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SUMMARY

The Sanje mangabey Gercocebus sanjeiis a primate species that is endemic to the Udzungwa
Mountains, Tanzania. The species is classified as Endangered due to its putatively declining population
size, limited habitat extent, and habitat fragmentation. The species is divided into two populatis: one
isolated to the Mwanihana forest fragment in the Udzungwa Mountains Nation&ark, and one to the
Uzungwa Scarp Nature Reserve forest. The population in Mwanihana is wpitbtected under National
Park regulations, however the Uzungwa Scarp is cadgrably lesser protected under Nature Reserve
regulations. The Sanje mangabey was described in 1979 and studies have been conducted to increase
our understanding of the species since, but many knowledge gaps remain. This thesis aimed to address
the priority gaps in our understanding to inform conservation action planning. This included
conducting the first systematic population survey for the species, and to investigate the genetic
diversity and structure of the two populations. Additionally, it has been mviously argued whether the
Sanje mangabey should be considered at species or subspeci€s @aleritus sanj@ilevel due to its
behavioural similarities to other central/east African Cercocebusnangabeys. Firstly, we developed a
novel acoustic surveymethod for systematically and more effectively surveying the Sanje mangahbey
We estimated the total population size to be 3,167 individualg§95% CI. 2,1814,596) and found a
significantly lower group density in the Uzungwa Scarp forest than Mwanihana. Secondlye estimated
the phylogenetic history of the species and unexpectedly found the Sanje mangabey to be an
evolutionarily distinct lineage from other Cercocebusmangabeys, diverging 2.17 MYA. Further
unexpected results from this study vas the designaton of the two populations as evolutionarily
significant units, having diverged 0.71 MYA. Thirdly, we investigated the phylogeographic structure of
the two populations using mitochondrial DNA and found the populations to be significantly
differentiated. Further, an ecological niche model combined with a study of the demographic history of
each population revealed the populations to have remained stable in recent history, reflective of the
environmental stability of the montane forests in the Udzungwa MountainsFinally, combinng life
history data with estimated threats to viability for the Sanje mangabey, we estimated loss of habitat to
be the greatest threat to each population and therefore conservation recommendations were made
based on these results. The salts of this thesis will be used to inform conservationrmanagement
development for the Sanje mangabey within the Mangadrill Conservation Action Plan, with priority
placed on the need to increase protection of the evolutiondy significant population in the Uzungwa

Scarpforest.
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UdZUNGWA MOUNTAINS.....uuuutiiiiiiie s e e e e eeeeevees s eemmmmmms s s esseeeeeeesemmmmmmmmssssssssssssssssmmmmmmmms s eeeeeeeeesesssn Dun,
Figure 4.7. Estimated probability of habitat suitability for the Sanje mangabey Cercocebus sanjei
within the Udzungwa Mountains during the Last Glacial Maximum (~22,000 YA) across a) Tanzania and
D) the UdZUuNgWa MOUNTAINS........ccueiiiiiiii e mmemmmme e e e e mmmmmmmms e e e e e e e e e e s smmmmmmnns s e e o DO
Figure 4.8. Estimated probabiity of habitat suitability for the Sanje mangabey Cercocebus sanjei
within the Udzungwa Mountains during the Last Interglacial period (~120,00Q; 140,000 YA) across a)
Tanzania and b) the Udzungwa MOUNTAINS..............uuuiiiiiimrrce s e mmmemeemee e e e e oo Db
Figure 5.1. A snae found and removed in the northern region of Mwanihana forest, Udzungwa
Mountains National Park, during a population survey of the Sanje mangabey (Paddoskal. 2020).
There was clear, fresh disturbance of the ground around the tree, suggesting a largammal had been
trapped but managed to escape. Photo credit: C. L. Paddack................uvvecccciiiiiiiineiniiiccceee... 104
Figure 5.2. A map of the Uzungwa Mountains, Tanzania, with the forests in which the Sanje mangabey

(Cercocebus sanjepopulations are found: Mwanihana(north -east; green) and Uzungwa Scarp (south
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west; yellow). The presence locations used in the Ecological Niche Model in this study are shown
(DrowWN triANGIES). ...t e s mmmmmnnr e e e e e e e e e e e e e s smmmmek 0D
Figure 5.3. Current estimated predicted probability presence for tle Sanje mangabey Gercocebus
sanjel) within the Udzungwa Mountains region in southcentral Tanzania. Ecological Niche Modelling
was performed using a Maximum Entropy Model in Maxent with a minimum training presence
threshold, therefore a value of O (blueyepresents absence and 1 representing the highest probability of
LTS 3 o] P POUPPPP £
Figure 5.4. Sensitivity testing for the mortality rates used for different age and sex classes for a test
model population of the Sanje mangabey of 50@dividuals and a carrying capacity of 1000 individuals,
for 1000 iterations. The sensitivity tests used the baseline values (0%) compared to an increase in
mortality by 10% and 20%, and a decrease in mortality byl0% and-20%..................c.ceeveeeeeeeemnnnn. 119
Figure 5.5. Baseline scenario for the Sanje mangabey (metapopulation: blue) and its two populations in
the Udzungwa Mountains, Tanzania: Mwanihana (green), Uzungwa Scarp (orange). The solid line
represents the mean average and thergy shaded area indicates the standard deviation................ 120
Figure 5.6. Modelling the impact on number of extant individuals of varying extinction pressures
estimated for each population of the Sanje mangabey in a) Mwanihana and b) Uzumag8carp over 100
years from the current estimated scenario. With loss of carrying capacity, the populations show
deterministic declines with the yearly loss. The solid line represents the mean average and the grey
shading shows the standard deViation...............cooo i ccccceeee i vmmmmmmmmr e e e e e e e e e e s smmeeememre e sennn s L2 20
Figure 5.7. Predicted life history parameter change: a) extant individuals, b) stochastic growth rate, c)
heterozygosity, d) number of alleles, over the next 100 years for the Sanje mangab€gicocebus sanjei
with no intervention and estimated current conditions continue. The solid line represents the mean

average and the grey shading shows the standard deviation....................ceeeeeemiciieeeeee e e e s cmmmcceeee.. .. 123

12



ACKNOWLEDGEMENTS

Firstly, | would like to thank my supervisors for their incredible support throughout the last 4.5
years of my thesis. To Mike, thank you for your help and support throughout. | have learnt so much
from you, from my undergraduate final year project throughto completing this thesis. | always knew
you were available at the end of an email for questions big and small, and made the whole experience
enjoyable. To Grainne, thank you for ajjour support z especiallythe hard work that went into setting
me up inTanzania and for setting up in the Uzungwa Scarp at that difficult time. An additional thanks to
David Fernandez for his support on my first pilot trip to Tanzania and offering up his Sanje mangabey
expertise to help develