit was A. grandis (Appendix
2, Figure 6). The two adults were observed consuming mature leaves of an unknown
liana species and one species of epiphyte (small leaves) (4.33 - 4.46%). The other two
individuals (sub-adult and juvenile male) consumed mature leaves only very rarely (0.1-
0.74%). One species of epiphyte was chewed and sucked, and then spat out, providing

only liquid nutritional values (Appendix 2, Figure 7).
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Figure 2.6: The average percentage of time that each gibbon spent consuming fruit, young leaves,
flowers and mature leaves from all 37 sources of food items (+ standard error).

Table 2.4: Results of a Kruskal-Wallis H test comparing the mean percentage time that
each gibbon spent feeding different food types (fruit, young leaves, flowers, and mature
leaves)

Plant tissues N (days) Chi-square P-value
Fruit 10 1.37 0.71
Young leaves 10 0.63 0.88
Flowers 10 0.94 0.81
Mature leaves 10 2.20 0.53

Generally, the gibbons, both individually and as a group, spent significantly
different amounts of time feeding on each plant tissue (fruit, young leaves, flowers, and
mature leaves) (Kruskal-Wallis H test: individually:P < 0.01; group: P = 0.0001,Table 2.5,
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Figure 2.6). All group members of gibbons spent significant more time feeding on fruit
than young leaves, flowers, and mature leaves (Mann-Whitney U tests: all P < 0.01,
Figure 2.6). Moreover, both the sub-adult male (U = 16.5, P = 0.01) and the juvenile male
(U = 11, P = 0.003) spent significantly more time feeding on young leaves than mature
leaves, while both the adult female (U = 19.5, P = 0.02) and the adult male (U =19, P =
0.02) spent similar amount of time feeding on young leaves and mature leaves. No
significant differences were found in feeding time for young leaves, flowers and mature
leaves for all gibbons (Mann-Whitney U tests: all P > 0.04). For more detail of each
pairwise comparison and significant values see Appendix 4, Table 2.

Table 2.5: Results of a Kruskal-Wallis H test comparing the mean percentage time spent

feeding different food types (fruit, young leaves, flowers and mature leaves) by each
individual gibbon in group A.

Gibbons N(days) Chi-square P-value
Adult female 10 11.13 0.01
Adult male 10 13.82 0.003
Sub-adult male 10 19.60 0.0001
Juvenile male 10 26.23 0.0001
Overall gibbons 40 72.96 0.0001

The gibbons spent similar time feeding on young leaves (33.45%), flowers
(28.40%), and fruit (27.51%) in January, while mature leaves were the least consumed
food (10.64%). In contrast, the time spent feeding on fruit increased to 46.25% in February
and 82.80% in March, while the time spent feeding on young leaves and flowers declined
from 26.59% to 16.17% and 25.13% to 1.04%, respectively. The gibbons continued to
spend less time feedingon mature leaves in February (2.03%) and did not feed on mature

leaves at all in March (Figure 2.7).
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Figure 2.7: The average percentage time that the group of Nomascus annamensis spent consuming
fruit, young leaves, flowers and mature leaves from January to March 2015 (+ standard error).

2.3.4 Food availability

2.3.4.1 Phenology

The percentage coverage of plant tissues during the study period was determined
from fixed transects set within the home range of gibbons in group A. The fruit coverage
was very low in January (1.21%) and highest in March (4.23%). This is due to the fact that
in January, only about 3% of plants bore fruit, whereas 8% were fruiting in February and
10% in March. Among the top 10 feeding species, Ficus. sp and G. macrostachyum bore
fruit for the entire period of data collection (January - March), while I. umbellulata,
M. elliptica, and W. edulis began bearing fruit in February. The coverage of flowers and
young leaves were also low (0.66 - 2.91% and 11.53 - 13.11%, respectively), while the
bulk of the plant material was mature leaves (82.17 - 83.21%) (Figure 2.8).
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Figure 2.8: The coverage percentage of fruit, flowers, young leaves, and mature leaves between
January and March 2015 in Veun Sai-Siem Pang Conservation Area (VSSPCA),
northern Cambodia. Fruit and flower are represented on the right axis, while the left axis shows
young and mature leaves. This data was obtained from fixed phenology transect lines within the
home range of gibbons in group A (£ standard error).

2.3.4.2 Vegetation plots

In total, 969 individual trees and lianas were recorded inside the 20 vegetation
plots, comprising more than 74 different species (including some unidentified species), of
which 80% were trees, and 20% were lianas. Of these, 16 were food species of the gibbons
— with 11 being food trees and 5 being food lianas. This represents a total food plant
density of 77% and a basal area of 34.55 m?.plot™* for food species within the sampled area
(trees 34.22m?plot™? and lianas 0.34m?.plot™) (Table 2.6). The number of food plant
species in the plots (16 species) differed from the food plants noted during observation (46
species) because some plant species were not found inside the sampled plots. Based on
these plots, Lithocarpus eleganswas the third most abundant species in the gibbon’s home
range (Table 2.6), and this species was also the third highest source of food for group A
(Table 2.6). Nephelium mutabile and Nang Kmov (local name) were even more abundant

than L. elegans (Table 2.6), but these trees did not bear fruit or produce flowers during the
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study periods. Thus, although these two dominant tree species are known to the local
guides as common sources of food (particularly for fruit), the gibbons were not observed
consuming any plant parts from them during the study periods. Similarly, other tree and
liana species are sources of food according to local knowledge, but the gibbons did not
consume any parts of these species during this study (Table 2.6, last column). Most plant
species consumed by the gibbons were rare in the home range of this gibbon study group,
with the two most commonly eaten species, I. umbellulata and Ficus. sp comprising only
0.82% and 0.41% of the total canopy in the plots, respectively (Table 2.6).
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Table 2.6: The relative density and average basal area of trees and lianas as determined from the 20 vegetation plots inside the home range of
gibbon group A. Species in bold are the top 10 species used for food by the study group of N. annamensis from January until early April 2015 in
northern Cambodia, and the rank in their diet (Table 2.2) is given in brackets. Tree and liana species that were consumed during the study period
are listed under the food column. Other tree and liana species that are known from local knowledge to be food species are also indicated.

Species/local name Life form Rank Relative density ~ Average of basal area (m?) Food Food (local knowledge)
Nephelium mutabile T 1 0.180 55.55 No Yes
Nang Kmov (LN) T 2 0.144 35.83 No Yes
Lithocarpus elegans (3) T 3 0.137 67.57 Yes Yes
Syzygium. sp T 4 0.065 55.04 Yes Yes
Unknown-sp T 5 0.063 31.96 No Yes
Sterculia lychnophora T 6 0.033 8.99 No Yes
Aglaia odorata T 7 0.027 491 No No
Willughbeia edulis (5) L 8 0.025 198 Yes Yes
Aihoun (LN) T 9 0.017 421 No No
Dom Sambok Krohom (LN) T 10 0.016 4.25 No Yes
Madhuca elliptica (9) T 11 0.014 8.63 Yes Yes
Bouea oppositifolia T 12 0.013 8.88 No Yes
Gnetum macrostachyum (7) T 13 0.012 0.81 Yes Yes
Kbal Thum (LN) T 14 0.012 4151 Yes Yes
Irvingia malayana T 15 0.010 69.55 No Yes
Tang Ant (LN) L 16 0.010 0.74 Yes Yes
Anisoptera costata T 17 0.009 13.14 No Yes
Cinnamomum cambodian T 18 0.009 1.80 No Yes
Dom Atchor (LN) T 19 0.009 2.73 No No
Shorea thorelii T 20 0.009 12.48 No No
Tong Nam (LN) T 21 0.009 2.07 No Yes
llex umbellulata (1) T 22 0.008 471 Yes Yes
Klang Kan Trong (LN) T 23 0.008 6.61 No No
Nephelium hypoleucm T 24 0.008 229 No Yes
Diospyros nitida T 25 0.007 1.48 No No
Albizia myriophylla T 26 0.006 293 No No
Albizia. sp T 27 0.006 4.01 No No
Antong (LN) L 28 0.006 0.25 Yes Yes
Dipterocarpus alatus (6) T 29 0.006 35.37 Yes Yes
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Species/local name Life form Rank Relative density Average of basal area (cm?) Food Food (local knowledge)
Dom Mek Tech (LN) T 30 0.006 2.31 No Yes
Garcinia oliveri (4) T 31 0.006 3.40 Yes Yes
Parinari annamensis T 32 0.006 447 No Yes
Ochna atropurpurea T 33 0.005 0.68 Yes Yes
Calophyllum calaba T 34 0.004 1.86 No Yes
Ficus. sp (2) L 35 0.004 2.20 Yes Yes
Khov Keb (LN) T 36 0.004 0.50 No Yes
Mak Dekkouy (LN) T 37 0.004 0.77 No Yes
Mangifera duperreana (10) T 38 0.004 3.06 Yes Yes
Smach (LN) T 39 0.004 0.89 No Yes
Vor Sleng (LN) L 40 0.004 0.69 No Yes
Dialium cochinchinensis (8) T 41 0.003 212 Yes Yes
Dom Slek Toch (LN) T 42 0.003 0.55 No No
Douk Kouy (LN) T 43 0.003 1.16 No Yes
Krovanh (LN) L 44 0.003 0.14 Yes Yes
Sidong (LN) T 45 0.003 1.68 No No
Sindora cochinchinensis T 46 0.003 6.15 No Yes
Aglaia leptantha T 47 0.002 0.47 No Yes
Antidesma cochinchinensis T 48 0.002 0.31 No Yes
Chhor tree (LN) T 49 0.002 6.68 No No
Dom man chor (LN) T 50 0.002 0.21 No No
Dom Sambok Kras (LN) T 51 0.002 0.77 No No
Hopea. sp T 52 0.002 6.80 No No
Microcos paniculata T 53 0.002 146 No Yes
Mok (LN) T 54 0.002 13.24 No No
Mout (LN) T 55 0.002 0.46 No No
Vor Sor (LN) L 56 0.002 0.17 No Yes
Carallia brachiata T 57 0.001 1.06 No Yes
Chan Kikai (LN) T 58 0.001 0.12 No No
Cheng Tea (LN) T 59 0.001 2.28 No No
Dom Koung (LN) T 60 0.001 0.11 No No
Dom Sambok Sdeang (LN) T 61 0.001 0.18 No No
Dom Sambok sor (LN) T 62 0.001 0.31 No No
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Species/local name Life form Rank Relative density Average of basal area (cm?) Food Food (local knowledge)
Dom Sambok Sroy (LN) T 63 0.001 0.16 No No
Dom Slek Kras (LN) T 64 0.001 0.21 No No
Ham Oav (LN) T 65 0.001 3.75 No No
Kam Pul Bay (LN) T 66 0.001 0.26 No No
Khai Phai (LN) T 67 0.001 0.59 No No
Ki Nu (LN) T 68 0.001 0.15 No No
Nephelium. sp T 69 0.001 0.19 No Yes
Plea Keave (LN) T 70 0.001 0.12 No Yes
Rang Phnom (LN) T 71 0.001 0.12 No Yes
Romdoul (LN) T 72 0.001 0.14 No Yes
Sayak (LN) T 73 0.001 0.22 No Yes
Shorea cochinchinensis T 74 0.001 0.99 No No

LN= local name, RD = relative density, T = tree, L= liana
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2.3.4.3 Relationship between food availability and food consumption

The total FAIl+ from the top 10 species increased 10-fold from 0.21 in January to
2.29 in March (Table 2.7). Although FAls increased, no statistically significant
relationship was found between feeding time and FAIs (rs= 0.09, P = 0.76, N = 12, Figure
2.9a). This may be due to the fact that the relative densities of fruit bearing trees that
gibbons selected were very low inside their home range. However, those trees produced an
abundance of fruit during the study period, and this led the group to increase feeding on
fruit of those specific species. For example, the FAIs for Ficus. sp did not change over the
three month period, but the amount of time feeding on this item did with the most time
ingesting Ficus. sp fruit occurring in February. However, the relative density of Ficus. sp
was only 0.004 (0.4% of the total plant density). The total of FAIy from the top 10 species
increased slightly from 3.44 in January to 5.32 in February, but declined to 4.25 in March
(Table 2.7). As a result, there was no statistically significant relationship between feeding
time and FAly (rs = 0.30, P = 0.36, N = 9, Figure 2.9b). The total FAlq from the top 10
species increased from 0.39 in January to 0.72 in February. Although it declined to 0.38 in
March (Table 2.7), there was a significant relationship between feeding time and FAI+ (rs =
0.82, P = 0.04, N = 6, Figure 2.9c). D. alatus and G. oliveri were important sources of
flowers, especially in February when flowers became more available, and the gibbons

spent more time feeding on these tree species (Table 2.7).
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Table 2.7: Food availability index (FAI) for each of the top 10 species found in quadrats
for January, February and March 2015. For FAI columns and rows, “0” values indicate
those plants that did not bear fruit, flowers or leaves. Values in bold refer to those plant
species that were eaten by gibbons. Values not bold show plants that produced edible
tissues that gibbons were not observed feedingon them.

Species Months Timespent FAI(fr) FAI(fl) FAIyl) FI (ml)

feeding (%)

onall plant

tissues
Ficus. sp Jan 24.25 0.14 0.00 0.03 0.24
Garcinia oliveri Jan 16.83 0.00 0.22 0.09 0.25
Gnetum macrostachyum  Jan 1.10 0.08 0.00 0.00 1.16
Ilex umbellulata Jan 0.77 0.00 0.17 0.14 0.51
Willughbeia edulis Jan 0.58 0.00 0.00 0.31 2.16
Lithocarpus elegans Jan 0.22 0.00 0.00 2.66 11.02
Dialium cochinchinensis  Jan 0.00 0.00 0.00 0.10 0.21
Madhuca elliptica Jan 0.00 0.00 0.00 0.00 1.44
Mangifera duperreana Jan 0.00 0.00 0.00 0.04 0.37
Dipterocarpus alatus Jan 0.00 0.00 0.00 0.00 0.62
Total (eaten + not eaten) 43.75 0.21 0.39 3.44 17.98
Ficus. sp Feb 19.55 0.14 0.00 0.10 0.17
Lithocarpus elegans Feb 14.56 0.00 0.00 3.80 9.88
Dipterocarpus alatus Feb 12.94 0.00 0.31 0.15 0.15
llex umbellulata Feb 10.26 0.25 0.11 0.07 0.39
Garcinia oliveri Feb 7.76 0.00 0.25 0.09 0.28
Gnetum macrostachyum  Feb 6.78 0.54 0.00 0.31 0.39
Mangifera duperreana Feb 6.50 0.00 0.00 0.17 0.24
Dialium cochinchinensis  Feb 1.92 0.00 0.00 0.13 0.18
Willughbeia edulis Feb 1.78 0.62 0.00 0.46 1.39
Madhuca elliptica Feb 0.95 0.20 0.06 0.03 1.16
Total (eaten + not eaten) 83.00 1.74 0.72 5.32 14.23
llex umbellulata Mar 46.37 0.34 0.00 0.03 0.45
Willughbeia edulis Mar 18.43 0.93 0.00 0.00 1.54
Madhuca elliptica Mar 9.78 0.42 0.03 0.15 0.84
Lithocarpus elegans Mar 9.14 0.00 0.00 3.52 10.16
Dialium cochinchinensis ~ Mar 5.87 0.00 0.00 0.10 0.21
Ficus. sp Mar 3.30 0.14 0.00 0.00 0.27
Gnetum macrostachyum ~ Mar 1.38 0.46 0.00 0.15 0.62
Dipterocarpus alatus Mar 0.86 0.00 0.23 0.15 0.23
Garcinia oliveri Mar 0.55 0.00 0.12 0.12 0.37
Mangifera duperreana Mar 0.00 0.00 0.00 0.00 0.41
Total (eaten + not eaten) 95.68 2.29 0.38 4.24 15.10
Total (Jan + Feb + Mar) 4.24 1.49 13.00 47.31

FAI = food availability index, (fr) = fruit, (fl) = flowers, (yl) = young leaves, (ml) = mature leaves.
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Figure 2.9: Scatter plots showing the relationship between (a) feeding time and FAIl«, (b) feeding
time and FI1Ay), (c) feeding on time and FAI#) from the top 10 species (the data was accumulated
from the three-month study period, January, February and March 2015).
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2.4 Discussion

2.4.1 Activity budgets

Activity budgets were similar between all members of the study group of northern
yellow-cheeked crested gibbons (N. annamensis). This pattern is similar to other studies
where individual primates in the same group spend similar amounts of time on each activity
(Isbell & Young 1993; Fan et al. 2008; Frechette et al. in prep). This synchronous behaviour
is relatively common when animals live in a group (Engel & Lamprecht 1997). This
behaviour is also found in other gibbon studies, where when one member starts, others
usually also join in (Islam & Feeroz 1992). The gibbons in group A spent the most activity
time resting, followed by feeding and travelling. Socializing took up a comparatively minor
part of the activity budget. This is similar to eastern hoolock gibbons (Hoolock leuconedys)
that spend more time resting than other parts of their activity budgets (Fan et al. 2013).
However, it contradicts another study where it was found that hoolock gibbons (Hoolock
hoolock) spend most of their daily time feeding, particularly between October and April
(Islam & Feeroz 1992). Although the present study did not analyse the various factors that
influence this behaviour, other studies on gibbons and monkeys reveal that weather
conditions including rainfall, temperature, and food availability may influence behaviour and
may therefore be playing a role here (Islam & Feeroz 1992; Watanuki & Nakayama 1993;
Fan et al. 2013).

During the study periods, selective illegal logging was occasionally observed,
particularly in March, due to the lack of law enforcement during that time. Logging may
modify the ecology and behaviours of some primate species due to the reducing food
availability (Johns 1986; Hardus et al. 2012). After logging, orang-utans, spend more time
travelling and searching for food (Hardus et al. 2012). Noise pollution, such as that produced
by logging activities, also impacts animal behaviour (Hanson et al. 1976; Brumm 2004;
Siemers & Schaub 2011). For example, while common marmosets (Callithrix jacchus)
generally select habitats with high food availability (Pontes & Soares 2005), noise pollution,
can lead to them avoiding such areas and instead selecting habitat with low levels of noise,
even if there is low food availability in these areas (Duarte et al. 2011). Gibbons are
territorial animals (Marshall & Marshall 1976), so their strategies of avoiding noise pollution
may be different from other primates. The gibbons in group A were frequently out of
observation or hiding when chainsaws were heard near the observation areas, compared to

times when only researchers were present and the environment was quiet. They also
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increased their inactive time when logging was more frequent (in March). This suggests that
noise pollution from logging activities may modify the behaviour of N. annamensis, although
future study is needed to clarify that how this behaviour will change when they are exposed
to noise (logging or increased number of people).

2.4.2 Food plant selection

Although the two dominant plant species, N. mutabile and Nang Kmov (local name)
are categorised by the local guides as gibbon feeding trees, they were not used as food
sources during the study periods. The genus Nephelium normally bears fruit in late April and
early May, and its fruit is also consumed by white-handed gibbons (H. lar) in Thailand
(Whitington & Treesucon 1991). Although the gibbons selected 37 different plant species for
their food sources, only 16 species (feeding more than 1%) were the most selected. However,
the relative density of these most preferred food species (top 10 species) were very low inside
the home range of this group of gibbons, particularly I. umbellulata and Ficus. sp, at 0.82%
and 0.41%, respectively. This indicates that this group of N. annamensis actively selects rare
over common plant species, at least at some points in the year. Since selective loggings and
shifting cultivations are common near the study area, by cutting down those uncommon

species would pose a serious threat to N. annamensis.
2.4.3 Diet budgets

Fruit makes up the majority of N. annamensis’ diet. The gibbons mostly consumed
only the flesh of the fruit, and generally spat seeds out, although some small fruits were
swallowed with seeds. Other studies have also found that fruit is the main diet for most
species in the Hylobatidae family (McConkey et al. 2002; Fan et al. 2013; Ni et al. 2014).
However, in the harsh environment, some species of gibbons, N. c. jingdongensis, spend
more time feeding on young leaves than fruit (Fan et al. 2009). Although fruit is important
for N. annamensis, unripe fruit were usually avoided in the present study. The gibbons were
not observed feeding on the unripe fruit from some species, including W. edulis and
M. elliptica, and were rarely observed feeding on unripe fruit of 1. umbellulata,
G. macrostachyum, Ficus. sp, and Ficus racemosa. Similarly, white-handed gibbons (H. lar)
consume only a small quantity of unripe fruit (Whitington & Treesucon 1991). This may be
due to the fact that unripe fruits contain less sugar and lipids (Felton et al. 2009c), but higher
concentration of toxins and other secondary compounds than ripe fruit (Wrangham &
Waterman 1983).
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Young leaves and flowers were also important plant tissues in the diet of this group of
N. annamensis. The gibbons preferred the young leaves from L. elegans and the flowers from
D. alatus over those of other plant species. Both young leaves and flowers from
G. oliveri were also consumed by this study group. Mature leaves and insects including
honey bee and bee larvaec comprised the lowest proportion of the gibbons’ diets. These
feeding behaviours are also found in other gibbon species (Whitington & Treesucon 1991;
McConkey et al. 2002; Fan et al. 2009; Borah et al. 2014). Together, these observations
indicate that fruit is the preferred plant tissue in the diet of N. annamensis, and this is likely
due to the fact that fruit has higher level of sugar and lipids than other plant parts (Rothman et
al. 2006; Felton et al. 2009c). However, as with other gibbons, this gibbon species needs to
consume alternative food sources in order to meet nutritional requirement including young
leaves, which generally contain high concentration of protein (Rothman et al. 2006). Further

details of the nutritional compositions of food consumed by N. annamensis see Chapter 3.
2.4.4 Food availability

Although N. annamensis spent most of the time feeding on fruit when it became
available, there was no statistically significant relationship between feeding time and the
availability of fruit (FAl#) inside the home range of this group of gibbons. This is due to the
fact that only a small number of plants bore fruit, especially in January. Furthermore, the
relative densities of trees and lianas that bore fruit were very low. For example, eight of the
10 most common food plants represented only ~7% of the total plant species, and only 3% of
plants bore fruit in January, although the number increased to 10% in March (Figure 2.8).
However, the small density of those plants produce a large abundance of fruit, which meant
that the gibbons increased feeding time on fruit, but only in on small numbers of plant

species.

There was also no significant relationship between feeding time and the availability of
young leaves (FAly). The absence of this relationship may be due to the fact that young
leaves were an alternative food source for N. annamensis, as found in other studies (Fan et al.
2013; Ni et al. 2014). Most gibbons feed on fruit as the main diet, but may shift to young
leaves or flowers during periods when fruit availability is low (McConkey et al. 2002; Fan et
al. 2009; Mitrajit et al. 2014). The N. annamensis study group here spent more time feeding
on young leaves in January, but this declined when fruit became available in March (Figure
2.7). However, there was a significant relationship between feeding time and availability of
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flowers (FAlq). That is to say that time spent feeding increased when the species became
more available in the habitat. The production of flowers in Cambodian forests mostly peak in
February until April (Rawson 2009). Although flowers are a third choice for N. annamensis,
there may be important nutrition values that this gibbon species need to include in their diets.
Generally, individual flowers provide very low nutritional values, but flowers may serve as
good sources of sugar, water content (Garber 1988) and minerals (Hladik 1977; Rop et al.
2012).

The present study clearly indicates that those small numbers of trees that bore fruit
play an important role for gibbons’ food sources during the study periods. The reason why
the gibbons mainly select these 16 plant species for food sources is likely to be that they both
produced a large quantity. This suggests that without special protection on those particular
feeding plants, especially the 10 feeding plant species, there may be a negative effect on the
population size of this gibbon species. The reduction of food availability may affect the
lifespan and reproductive success of this species as it does for other primates (Thompson &
Wrangham 2008; Mattison et al. 2012). Because of the removal of trees in Uganda, the
population size of the olive baboon (Papio anubis) and common chimpanzee (Pan
troglodytes) were lower in logged forested areas than non-logged forested areas (Plumptre &
Reynolds 1994). Juvenile and infant primates in selectively logged regions generally have
higher mortality rates than those in non-logging habitats (Chapman et al. 2000). This may
due to the fact that those primates consumed food with lower nutritional values due to the
deduction of food availability, leading to the overall consumption of lower quality and lower

milk production by lactating females (Altmann et al. 1977).
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2.5 Summary

All N. annamensis individuals in the study group spent similar amounts of time on
each activity in their activity budget, and fed on similar plant tissues. They spent most of the
time resting compared to other activities, including feeding, travelling and socializing.
Although the gibbons spent more time feeding on flowers when they became available, no
relationships were found between feeding time and availability of fruit or young leaves. Fruit
is a stable’ diet of this gibbon species, but they also consumed young leaves, flowers, mature
leaves, and insects as alternative food sources. Although N. annamensis selected 37 plant
species as food sources, 16 of these plant species contributed a major role in their diets. Of
these 16 important food plant species, only a few of them bore a large amount of fruit during
the study period in particular, I. umbellulata, Ficus. sp, and W. edulis. These species were
particularly important food sources for N. annamensis; however, their relative density was

very low inside the home range of this group of gibbons.

These results clearly indicate that this gibbon species selected rare over common plant
species for food. These findings contribute to long-term conservation programs for this
species in the wild, by suggesting key food species (I. umbellulata, Ficus. sp, L. elegans,
G. oliveri and W. edulis) which should be additionally protected. The availability of preferred
food species must be maintained, lest a reduction in food availability reduce population sizes
of primates (Plumptre & Reynolds 1994; Chapman et al. 2000; Thompson & Wrangham
2008; Duarte et al. 2011). Other factors that may have influenced the behavioural ecology of
this species were logging and noise pollution. Although data is currently insufficient to show
whether noise pollution from chainsaws influences the behavioural ecology of
N. annamensis, future studies are needed, as it does affect other primate species (Pontes &

Soares 2005; Hardus et al. 2012) and may appears to impact the behaviour of N. annamensis.
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Chapter 3
Nutritional composition of northern yellow-cheeked crested

gibbons (Nomascus annamensis) diets in northern Cambodia

3.1 Introduction

Food is the most important resource for all living organisms (Leibold & Wilbur 1992;
Mead et al. 1999; Grandison et al. 2009), as it can affect health, lifespan, social relationships,
fitness and reproduction (Fernandes et al. 1976; Koenig et al. 1997; Givens & Shingfield
2004; Grandison et al. 2009; Harris et al. 2010; Trepanowski et al. 2011). In order to
optimise the benefits of food items, animals must make a choice about which foods to include
in their diets (Felton et al. 2009c; Matsuda et al. 2013). Optimal foraging theory states that
animals will maximize nutritional intake while minimising searching time in order to
conserve energy (MacArthur & Pianka 1966; Cowles et al. 1988; Demott 1989; Belovsky
1997). Following this theory, it would be expected that to maximize nutritional intake, most
animals would select high quality food sources (those with easily digestible nutrients) over
those of lower quality (that are harder to digest) (Milton 1979; Cowles et al. 1988; Moser et
al. 2006). In addition, most animals should search for food in areas of high food availability
(Vedder 1984; Moser et al. 2006), and increase resting time when food is less available
(Watanuki & Nakayama 1993; Korstjens et al. 2010). These ideas have led to research on
food selection (MacArthur & Pianka 1966; Mckey et al. 1981; Kool 1992; Belovsky 1997;
Chapman & Chapman 2002), and the role of plant chemistry in food selection by animals
(Speiser & Rowell-Rahier 1991; Coley & Barone 1996; Rothman et al. 2006; Felton et al.
2009a; Behie & Pavelka 2012a).

Research on primates has found that many primate species prioritise plant foods with
high concentrations of protein (Milton 1979; Rothman et al. 2008b; Felton et al. 2009a;
Felton et al. 2009b; Felton et al. 2009c; Rothman et al. 2011; Hanya & Bernard 2015). This
is due to the fact that protein is a crucial nutrient for reproduction, growth, and survival
(Mattson Jr 1980; Yiming 2006; Felton et al. 2009a; Felton et al. 2009b). However, different
species of primates rely on different sources for protein. For example, most gibbons
(Hylobatidae) normally gain protein from protein-rich insects rather than plant tissues
(Chivers 1998; Borah et al. 2014), whereas the Old World colobines consume young leaves

as their main source of protein (Kool 1992; Chivers 1998; Chapman & Chapman 2002). Even
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for species that ingest primarily low protein fruit, some groups have been found to maintain a
consistent daily protein intake, while allowing the relative intake of other nutrients including
lipids and carbohydrates (sugar and starch) to fluctuate (Felton et al. 2009c), showing the
importance of protein selection for all species regardless of diet type.

Plant tissues with a high fibre content and/or high levels of secondary compounds
tend to be less selected or avoided by most primate species (Davies et al. 1988; Yiming 2006;
Hanya & Bernard 2015). This is perhaps to be expected, considering that food items with
high concentrations of secondary metabolites are difficult to digest, lack nutritional value,
and can contain toxins (Glander 1982; Davies et al. 1988; Chapman & Chapman 2002;
Acamovic & Brooker 2005; Simmen et al. 2013). For example, unripe fruits are usually
avoided by white-handed gibbons (Hylobates lar) (Whitington & Treesucon 1991). This may
be because unripe fruit not only contain less sugar and lipids (Felton et al. 2009c), but also
have higher concentrations of toxins and other secondary compounds than ripe fruit
(Wrangham & Waterman 1983). Similarly, mature leaves are normally avoided by most
primates (Kool 1992; Felton et al. 2009c). However, in contrast to usual primate food-
selection behaviour, black howler monkeys (Alouatta pigra) preferentially select mature
leaves over young leaves following a hurricane in 2001, due to the higher concentration of
simple sugars (Behie & Pavelka 2012a). These variable findings suggest that the composition
of primate diets are complicated and highly dependent on species and the environments in
which they are found (Chapman & Chapman 2002; Strier 2007; Smith et al. 2013).

Nutritional geometry has recently been proposed as a framework to simplify the
complexity of primate nutritional ecology (Simpson & Raubenheimer 1995; Raubenheimer
2011). A nutritional geometrical framework (GF) is used to show those nutrients that are
prioritized by animals, and those that are allowed to fluctuate (Simpson & Raubenheimer
1993; Raubenheimer & Simpson 1997). This model has been tested in some primate species
including mountain gorillas (Gorilla beringei) (Rothman et al. 2011) and Peruvian spider
monkeys (Ateles chamek) (Felton et al. 2009c). While this method provides a more accurate
picture of food selection in wild primates, it does require detailed measurements of the
amount of each food item consumed, which often precludes its use (Raubenheimer et al.
2015). The right-angled mixture triangle (RMT) is a simpler method that uses the variation
in dietary nutrients as a proportion rather than overall amount in a single graph (Figure 3.1)
(Raubenheimer 2011; Raubenheimer et al. 2015). The RMT model provides data on an

animal's food selection, mixture of food items, and nutritional requirements (Raubenheimer
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2011), enabling simple and effective comparisons between species or populations, and annual
intakes of nutritional components consumed primates, including protein, lipid, and fibre
(Raubenheimer et al. 2015). Consequently, the RMT model is a useful and appropriate tool
when comparing food selection and nutritional requirements, and this model has been tested
in some primate species, including chacma baboon (Papio hamadryas ursinus) (Johnson et
al. 2013), common chimpanzees (Pan troglodytes), blue monkeys (Cercopithecus mitis), red-
tailed monkeys (Lophocebus albigena), grey-cheeked mangabey (Lophocebus albigena) and

mountain gorillas (G. beringei) (Raubenheimer et al. 2015).
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Figure 3.1: An example of right-angled mixture triangle (RMT) showing the combination of protein
(P), total non-structural carbohydrates (TNC) and lipids (L) of two food items (f; and f,). P and TNC
are plotted on the X and Y axes, respectively. The lipid (L) content is determined by the equation L =
100 — (TNC + P), assuming the total value of P, TNC, and L are 100%. The values of L are illustrated
by a series of diagonal lines. Each point (f; and f2) represents the percentage of P, TNC, and L in each
food item. For example, f; contains 20% P and 10% TNC, so the value of L is 100 - (20 + 10) = 70%.
So, to gain more lipids, animals need to eat f;, or any food item that fits on the 70% L diagonal line.
Food item f5, is on the 20% lipid line with 60% P and 20% TNC.

Source: Modified from Raubenheimeret al. (2015)
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Despite the recent use of GF and RMTs in primate studies, current knowledge of the
drivers of food selection in these animals remains limited (Rothman et al. 2006; Rothman et
al. 2008Db; Felton et al. 2009a; Felton et al. 2009c; Behie & Pavelka 2012b; Simmen et al.
2013), with relatively nothing known regarding crested gibbons (Nomascus. spp). Crested
gibbons are among the most endangered primates in the world (Geissmann 2007).
Populations of these species have declined significantly due to habitat destruction and
hunting (Cheyne et al. 2008; Gray et al. 2010; Rawson 2010b). Most species of crested
gibbons are listed as Endangered or Critically Endangered by the IUCN Red List and all are
in CITES Appendix | (Geissmann 2007; Rawson 2010b). The northern yellow-cheeked
crested gibbon (Nomascus annamensis) is a newly described species (Thinh et al. 2010) and
even though the status of this species has not yet been updated, it is likely to be listed as
Endangered by IUCN Red List as it faces similar threats to other gibbons (Thinh et al. 2010).

Fruit is the main diet of N. annamensis, supplemented with young leaves, flowers,
mature leaves and insects (Frechette et al. in prep; Chapter 2) However, the nutritional
composition of these food items is as yet unknown. This knowledge would allow an
understanding of the nutritional requirements of this endangered species. This understanding
would also help policy makers to preserve key food resources for wild populations.
Monitoring key plant species would then help maintain wild gibbon populations by protecting
crucial resources for the survival of these animals. In focussing on food selection by
N. annamensis and detailing the nutritional composition and value of food items ingested by
this species, this study will contribute to long-term primate conservation programs, not only
in Cambodia, but in other countries where this gibbon species is found. As such, this chapter
focuses on the drivers of food selection in N. annamensis in northern Cambodia, and aims to
answer two basic questions: (1) What are the nutritional compositions of food items selected
by this gibbon species? (2) Using the RMT model (Raubenheimer et al. 2015), what food
items and nutritional compositions are targeted by this group of N. annamensis?
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3.2 Methods

See Chapter 2 sections 2.2.1, 2.2.2, and 2.2.3 for details of the study site, study group
of N. annamensis, and behavioural data collection, respectively.

3.2.1 Plant sample collection

Where possible, samples of food items (plant tissues) were obtained from trees and
lianas on the same day as gibbons were observed feeding on them. If samples could not be
obtained immediately, the plant was tagged with a coloured tag, its GPS location noted, and it
was climbed the next day, with assistance from local villagers when required (Figure 3.2).
Samples were collected from as close a location as possible within the tree or liana to where
the gibbon had been seen feeding. Fruit samples were collected at a similar level of ripeness
to those consumed, and leaves and flowers (Figure 3.3a) of a similar age were selected. If the
observed feeding area was too high for samples to be safely collected, plant samples were
collected from trees or lianas of the same species nearby or inside the home range of the
study group.

Once back at base camp, each sample was weighed on a balance until the final mass
was 100 + 0.1 g. Before weighing, food items were processed as the gibbons processed them.
For example, seeds were removed from any fruit samples if the gibbons did not eat the seeds
(Figure 3.3b). Samples were air-dried in direct sunlight (between 7 and 15 days or until the
dry weight was constant), and then re-weighed to give an initial dry weight. Samples were
then sealed in plastic bags and stored out of sunlight. One bag of silica gel was put in each
bag of plant sample to absorb any moisture and avoid decomposition. Samples were then
exported for analysis at the Nutritional Ecology Lab at Hunter College, the City University of

New York (CUNY), USA where they were stored at room temperature until analysis.
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Figure 3.2: Plant sample collection. Most samples were collected by climbing. (a) Local assistant
climbing I. umbellulata to collect fruit samples; (b) selecting fruit samples after collection. The ripe
fruit from this species are red, yellow, and slightly yellow, while the unripe fruits are green and dark
green.

Photo: Nave Hon and Noy Gnet.

Figure 3.3: Plant sample preparation. Flowers of D. alatus were (a) collected at the field site, and (b)
seeds of M. elliptica were removed, in preparation for drying in direct sunlight. The ripe fruit from
this species are yellow or slightly green and yellow, while the unripe fruits are green and dark green.
Photo: Naven Hon
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3.2.2 Nutritional analyses

The nutritional analyses of all plant samples were undertaken at the Nutritional
Ecology Lab at Hunter College with the assistance of Dr Jessica Rothman’s team. Seventy-
four plant samples (plant tissues) from 20 plant species were selected for analysis. The
samples were comprised of 66 trees, six lianas, and two epiphytes and included fruit (N = 39),
young leaves (N = 15), flowers (N = 14), and mature leaves (N = 6). All plant samples were
ground in a Wiley Mill® (Arthur H. Tjomas Co., Philadelphia, PA), and passed through a 1-
mm screen (Rothman et al. 2006). The samples were analysed for protein (P), lipids (L), total
non-structural carbohydrate (TNC), neutral detergent fibre (NDF), acid detergent fibre
(ADF), acid detergent lignin (ADL), and the presence and absence of condensed tannins in
dry matter (DM). Before analysis, samples were oven-dried at 105°C to obtain the absolute
DM of the samples.

The moisture content was determined from the fresh weight (FW) and dry weight
(DW) of the sample. Protein was calculated through combustion analysis using Leco Tru
Spec nitrogen (N) analyser by calculating N x 6.25 to get protein (Licitra et al. 1996;
Rothman et al. 2008a), and followed the protocol of Licitra et al. (1999). A method of
analysing lipids was adapted from ANKOM Technology, and followed the protocol of
Rothman et al. (2012). The cellulose and hemicellulose of the plant samples were measured
via NDF, ADF, and ADL (Van Soest et al. 1991; Rothman et al. 2006). NDF includes both
ADF and lignin, and it contains cellulose, hemicellulose and lignin, while ADF contains
cellulose and lignin (Van Soest et al. 1991; Rothman et al. 2006; Rothman et al. 2012). The
amount of ADL is estimated by removing cellulose and residual ash (Rothman et al. 2006).
Finally, TNC was calculated by subtracting all other nutrients including crude protein, NDF,
ash, and lipids from all plant samples (Rothman et al. 2012). Condensed tannins were
estimated using an acid-butanol assay (Porter et al. 1985). A qualitative system was used to
report the presence and absence of condensed tannins by measuring the absorbance values at
0.10 — 0.50 (+), 0.50-1.00 or above (++), 1.00, while values lower than 0.10 were marked as
absent (Rothman et al. 2006).

3.2.3 Statistical analyses

The data were non-normal distributed, so Kruskal-Wallis tests were used to compare

between groups (more than 2 groups), while Mann-Whitney U tests were used to conduct
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pairwise tests. The percentage of nutrients (P, L, and TNC) and the concentration of different
types of fibres (NDF, ADF, and ADL) of each plant tissue (fruit, flowers, young leaves and
mature leaves) were compared using Kruskal-Wallis tests. Mann-Whitney U tests were used
to compare moisture, P, L, TNC, NDF, ADF, and ADL in each plant tissue.

A right-angled mixture triangle (RMT) (Raubenheimer et al. 2015) was then
constructed to show the relative contribution of P, TNC and L in each food item in a single
plot. Sixty-nine samples from 19 plant species were used for this model, including fruit (N =
34), flowers (N = 14), young leaves (N = 15) and mature leaves (N = 6). Another five fruit
samples were excluded from the analyses because some nutritional data was not available.
The Kruskal-Wallis tests were used to compare the overall nutritional compositions (P, TNC
and L) in the 74 food samples [Food item fio (Kbal Thum) was excluded in the analyses
because protein data was unavailable]. Mann-Whitney U tests were used to compare
differences in P, L, and TNC in all 74 food samples.

All statistical analyses were performed in SPSS version 22, and in most cases o =
0.05. In pairwise tests (Mann-Whitney U tests), a Bonferroni correction (0.05/N, i.e., a =
0.0125) was used to adjust for multiple tests (Rice 1989).
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3.3 Results

3.3.1 Nutritional composition of Nomascus annamensis diets

The nutritional composition of each plant tissue sample consumed by the study group

of N. annamensis is summarised in Table 3.1. Seventy-four plant samples from the 20 plant

species consumed by this group of gibbons were collected for nutritional analyses including
P, L, TNC, fibres (ADL, ADF, and NDF) and condensed tannins (Table 3.2).

Table 3.1: Mean amount of nutrients (% dry matter) in plant tissues consumed by one
habituated group of northern yellow-cheeked crested gibbons (N. annamensis) from January
— April 2015 at Veun Sai-Siem Pang Conservation Area (VSSPCA), Cambodia.

Plant tissues N Mean (%) SD | Plant tissues N  Mean (%) SD
Fruit Young leaves

Moisture” 39 69.52 11.92 | Moisture 15 80.34 4.06
Protein 34 8.76 3.79 | Protein 15 22.45 6.93
TNC 34 40.24 13.54 | TNC 15 26.66 11.11
Lipids 34 5.64 4.57 | Lipids 15 2.48 2.27
Ash 34 5.86 3.62 | Ash 15 6.78 4.54
NDF 34 39.50 12.56 | NDF 15 41.63 8.96
ADF 34 31.32 11.24 | ADF 15 28.34 12.35
ADL 34 18.74 6.88 | ADL 15 25.73 10.19
Flowers Mature leaves

Moisture 14 79.46 2.97 | Moisture 6 88.93 4.16
Protein 14 9.39 2.87 | Protein 6 6.22 3.56
TNC 14 38.54 10.76 | TNC 6 31.30 7.19
Lipids 14 5.98 3.89 | Lipids 6 5.00 3.44
Ash 14 4.50 1.75 | Ash 6 13.42 4.19
NDF 14 41.59 8.69 | NDF 6 44.06 7.92
ADF 14 30.81 12.56 | ADF 6 37.86 14.86
ADL 14 28.61 7.85 | ADL 6 18.48 4.74

SD: Standard deviation, TNC: total non-structural carbohydrates, ADL: acid detergent lignin, ADF:
acid detergent fibre, NDF: neutral detergent fibre. In the fruit section, the samples sizes for moisture”
was N = 39, because the data for one sample was not available. The sample sizes for other nutritional
compositions of fruit was N = 34, becausenutritional data for six samples were not available.
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Table 3.2: Mean nutritional compositions (% dry matter) from the 20 plant species (trees and lianas) consumed by the northern yellow-cheeked
crested gibbons (N. annamensis) from January — April 2015 at VSSPCA, Cambodia.

Food Species N Life Part %H,O %Protein %Lipids %TNC Ash% %NDF %ADF %ADL Tannins
form

fl Aglaia grandis 1 Tree Fr 82.53 6.26 4.10 59.24 8.38 22.02 19.21 1495 0
2 Dialium cochinchinensis 4 Tree YL  77.67 20.06 1.87 31.68 2.76 43.63 22.42 2785 +
3 Dipterocarpus alatus 7 Tree Fl 79.42 7.20 3.02 4372  4.07 41.99 35.97 2891 0
4 Dischidia ruscifolia 2 Epiphyte ML 9154 3.45 3.04 2950 16.20 47.82 44.95 1999 0
5 Dischidia. Sp 2 Epiphyte ML  91.65 4.46 328 2710 1510 5007 4841 17.00 O
6 Ficus. Sp (2) 10 Liana Fr 60.29 5.23 2.40 33.09 7.03 52.25 38.93 2774 0
f7 Garcinia oliveri (4) 5 Tree Fl 81.22 11.71 10.92 30.65 4.78 41.94 28.75 271.74 +
7 Garcinia oliveri 2 Tree YL 88.02 16.07 2.99 40.14 5.90 34.90 18.97 1851 0
8 Gnetum macrostachyum 5 Liana Fr 49.65 12.75 1.87 38.36 1.87 45.15 24.03 2098 0
f9 llex umbellulata (1) 1 Tree Fl 71.64 7.68 5.49 47.79 6.85 32.18 11.53 23.66 ++
f9 llex umbellulata (1) 12 Tree Fr 74.81 11.67 9.20 41.09 7.13 30.91 19.80 18.65 +
f10 Kbal Thum (LN) 2 Tree Fr 74.62 ND 2221 ND 5.80 44.41 24.14 1174 0
fl1 Lithocarpus elegans (3) 2 Tree YL 83.25 32.99 1.90 27.95 7.96 29.20 15.77 1535 0
f12 Madhuca elliptica™ 4 Tree Fr 75.97 5.03 5.52 58.11 4.61 36.69 36.48 26.75 0
f13 Mangifera duperreana 2 Tree YL  75.05 2391 1.80 9.00 9.79 55.49 45.64 4499 0
f14 Ochna atropurpurea 1 Tree Yl 78.82 2353 0.60 2521 6.95 43.71 33.89 2504 ++
f14 Ochna atropurpurea 1 Tree Fl 78.75 14.76 255 32.48 3.78 46.43 24.30 3826 0
f15 Syzygium. Sp 1 Tree YL 79.48 10.40 1.80 41.89 5.67 40.24 37.31 2691 +
f16 Unknown Liana 1 Liana YL 80.04 30.92 2.67 8.42 19.9 38.06 26.64 1264 0
f17 Vor Chrey Slektom (LN) 2 Liana ML  83.60 10.77 8.69 37.30 8.97 34.28 20.21 18.46 +
f18 Vor Krovanh (LN) 1 Liana YL 80.48 30.54 10.26 20.87 5.47 32.86 29.82 2573 0
f19 Vor Tangant (LN) 1 Liana YL 82.88 15.09 1.05 22.68 5.37 55.80 47.02 2655 0

20 Willughbeia edulis (5) 5 Liana Fr 83.36 3.97 6.65 64.24  2.03 26.86 22.43 1854 +
Key: YL: young leaves, ML: mature leaves, FI: flowers, Fr: fruit, LN: local name, TNC: total non-structural carbohydrate, ADL: acid detergent lignin, ADF:

acid detergent fibre, NDF: neutral detergent fibre, ND: no data. Condensed tannins absorbance values represent absorbance units of 0.10-0.50 (+), 0.50-1.00
(++) in a 12.5 mg/ml solution (dry weight) of plant sample. The number in brackets in the species column is the ranking of the top 5 plant species, order from
1 to 5, from the highest percentage of time spent feeding on a species (1) to the highest (5).
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3.3.1.1 Moisture

Overall, moisture content was significantly different between all plant tissues
(Kruskal-Wallis test: H = 31.34, P = 0.0001; Figure 3.4), fruit and flowers (Mann-Whitey
tests: U = 114, P = 0.001), fruit and young leaves (U = 107, P = 0.0001), fruit and mature
leaves (U = 3, P = 0.0001), flowers and mature leaves (U = 1, P = 0.001), and young leaves
and mature leaves (U =5, P = 0.002). Only flowers and young leaves were similar (U = 101,
P = 0.86). Fruit had the lowest moisture content (69.52%), while mature leaves contained
more water (88.93%) than young leaves (80.34%), and flowers (79.46%) (Figure 3.4).
N. annamensis drank water from cavities within tree trunks (Appendix 2, Figure 3), and were

never seen drinking water from the ground.
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Figure 3.4: The average percentage of moisture contents in food items (fruit, flowers, young leaves
and mature leaves) eaten by the study group of N. annamensis (+ standard error).
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3.3.1.2 Protein

Generally, the concentration of protein was significantly different among each plant
tissue type (Kruskal-Wallis test: H = 33.61, P = 0.0001; Figure 3.5). Young leaves contained
more protein than fruit (Mann-Whitney test: U = 14, P = 0.0001), flowers (U = 2, P =
0.0001) and mature leaves (U =2, P = 0.002), while the protein content of other plant tissues
were not statistically different from each other (all: P > 0.10). Young leaves had the highest
level of protein (22.45%), followed by flowers (9.39%), fruit (8.52%), and mature leaves
(6.22%) (Figure 3.5).
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Figure 3.5: The average percentage of protein levelsof food items (fruit, flowers, young leaves and
mature leaves) eaten by the study group of N. annamensis (+ standard error).

3.3.1.3 Lipids

Overall, the amount of lipids was significantly different for all plant tissues (Kruskal-
Wallis test: H = 31.34, P = 0.005; Figure 3.6). Young leaves had significantly lower lipid
levels than fruit (Mann-Whitey tests: U = 140, P = 0.002) and flowers (U =24, P = 0.0001),
while the lipid contents of other food items were similar: fruit and flowers (U = 244, P =
0.47), fruit and mature leaves (U = 109, P = 0.72), flowers and mature leaves (U = 36, P =
0.62) and young and mature leaves (U = 23, P = 0.08). Fruit had the highest level of lipids
(6.70%), while flowers and mature leaves contained 5.98% and 4%, respectively, and young
leaves (2.48%) had the lowest (Figure 3.6).
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Figure 3.6: The average percentage of lipid levelsof food items (fruit, flowers, young leaves and
mature leaves) eaten by gibbons in the study group of N. annamensis (+ standard error)

3.3.1.4 Total non-structuralcarbohydrates (TNC)

Generally, the level of TNC was significantly different among all plant tissues
(Kruskal-Wallis test: H = 15.3, P = 0.002; Figure 3.7). Upon pairwise analysis, significant
differences were found between the TNC content of fruit and young leaves (Mann-Whitey
tests: U = 91, P = 0.0001) and flowers and young leaves (U = 49, P = 0.01). All other
pairwise comparisons yielded no statistically significant results (all: P > 0.04). Fruit had the
highest concentration of TNC (42.59%), while flowers, mature leaves and young leaves
contained 38.54%, 31.00%, and 26.66%, respectively (Figure 3.7).
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Figure 3.7: The average percentage of total non-structural carbohydrates of food items (fruit, flowers,
young leaves and mature leaves) eaten by the study group of N. annamensis (£ standard error).

3.3.1.5 Fibre

Overall, there was no difference in the amount of NDF (Kruskal-Wallis test: H = 1.42,
P = 0.69), ADF (H = 3.46, P = 0.32), or ADL (H = 6.83, P = 0.07) among all plant tissues
consumed by this group of gibbons (Figure 3.8). All pairwise comparisons revealed no

significant differences between plant tissue types (Table 3.3 and Figure 3.8).

Table 3.3: Result of Mann-Whitney U tests for pairwise comparison of NDF, ADF and ADL
in plant tissues consumed by the northern yellow-cheeked crested gibbons in group A.

Plant tissues NDF ADF ADL

U P U P U P
Fruit and flowers 248 0.7 207 0.2 155 0.02
Fruit and young leaves 253 0.5 246 0.4 246 0.4
Fruit and mature leaves 93 0.5 57  0.05 84 0.3
Flowers and young leaves 85 0.4 78 0.2 84 0.4
Flowers and Mature leaves 27 0.2 22 0.1 16 0.03
Young leaves and mature leaves 36 0.5 30 0.2 30 0.2

66



T
80% - I I T L
v
2 60%
- DADL
=5
40% DADF
ENDF

20%

0%

Fruit Flowers  Youngleaves Matureleaves

Plant tissnes

Figure 3.8: The average percentage fibre content of acid detergent lignin (ADL), acid detergent fibre
(ADF), and neutral detergent fibre (NDF) of food items (fruit, flowers, young leaves and mature
leaves) eaten by the study group of N. annamensis (+ standard error).

3.3.1.6 Condensed tannins

Thirty-two percent of all plant tissues selected by this gibbon group contained
condensed tannins. Flowers contained more often condensed tannins than other plant tissues.
While some plant tissues contained condensed tannins and others did not, overall there were
no significant differences between plant tissues (Kruskal-Wallis test: H = 0.32, P = 0.95).
Similarly, pairwise comparisons of each plant tissue showed no significant differences (all: P
> 0.56). Forty-three percent of flowers consumed by N. annamensis contained condensed
tannins, while 33% of mature leaves, 30% of fruits, and 27% of young leaves contained
tannins (Table 3.2).

3.3.2 Balance of nutrients in foods eaten by Nomasus annamensis

There were statistically significant differences in the relative content of TNC, P, and
L in food items selected by N. annamensis (Kruskal-Wallis test: H = 146, P = 0.0001).
Pairwise tests showed that the group of N. annamensis studied here consumed food items
with significantly more TNC than protein (Mann-Whitey tests: U = 173.5, P = 0.0001) and
lipids (U = 7, P = 0.0001). Similarly, they consumed food items with significantly more
protein concentration than lipids (U = 740, P = 0.0001). Those food items were among the
top plant species selected by N. annamensis particularly high in TNC (Figure 3.9, Table 3.1).
For example, two frequently ingested food items had the highest concentration of TNC
relative to P and L: M. elliptica (fi2, fruit, TNC: 89.32%, P: 7.71%, L: 2.97%); and W. edulis,
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foo, fruit, TNC: 87.09%, P: 5.38%, L: 7.53%). Some food items were notable for a
comparatively low levels of TNC and L but high P levels; an unknown liana (fis, young
leaves, P: 73.61%, TNC: 20.04%, L: 6.35%) and M. duperreana (fi3, young leaves, P:
69.13%, TNC: 25.80%, L: 5.07%). All food items analysed were low in L relative to TNC
and P (Figure 3.9).
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Figure 3.9: Right-angled mixture triangle (RMT) showing the relative contribution of total non-
structural carbohydrates (TNC), protein (P) and lipids (L) of food items from particular plant species
consumed by the northern yellow-cheeked crested gibbon (N. annamensis) at Veun Sai-Siem Pang
Conservation Area (VSSPCA), northern Cambodia. P and TNC are plotted on the X and Y axes
respectively, while L is depicted on the diagonal. Each point (fi...f2) representsthe average energy
mixture provided by the food item from that plant species, e.g, fx is a fruit (W. edulis) that supplies
87.14% energy from TNC, 5.85% from protein and 7% from lipids. The red circles are fruit, light-
green triangles are young leaves, dark-green squares are mature leaves, orange diamonds are flowers,
and blue circles are species where both flowers and young leaves were consumed.

Note: Food code from f; until f5 see the first column of Table 3.2.
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3.4 Discussion

3.4.1 Nutritional composition of plant tissues

Each type of plant tissue consumed by N. annamensis had different nutritional
compositions. Fruit, the principal food source for these gibbons (60.36% in diet, Chapter 2),
had the highest levels of TNC and lipids. Mature leaves had the highest moisture content,
while young leaves had the highest concentration of protein, and flowers contained more
often condensed tannins than other plant tissues. All plant tissues consumed by this group of
gibbons had similar amounts of NDF, ADF, and ADL.

The group of N. annamensis were never seen drinking water from sources on the
ground. During the period of this study (dry season), they were only observed drinking water
from the cavities within tree trunks. However, considering the high moisture content of
mature leaves found in this study, mature leaves may be acting as another water source for
this group during the dry season. A similar result was found in mountain gorillas
(G. Dberingei), that consume pith, which has low nutritional value but is high in moisture
(Rothman et al. 2006), when water availability is low. While mature leaves are generally
avoided by primates due to their high fibre content and the associated difficulty in digestion
(Milton 1979; Davies et al. 1988; Kool 1992), this did not seem to be an obstacle here;
mature leaves selected by N. annamensis had surprisingly similar fibre levels to other
ingested food items. Coupled with their high moisture content, they may be valuable to these

gibbons’ diets during the dry season.

It is likely that this group of gibbons gain most of their protein by consuming young
leaves (Figure 3.5) as do most primates living in natural habitats (Milton 1979; Milton 1999;
Rothman et al. 2006; Irwin et al. 2014). This contradicts other gibbon studies that report that
insects serve as protein sources (Chivers 1998; O'Malley & Power 2012; Borah et al. 2014;
Rothman et al. 2014). While young leaves may also contain other nutritional compounds
including lipids and primates generally consume young leaves primarily to meet their protein
requirements (Milton 1979; Oftedal et al. 1991; Felton et al. 2009a; Felton et al. 2009b;
Rothman et al. 2011). In this study, young leaves contained significantly more protein than
other ingested plant items, suggesting that N. annamensis individuals also consume young
leaves to meet their protein requirements. However, future studies are need to estimate the

nutritional contribution of insects to the diet of N. annamensis.

69



Fruit was a major source of carbohydrates for N. annamensis. Fruit is a dominant food
source in the diet of most gibbon species (McConkey et al. 2002; Fan et al. 2009; Fan et
al.2013; Ni et al. 2014), likely due to the fact that fruits contain more readily available energy
than other plant tissues (Barton & Whiten 1994; Rothman et al. 2006; Felton et al. 2009c).
However, they cannot rely entirely on fruit alone (Chivers 1998), as fruit contains insufficient
protein (Rothman et al. 2006; Rothman et al. 2011; Behie & Pavelka 2012a), which is
necessary for survival and reproductive success (Mattson 1980; Felton et al. 2009a;
Grandison et al. 2009). This suggests that young leaves are being added to the diet here to
meet protein requirements. This is important for captive animals where it should be ensured

that protein sources are added to a fruit based diet.

Dietary fibres are composed of hemicellulose, cellulose, and lignin and are not easily
digested by primates with simple stomachs such as gibbons (Cork & Foley 1991; Rothman et
al. 2006), and consequently fibre is generally considered negative nutrients (Van Soest 1978;
Shah et al. 1982). In order to digest fibres, animals must depend on gut micro-organisms to
utilize dietary fibres for the production of fatty acids and microbial protein (Cork & Foley
1991; Clements et al. 2009). Although most studies find that mature leaves consumed by
primates have higher fibre contents than other plant tissues (Oates et al. 1980; Felton et al.
2009c; Behie & Pavelka 2012a), this study found that the mature leaves from three plant
species, two epiphytes (D. ruscifolia and Dischidia. sp) and an liana (Vor Chrey Slektom),
had similar amount of fibre to other plant tissues. In addition, the amount of fibre in all food
items was similar. This unusual result may be due to N. annamensis in this group consuming
the entire fruit of some species including both seeds and their skins, especially
G. macrostachyum, which are more fibrous than the pulp, bulking up the fibre content of the

fruit samples.

Although about 30% of food consumed by N. annamensis contained condensed
tannins, most primates avoid food with high concentration of such secondary compounds
(Glander 1982; Barton & Whiten 1994). Plants that contain high concentrations of condensed
tannins are typically difficult to digest, lack nutritional value, and may contain toxins (Milton
1979; Oates et al. 1980; Acamovic & Brooker 2005). However, condensed tannins provide
nutritional benefits as they bind proteins and polysaccharides (Carrai et al. 2003), but also
can negatively affect the digestibility of these molecules (Glander 1982; Kool 1992). The
flowers (43%) consumed by N. annamensis in the present study contained more often

condensed tannins than other plant tissues. These flowers were high in fibre, but also
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contained protein, which may have provided benefits greater than the costs of the tannins.
Although not tested here, flowers may also be a source of minerals for the gibbons as they
have been found to contribute relatively high levels of calcium and phosphorous to diets of
chimpanzees (Hladik 1977).

3.4.2 Balance of nutrients in foods eaten by Nomascus annamensis

The RMT (Figure 3.9) shows that this group of gibbons predominantly consumed
food items with a high concentrations of TNC. However, these individuals also consumed
other plant tissues to gain protein and lipids. This contradicts other studies, where protein-
rich foods are the main target for primates (Milton 1979; Rothman et al. 2006; Felton et al.
2009a). This prioritization of protein in the diet can be seen at a daily level, with some
primate species maintaining a daily intake of protein while allowing carbohydrate and lipid
intake to fluctuate (Felton et al. 2009b; Johnson et al. 2013). However, this study indicates
that this group of N. annamensis consumed more food with a high concentration of TNC,

while only a few food items were higher in protein, and lipids was lower in all plant tissues.

Flowering, and the availability of fruit and young leaves, changes seasonally in
Southeast Asian tropical forests (Hamilton & Galdikas 1994; Wendeln et al. 2000;
McConkey et al. 2002; Hanya & Bernard 2012), and some gibbon species shift their diet
from fruit to young leaves according to season and the availability of food sources
(McConkey et al. 2002; Fan et al. 2009; Fan et al. 2013). Although gibbons are considered
fruit specialists, black crested gibbons (Nomascus concolor) consume more young leaves
than fruit in harsh environments (Ganasia et al. 2008; Fan et al. 2009). Likewise, fruit forms
a considerable part of gorillas (Gorilla. spp) diets (Doran-Sheehy et al. 2009). However, the
mountain gorillas (G. beringei) consume more young leaves to increase protein intake,
possibly to compensate for carbohydrate-rich fruit (Rothman et al. 2011). The present study
found N. annamensis eat a diet high in carbohydrate-rich fruit, but they may later switch to
consume more young leaves or insects to meet protein requirements at different times of year

(Frechette et al. in prep).

The RMT model also shows that some key food species play very important roles in
providing good sources of both TNC and protein for N. annamensis. Fruit from the tree
M. elliptica and the liana W. edulis (Appendix 2, Figure 8) were the two richest sources of
TNC, while young leaves from two tree species M. duperreana (Appendix 2, Figure 8) and

L. elegans were among the few species providing a rich source of protein (Figure 3.9).

71



Although most plant species contained low proportions of lipids, some species were the main
sources of lipids, including young leaves of tree G. oliveri and liana Vor Krovanh. Figs
(Ficus. sp) were also one of the most important plant species for N. annamensis due to their
high carbohydrate levels, though their comparatively low levels of protein and lipids may
necessitate the consumption of other types of fruit and young leaves. Figs are an important,
nutritionally balanced food source for spider monkeys (Ateles chamek) due to their available
lipids and proteins (Felton et al. 2009b). The fruit of some species may have a high
concentration of required nutrients, while others have low concentrations, or have evolved
secondary compounds to avoid consumption by herbivores (Ryan 1989; Speiser & Rowell-
Rahier 1991). Consequently, not all plant species available are consumed by animals; for
example, the black crested gibbon (Nomascus concolor) selects only 77 plant species as food
sources from their entire territory, and spend the majority of time feeding on only 10 plant
species (Fan et al. 2009), similarly to that was found here (Chapter 2). This study clearly
indicates that plant species selected by the study group of N. annamensis play varying and

important nutritional roles to maintain the population of this study group.

The nutritional chemistry of plant tissues is spatially and temporally variable
(Rothman et al. 2006). Several factors are expected to influence the nutritional compositions
of each plant tissue, including the maturity of the plant tissues, weather, season, temperature,
soil type, and exposure to sunlight (Baranga 1983; Chapman et al. 2003; Rothman et al.
2006). Plant samples were collected for this study in the dry season. As a result, a future
study is needed on the nutritional composition of plant tissues consumed by this group in the
rainy season. The results show all plant tissues had different nutritional values, with fruit a
good source for TNC, while young and mature leaves were a good source of protein and
moisture, respectively. To balance nutritional requirements, the group of N. annamensis
needs to consume varieties of plant tissues from different plant species. Consequently, some
plant species that this group of gibbons selected for food play very important roles in
maintaining the nutrient intake required by this species, and they need special protection for

the long-term conservation for N. annamensis.
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3.5 Summary

The present study demonstrates that all plant tissues consumed by N. annamensis had
different nutritional values, suggesting animals are nutrient balancing. Mature leaves had the
highest moisture content, while young leaves had significantly high values of protein, and
fruit contained high levels of TNC. All food items consumed by this group of gibbons had
similar amounts of fibre (NDF, ADF, and ADL), whereas flowers had a higher frequency of
condensed tannins than other consumed plant tissues. Generally, food items selected by this
gibbon species were high in TNC, with only a few high in protein, and all items had low

levels of lipids.

The results from this research contribute to long-term conservation programs for this
gibbon species. When developing feeding plans for this species in captivity, fruit and young
leaves should be included, with an emphasis on fruit-rich carbohydrates. Key plant species
selected by this group of gibbons, in particular I. umbellulata, Ficus. sp, L. elegans, G. oliveri
and W. edulis, must be protected as they provide good nutritional input, and appear to be the

main plant species that this group of gibbons rely on in their small territory in the dry season.

Considering this study was conducted in the dry season, food selection by this group
in the rainy season should be considered in order to compare food types selected throughout
the year, and to show if their nutritional requirements vary between seasons. Insects are good
sources of protein in other gibbon species, and great apes like mountain gorillas (Chivers
1998; Borah et al. 2014; Rothman et al. 2014), and considering N. annamensis were observed
to occasionally eat insects in the present study, future studies on insects selected by this

species are needed to elucidate what nutritional value these insects provide.
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Chapter 4
General conclusions and implications for conservation

4.1 Summary of research findings

Optimal foraging theory states that animals should balance energy output and intake
so that energy intake is maximised in relation to the costs of finding and ingesting food
(MacArthur & Pianka 1966; Cowles et al. 1988; Belovsky 1997). Animals, including
primates, must make a choice about what types of food items to include in their diets, as
different foods can affect lifespan, health, social relationships, fitness and reproduction and
have various costs associated with them (Fernandes et al. 1976; Koenig et al. 1997; Givens &
Shingfield 2004; Felton et al. 2009a; Grandison et al. 2009; Harris et al. 2010; Trepanowski
et al. 2011). Tropical plants provide a wide range of potential food sources, but not all plant
species and tissues are selected by animals (Westoby 1974; Oates et al. 1980). Some plant
species have evolved both physical and chemical defences, and as a result some animals
avoid consuming these plant species (Wittstock et al. 2004; Rosenthal & Berenbaum 2012).

Gibbons are the smallest apes in the world (Mootnick & Fan 2011; Carbone et al.
2014), and populations have declined significantly worldwide due to habitat destruction and
hunting pressure (Cheyne et al. 2008). Gibbons are usually frugivores (Lappan & Whittaker
2009), but their diet is supplemented by young leaves, flowers, mature leaves, and insects
(McConkey et al. 2002; Fan et al. 2009; Fan et al. 2013). Most gibbons are listed as
Critically Endangered and Endangered by IUCN Red List, and several species are likely go
extinct without conservation effort (Gray et al. 2010). The northern yellow-cheeked crested
gibbon (Nomascus annamensis) is a recently described species (Thinh et al. 2010), and less is
known about this species than other gibbons. To assist the development of a long-term
conservation program for this gibbon species, this study addressed five research questions.
The findings of these are summarised below.

Overall, the members of the study group of N. annamensis spent the majority of their
time resting, followed by feeding, travelling and socializing. All group members (adult male,
adult female, sub-adult male and juvenile male) spent similar amounts of time in each of
these activity categories. This shows that social animals like this group of N. annamensis may

have similar activity budgets.
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The study group of N. annamensis selected 37 plant species for their food sources,
although only 16 of these were consumed for the majority of time. The relative density of
these plant species was very low inside the home range of this group, with the 10 most
selected plant species representing less than 7% of the total density of tree and liana species
in the area. This indicates that N. annamensis specifically selects comparatively rare species
as food over more common plant species, suggesting that something other than availability is

dictating their choices.

Like other gibbons, fruit was the main food for this group, supplemented by young
leaves, flowers, mature leaves, and occasionally insects. The gibbons in this group spent
more time feeding on flowers when they became available, however, there was no
relationship between the availability of fruit or young leaves and the amount of time
N. annamensis individuals spent feeding on them, suggesting flowers may be a preferred food
item at this time of year. The lack of relationship between the availability of fruit and feeding
time may be because densities of plant species selected by N. annamensis were very low
inside the home range of this animal, although some plants produced a large quantity of fruit.
In addition, young leaves may be used mainly as an alternative food source, where a
preferred item is low in abundance. The study group of N. annamensis were not observed

feeding on mature leaves from the top 10 plant species.

Mature leaves had the highest concentration of moisture, followed by young leaves
and flowers, while fruit had the lowest, and this may be because the fruits selected by
northern yellow-cheeked crested gibbons were less pulpy and tougher than the fruits other
gibbons may choose (McConkey et al. 2002). Young leaves contained more than double the
protein of flowers, fruit and mature leaves, suggesting they are eaten to meet the protein
demands of this group. Most plant tissues had a low level of lipids, but fruit contained more
lipids than other plant tissues, due to the seeds that were ingested with some fruit species. The
level of total non-structural carbohydrate (TNC) was highest in fruit, likely due to the high
sugar content. All plant tissues had similar fibre contents including, NDF, ADF and ADL.
While this is an unusual result, it may be due to the ingestion of seeds and tough skin with
fruits that increased their fibre content to a similar level to that of leaves. About one third of
all plant tissues consumed by N. annamensis contained some condensed tannins, and flowers
had the higher frequency of condensed tannins. All these findings clearly demonstrate that
plant tissues selected by this group of N. annamensis had different nutritional values. The

gibbons fed on fruit for TNC and lipids, while young leaves were consumed for protein,
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mature leaves for moisture, and flowersprovided TNC and other nutrients, although they

contained more condensed tannins than other plant tissues.

The right-angle mixture triangle (RMT) model indicated that this group of gibbons
consumed food items with more TNC than protein, and most food items were low in lipids.
This reflects the fact that this group of N. annamensis spent more time feeding on fruit than
other plant tissues, and those fruits were rich in TNC. This model also showed that plant
species selected by this group of N. annamensis provided different nutritional benefits. Some
plant species provided a majority of fruit resources that were high in TNC, and some plants
provided a majority of young leaves that were good sources of protein, while others provided
both flowers and young leaves that were good sources of both TNC and protein. All plant

tissues selected by N. annamensis were low inlipids.
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4.2 General discussion

The study of the behavioural ecology of animals helps conservationists predict factors
that may influence their behaviours (Sutherland 1998). This is important because some
behaviours may negatively impact survival rates (Siemers & Schaub 2011; Hardus et al.
2012). The present study showed that the study group of N. annamensis spent most of the
time resting, and the remaining time feeding, travelling, and socializing, in that order. In
normal conditions, hoolock gibbons (Hoolock hoolock) spend more time feeding than other
activities (Islam & Feeroz 1992). However, in cold habitats (an average temperature of < 10
°C), eastern hoolock gibbons (Hoolock leuconedys) spend more time resting than other
behaviours, which indicates that gibbons may need to conserve energy when at high latitudes
and in cold habitats (Fan et al. 2013). This may also be affected by rainfall, which requires
additional thermoregulation (Watanuki & Nakayama 1993; Fan et al. 2013). While February
has one of the coldest minimum temperatures in Cambodia, the minimum temperature at the
study site during the dry season (November to April) was 15.5 °C (Nelson 2014), which is not
dramatically different to the wet season. There was also no rainfall during the study period.
This indicates that thermoregulatory factors are unlikely to have influenced the behaviour of

this gibbon group over the course of this study.

Noise can alter animal behaviours (Brumm 2004; Lengagne 2008). Noise can affect
mate attraction, reproductive success (Halfwerk et al. 2011) and territory defence
(Slabbekoorn & Ripmeester 2008). Noise associated with logging can impact the behaviour
and activity budgets of primate species (Pontes & Soares 2005; Hardus et al. 2012), and in
this study inactive activity increased in March when chainsaw use was at its highest in the
study areas (pers. observation), indicating that chainsaws may be impacting energy and
activity budgets in this group. This finding, however, is preliminary, and future studies are
needed to determine whether resting is the normal dominant behaviour for this group of
gibbons, or if there are any other factors that influence these behaviours, such as

anthropogenic noise pollution and selective logging.

Food sources that are reliable and of sufficient quantity and quality are hugely
important for all organisms on the planet (Leibold & Wilbur 1992; Mead et al. 1999;
Grandison et al. 2009). As a result, to have successful long-term conservation programs and

captive breeding programs, it is important to know which types of foods and what nutritional
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compositions are selected by animals in the wild to maintain survival and reproduction
(Kleiman et al. 1986). Most gibbon populations have declined considerably due to habitat
destruction and hunting (Geissmann 2007; Cheyne et al. 2008; Gray et al. 2010). Little is
known about the feeding ecology of gibbons in general, and even less is known about crested
gibbons, which leads to difficulty in conservation. Based on the results from this study,
captive N. annamensis should be provided not only with fruit, but also with young leaves, and
priority should be given to the 16 species consumed most often by the group in this study
(Table 2.3), although additional research is needed to see what food species are eaten by

other groups of N. annamensis.

It is vital to protect habitat and food plants for the long-term conservation of most
primate species (Medley 1993; Gates 1996). Gibbons live in small groups (Fan et al. 2010),
with small territories (Chivers & MacKinnon 1977). They completely rely on resources
available in their relatively restricted home range for survival (Marshall & Marshall 1976).
Moreover, not all plant species in their territory are edible, or appropriate food sources (Fan
et al. 2009; Fan et al. 2013). Any logging which damages feeding plants would negatively
impact both the lifespan and reproductive success of N. annamensis, as with other primate
species (Plumptre & Reynolds 1994; Chapman et al. 2000; Thompson & Wrangham 2008;
Mattison et al. 2012), and should be avoided. N. mutabile and Neang Kmov were the most
common tree species inside the home range of this group of N. annamensis. N. mutabile bear
fruit in late April that are consumed by white-handed gibbons (H. lar) in Thailand (Whiten et
al. 1991) and both N. mutabile and Neang Kmov were also confirmed by local guides as
gibbon feeding on plant species. However, during the study period, the study group of
N. annamensis were not observed feeding any plant tissues from those plant species.
Furthermore, the relative density of the 10 most selected plant species in the home range of
the study group was very low, indicating their disproportionate importance for
N. annamensis. For example, the relative density of Ficus. sp, which was one of the most
important food species, was just 0.41%, but it bore fruit from January until early April
providing a constant fruit source in these months. These data clearly indicate that the gibbons
selected rare over common plant species, and this suggests that protection of these food
species is even more crucial. Moreover, if logging reduces the abundance of feeding plant
species, this group of N. annamensis will need to travel long distances to find appropriate

food sources during the dry season.
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The majority of plant species selected by N. annamensis were high in TNC, with
some species high in protein, but all plant tissues were low in lipids. For instance, the tree
M. elliptica and the liana W. edulis, which were the top two food plant species, provided good
sources of TNC, while the tree M. duperreana, another important food species, provided a
good source of protein. Consequently, plant species selected by this group of gibbons have
significantly different yet equally necessary nutritional values, and special protection and
increasing density of those plant species would contribute positively to long-term
conservation for this gibbon species.

Five main models have been proposed for primate nutritional goals, including (i)
maximising protein, (ii) maximizing energy, (iii) limiting fibre content, (iv) avoiding
secondary compounds, and (v) balancing nutritional values (Schoener 1971; Freeland &
Janzen 1974; Milton 1979; Mattson 1980; Raubenheimer & Simpson 2004; Felton et al.
2009a). This study found that food items consumed by N. annamensis had high
concentrations of TNC, while only a few items were high in protein. This contradicts a study
in similarly frugivorous spider monkeys (Ateles chamek) that prioritized protein in their daily
intake, and allowed carbohydrate and lipids intake to fluctuate (Felton et al. 2009b).
Similarly, mountain gorillas (Gorilla beringei) consumed more food (young leaves) with high
concentrations of protein when they became available (Rothman et al. 2011). Other studies
indicate gibbons gain more protein content from insects rather than plant tissues (Chivers
1998; Borah et al. 2014; Ni et al. 2014). As the present study did not measure the amount of
food ingested daily, there is no evidence at present to reject or support whether that
N. annamensis prioritizes protein and allows levels of other nutrients to fluctuate. However,
the results from the present study do shed light on the diet of this species. N. annamensis
consumed more food items with high concentrations of TNC, and few foods chosen were
high in protein. This prioritisation of TNC makes sense, considering the fact that TNC is
commonly found in fleshy fruit, and is a good source for energy (Barton & Whiten 1994). A
long-term study on food selection by N. annamensis as well as a specific study on the
nutritional value of insects consumed by this species should be undertaken to further

elucidate the feeding habits of this species.

The studied group of N. annamensis spent most of the time feeding on fruit, which
provide good sources for carbohydrate that contribute more than 40% of the metabolizable
energy in primates’ diets (NRC 2003). In addition, they also spent time feeding on young
leaves, which are also good sources for protein. These information indicate that this group of
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N. annamensis selected high quality food sources over lower quality food items, and of the
five nutritional models described above, this food selection may best support the energy

maximization theory (Schoener 1971).

Plant cell walls generally cannot be brokendown by animals with simple stomachs
(Milton 1999), and this may explain why some primates select food items with low
concentrations of fibre (Davies et al. 1988; Barton & Whiten 1994; Hanya & Bernard 2015).
The results of the present study indicate that similar levels of all fibres (NDF, ADF, and
ADL) were found in the different plant tissues consumed by this group of gibbons. As a
consequence, the current results suggest that N. annamensis does not limit its fibre intake.
This result differed from other studies in that fruit generally contains lower fibre content than
leaves (Oates et al. 1980; Felton et al. 2009c; Behie & Pavelka 2012a). This may due to the
fact that the ingestion of seeds and tough skin with fruits increased their fibre concentration.
However, future studies on the nutritional composition of unselected food items should be
conducted in order to understand whether those non-food plants have higher concentrations
of fibre than selected foods.

Some plants have evolved a wide range of secondary metabolites to avoid
consumption by herbivores (Wittstock et al. 2004; Rosenthal & Berenbaum 2012). Plants
containing secondary compounds are often bitter and even toxic (Acamovic & Brooker
2005), so most primates avoid food items with high concentrations of these compounds
(Glander 1982; Barton & Whiten 1994). This study measured only one type of secondary
compound, condensed tannins, in each plant sample, and the result indicates that more than
30% of plant tissues consumed by N. annamensis contained condensed tannins, particularly
flowers. Condensed tannins consumed by animals may have both negative and positive
effects (Rothman et al. 2006). Food items containing this compound may have reduced
nutritional quality, decreased digestibility, and reduced palatability (Reed 1995), but tannins
also contribute to protection from intestinal parasites, pathogenic bacteria and fungi (Chung
et al. 1998; Min & Hart 2003). Primates may even deliberately consume foods containing
condensed tannins for self-medication (Barton & Whiten 1994; Carrai et al. 2003). As food
items consumed by N. annamensis still contained condensed tannins, this study has no
evidence that gibbons avoid foods containing these secondary compounds. More studies are
need to link the consumption of secondary compounds to parasite infections, and compare

these compounds between food and non-food items.
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To ensure continued survival and reproductive success, animals need to balance
nutritional intakes from the food that they eat (Whiten et al. 1991; Raubenheimer & Simpson
1997). Although some primate species prefer young leaves (Barton & Whiten 1994; Carrai et
al. 2003), which have high levels of protein (Felton et al. 2009¢; Rothman et al. 2011; Hanya
& Bernard 2015), they may need to consume fruit, seeds or insects to balance their nutritional
requirements (Whiten et al. 1991; Borah et al. 2014; Rothman et al. 2014; Hanya & Bernard
2015). The present study demonstrates that N. annamensis individuals did not change the
time they spent time feeding food items depending on either their availability or their
nutritional composition. The group of N. annamensis spent more time feeding on flowers
when they became available. This may be because flowers contained significant levels of
nutrients and minerals (Rop et al. 2012) that are required by N. annamensis.

The knowledge from this thesis may help a long-term conservation of N. annamensis.
This study suggests that key food plant species, I. umbellulata, Ficus. sp, L. elegans,
G. oliveri, W. edulis, and M. elliptica should receive additional protection. Total non-
structural carbohydrates are generally gained from fresh fruit, and they are an important
dietary component for this species of gibbon. Young leaves provide good sources for protein.
Therefore this thesis has assisted both wild and captive conservation programs for northern
yellow-cheeked crested gibbons as well as augmenting behavioural ecological knowledge for

this recently discovered species.
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4.3 Implications for conservation

Although the northern yellow-cheeked crested gibbon (N. annamensis) has not yet
been listed in the IUCN Red List, it is likely to be listed as Endangered as it faces similar
threats to other gibbons (Thinh et al. 2010). This species plays a crucial role in seed dispersal
(Frechette 2014), which maintains forest structure. Reducing the population of this gibbon
species may therefore alter forest ecosystems (Nufiez-lturri & Howe 2007). Consequently,
scientific knowledge is urgently needed for a long-term conservation program of this gibbon
species to be successful.

4.3.1 Food plant selection

While most of the plant species selected for food by N. annamensis in this study are
currently not targeted for commercial timber collection in the VSSPCA, two of the top 10
food species, D. alatus and D. cochinchinensis, are targeted for logging (pers. comm. from
local villagers). The Dipterocarpaceae are both ecologically and commercially valuable
(Appanah & Turnbull 1998; Bunyavejchewin et al. 2003), and their wood dominates
international tropical timber markets (Whitmore & Burnham 1975). The combination of high
demand for house construction (Schmidt & Nguyen 2005) and unsustainable timber
collection practices have now rendered most dipterocarps under threat (Appanah & Turnbull
1998). Although other plant species selected by N. annamensis are not commonly collected
for construction, local people collect some species including G. oliveri, M. elliptica and
W. edulisfor daily consumption (pers. comm. from local villagers). For example, local
communities in Ratanakiri province collect stems of W. edulisfor traditional medicine, and
their fruits for sale and household consumption (Laval et al. 2011). There is no actual
inventory of plant species in the VSSPCA area yet, however, the relative densities of those
selected plants are very low inside the home range of the study group of N. annamensis. This
indicates that special protection is needed to ensure that these important food plant species

are sufficiently protected to sustain the survival of this group of gibbons.
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4.3.2 lllegal logging and hunting pressure in the VSSPCA

In the last decade, the VSSPCA has been protected by the cooperation of the Forestry
Administration, the Cambodian government, and the non-profit organization Conservation
International. Consequently, although valuable trees have been cut down from other
locations, this area still contains relatively large numbers of most commercially logged plant
species (pers. observation). Unfortunately, large plants in the VSSPCA are now being
targeted for timber collection (pers. comm. from local villagers). Should larger trees decline
in number as a result of this logging, there is a risk that smaller trees will then be targeted as
they become economically viable (Sasaki 2006), with associated declines in habitat quality
and food availability for N. annamensis. During the study period, illegal logging was
occasionally observed inside the home range of the study group, and frequency was observed
around VSSPCA. While these logged trees were not gibbon food plant species, these
activities may negatively impact the behaviour of N. annamensis. In addition, previous work
has found that N. annamensis rely on large and tall trees for calling and sleeping, and if
logging target those tree species, the gibbon group may suffer (Nelson 2014). Other studies
indicate that some gibbons are being targeted for poaching (Geissmann 2007; Phoonjampa &
Brockelman 2008; Malone et al. 2014), although gibbons at the VSSPCA have a low rate of
hunting, and just recently the hunting of a gibbon has been confirmed (pers. comm. from
villagers). In addition, local people hunt other primates and animals for food and traditional
medicines (Hill 2011). Lorises are the most common hunted primates for traditional medicine
(Pollard et al. 2007; Starr et al. 2010; Hill 2011), while gibbons are likely live-caught and
kept as pets (Johnson et al. 2005; Pollard et al. 2007). Considerably, hunting may not the
main threat to gibbons at the study site; instead, illegal logging and deforestation are of

considerable concern for the conservation of this species and its habitat.

4.3.3 Possibility of captive breeding

Captive breeding of animals has become a popular method for conservation,
particularly for endangered species (Philippart 1995; McPhee 2004). After being bred in
zoos, animals are trained to find food, then released or reintroduced into their natural habitats
(Beck et al. 1994). This method has prevented the extinction of some species (Ebenhard
1995; Fraser 2008). The endangered white-handed gibbon (H. lar) became locally extinct in

Phuket Island, Thailand, but eight families (30 individuals) have been introduced to the island
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(Osterberg et al. 2014). After 10 years, over half of the reintroduced populations have
survived (Osterberg et al. 2015).

Captive breeding, when combined with reintroductions, is an important tool for
conserving threatened populations. However, in order to maintain successful captive breeding
programs, the correct food must be provided to captive individuals. Ascertaining the correct
type, amount, and nutritional composition of food is a priority, especially for species that
have never been captive before. Currently, knowledge of ideal food and nutritional regimes
for captive gibbons is limited, and even more so for crested gibbons (NRC 2003). During the
study period, a baby N. annamensis was rescued (Appendix 3, Figure 1) and sent to the
Phnom Tamao Wildlife Recuse Centre (Appendix 3, Figure 2). This incident provides further
motivation to develop a feeding regime for this species from observations gathered over the
course of the current study. If there are any chances for captive breeding of N. annamensis,
this study suggests that food items provided to this species should include a majority of fruit,
supplemented with young leaves from M. duperreana, L. elegans, and Vor Krovanh.
Although this study would suggest insects are also another alternative food items for this
gibbon species, future study is needed to clarify which insect species are targeted and what

nutritional values they contain.
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4.4 Conclusions

Individuals in the study group of N. annamensis (group A) each spent similar amounts
of time on each activity. All group members spent most of the time resting, with the
remainder of the activity budget spent on feeding, travelling, and socializing, in that order.
N. annamensis individuals observed in the present study selected almost 40 trees and lianas
for their food sources, but predominately fed on only 16 species. The relative density of most
of these preferentially selected species was very low, although some of those plants produced
a large quantity of fruit, and as N. annamensis is predominately frugivorous, such fruit-

bearing plants could be expected to contribute significantly to its sources of food.

Fruit was the main diet for this gibbon species, with alternative food items including
young leaves, flowers, mature leaves, and insects. The gibbons spent more time feeding on
flowers when they became available, indicating a switch in diet and an active preference for
flowers. However, no relationships were found between feeding times and the availability of
fruit or young leaves. Fruit consumed by N. annamensis had high concentrations of TNC and
lipids, while young leaves had high level of protein, and mature leaves had a high water
content. Condensed tannins were more present in flowers consumed by this gibbon species
than in fruit, mature leaves or young leaves. All plant tissues had similar amount of fibre
(NDF, ADF, and ADL). A RMT reveals that most food items selected by this group of
gibbons had high levels of TNC, while a few plant species had high concentrations of protein,

and all food items were low in lipids.

The findings of this thesis contribute to long-term conservation programs for northern
yellow-cheeked crested gibbons (N. annamensis) both in the wild and captivity. The key
plant species selected by the study group of N. annamensis, in particularly 1. umbellulata,
Ficus. sp, L. elegans, G. oliveri, M. duperreana and W. edulis, should have additional
protection. Selective logging of food plant species should be avoided because reduced food
availability is likely to affect the population size of primates (Plumptre & Reynolds 1994;
Chapman et al. 2000; Thompson & Wrangham 2008; Duarte et al. 2011). Introduction
programs for N. annamensis should ensure that these plant species grow in the rehabilitation
site. Knowledge of food items that should be provided for captive breeding for N. annamensis
is sparse, however, this study suggests that food should include fruit and young leaves

because fruit provide good sources for TNC, and young leaves provide protein.
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4.5 Limitations

Safety is the main concern when collecting data at the field, so experienced local
assistants were needed for this study. Daily data collection was impractical and therefore
focal observations were performed two to five days per week. Also, on occasion, the gibbon
group could not be found. The level of plant diversity in VSSPCA is very high and it was
difficult to identify all species. In some cases even local names for some species were not
known and these were labelled as unknown.

It would have been preferable for the phenological data to be collected inside the 20
vegetation plots, not along the transect lines as the trees and lianas inside the 20 vegetation
plots are more evenly distributed than the trees and lianas along the transect lines. However,
time constraints at the beginning of the data collection period meant that phenological data
was collected from the transect lines, which had been set up inside the home range of the
gibbon study group by the team from Forestry Administration and Conservation
International.

Not all food items that this group of gibbons consumed were collected for nutritional
analysis. This was due to the difficulty of collecting plant samples from large and tall trees.
Moreover, other trees produced a small amount of young leaves or flowers, and there were
not enough remaining for sample collection. The study period was only three months
(January to early April 2015), so | cannot generalize that plant species selected by this group
of gibbons are the only important feeding plant species year-round. Ideally, the study should

continue for at least one year, but this is clearly beyond the scope of this thesis.
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4.6 Future directions

This thesis investigated food selection by a group of N. annamensis in northern
Cambodia, and the aim of this thesis was to contribute to a long-term conservation program
for this particular species. Throughout the course of this research, new interesting research
questions have been suggested. The answers to these questions will be important for the long-
term conservation for this gibbon species and will extend the findings of this study.

It is likely that logging inside the home range of this group of gibbons may influence
the behavioural ecology of this species, as it does for other primates (Pontes & Soares 2005;
Hardus et al. 2012). Future studies should examine the impact of illegal logging and how it
overlaps with food plants as well as determining whether noise pollution from chainsaws
influences activity budgets of N. annamensis. More importantly, this group of gibbons has
been habituated to humans, with the main goal of attracting tourists to visit the site. Increased
numbers of tourists influence animal ecological behaviours, leading to stress (Wells 2005;
Behie et al. 2010), and may expose them to human diseases (Woodford et al. 2002; Malone
et al. 2010). Future studies should compare the level of stress and contamination of human
diseases between a group of gibbons visited by tourists and a non-visited group. Such of the
study (the level of stress) is set to commence in 2016 (Behie pers. comm.).

This study indicated that most food items consumed by this gibbon species were high
in TNC, so it did not show that primates maximize protein intake as for other primates
(Felton et al. 2009b; Johnson et al. 2013). However, since some gibbons and other apes may
gain protein by consuming insects rather plant tissues (Chivers 1998; Borah et al. 2014;
Rothman et al. 2014), future studies should consider collecting and identifying insects
consumed by this gibbon species for nutritional analyses. The results from this type of study
would improve our understanding of the food requirements for this gibbon species in captive

breeding.

Due to limited time of the research, this study was conducted only on one group of
gibbons, and compared diet selection only between group members, and was only conducted
in the dry season. However, food and nutritional selection by primates may be different
among groups, age, and sex classes (Rothman et al. 2008b). Future studies should compare
food selection in a larger sample of groups over a whole year to see how these current results

compare.
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To give a good recommendation for gibbons in captive breeding, knowing food items
and their nutritional values may not enough. Most living organisms including animals and
plants require minerals as structural components of organs and tissues (NRC 2003). Future
studies should not only collect plants for analysing nutritional compositions, but minerals

should be considered.
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Appendix

Appendix 1: Social activities

Social activities were categorised as:

1. Calling was recorded whenever the sound of each gibbon was heard. The sound from
each individual was different, and was easily recognized.

2. Copulation was recorded whenever the adult male and female showed sexual
interaction.

3. Grooming was recorded whenever the focal animal was observed grooming another.

4. Playing was recorded whenever the focal animal was observed playing within the

group members.
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Appendix 2: Logging activities and food items

o

Figure 1a: A fresh remaining of an illegal logged tree (unidentified species) along the way to Veun
Sai-Siem Pang Conservation Area (VSSPCA), northern Cambodia.
Photo: Naven Hon

Figure 1b: Another sign of illegal logging in Veun Sai-Siem Pang Conservation Area (VSSPCA),
northern Cambodia.
Photo: Naven Hon
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Figure 2: Unidentified insect larva eaten by the gibbons
Photo: Naven Hon
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Figure 3: The adult female gibbon using her hand to get water from the cavity in the tree hole.
Photo: Naven Hon
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Figure 4: A seed, was spat out after its flesh, was consumed by gibbons
Photo: Naven Hon
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Figure 5: Unripe fruit of 1. umbellulata
Photo: Naven Hon
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Figure 6: Mature fruit of A. grandis and its tree, which bears some of fruits during the study periods.
Photo: Naven Hon

Figure 7: Leavesof large epiphyte, which were chewed and sucked by N. annamensis
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Photo: Naven Hon

Figure 8: The remaining ripe fruit of W. edulis consumed the study group of N. annamensis, and green
fruitof the same liana species, but was not consumed by this group of gibbons.

Photo: Naven Hon

Figure 9: Young leaves of M. duperreana were collected for samples analyses and consumed by the
study group of N. annamensis, this tree species provides a good source for protein.

Photo: Naven Hon
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Appendix 3: Rescues of baby northern yellow-cheeked crested gibbons (N. annamensis)

Figure 1: A baby northern yellow-cheeked crested gibbon (Nomacus annamensis) was found alone in
the jungle then brought to the base camp, fed with human formula milk. It does not belong to the
study group of gibbons.

Photo: N. Hon and Sy sovath.
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Figure 2: A law enforcement team (Forestry Administration official and military police, cooperated
with Conservation International) at Veun Sai-Siem Pang Conservation Area, and MSc student from
Victor University of Wellington handed baby N. annamensis to a Forestry Administration officialand
the military police from Wildlife Alliance. These officials transferred the baby to the Phnom Tamao
Wildlife Recuse Centre.
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Photo: Puthy Kong

Appendix 4: Statistical pairwise comparison

Table 1: Results of Mann-Whitney U testscomparing each individual gibbon’s activities

Gibbons Pair activities z U Pvalue
Feeding and Resting -1.32 32 0.18
Feeding and Travelling 3.43 4 0.0005
Adult Feeding and social activities 3.74 0 0.0001
female Resting and Travelling 3.66 1 0.0001
Resting and social activities 3.74 0 0.0001
Travelling and social activities 3.74 0 0.0001
Feeding and Resting 0.18 47 0.84
Feeding and Travelling 3.06 9 0.002
Adult male Feed_ing and social a_ctivities 3.74 0 0.0001
Resting and Travelling 3.36 5 0.0007
Resting and social activities 3.74 0 0.0001
Travelling and social activities 3.74 0 0.0001
Feeding and Resting -1.77 26 0.07
Feeding and Travelling 1.85 25 0.06
Sub-adult  Feeding and social activities 3.74 0 0.0001
male Resting and Travelling 3.28 6 0.001
Resting and social activities 3.74 0 0.0001
Travelling and social activities 3.74 0 0.0001
Feeding and Resting 0.34 45 0.72
Feeding and Travelling -2.49 14 0.01
Juvenile Feeding and social activities 3.66 1 0.0002
male Resting and Travelling 2.75 13 0.0005
Resting and social activities 3.66 1 0.0002
Travelling and social activities 3.21 7 0.001
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Table 2: Results of Mann-Whitney U tests comparingeach individual gibbon’s food choices

Gibbons Pair activities YA U Pvalue
Fruit and young leaves 2.81 2 0.004
Fruit and Flowers 2.51 5 0.01
Adult Fruit and Mature leaves 2.82 8 0.004
female Young leaves and Flowers 1.20 335 0.22
Young leaves and mature leaves 2.26 19.5 0.02
Flowers and mature leaves 0.83 38.5 0.4
Fruit and young leaves 2.88 4 0.003
Fruit and Flowers 3.30 0 0.0009
Adult male Fruit and Mature leaves 3.09 2 0.001
Young leaves and Flowers 1.62 28 0.10
Young leaves and mature leaves 2.30 19 0.02
Flowers and mature leaves 0.34 45 0.72
Fruit and young leaves 2.72 135 0.006
Fruit and Flowers 2.72 135 0.006
Sub-adult  Fruit and Mature leaves 3.32 5.5 0.0008
male Young leaves and Flowers 0.68 40.5 0.49
Young leaves and mature leaves 2.49 16.5 0.01
Flowers and mature leaves 1.58 28.5 0.11
Juvenile Fruit and young leaves 2.83 12 0.004
Fruit and Flowers 3.43 4 0.0009
Fruit and Mature leaves 3.74 0 0.0001
Young leaves and Flowers 2.03 23 0.04
Young leaves and mature leaves 2.91 11 0.003
Flowers and mature leaves 1.24 33 0.21
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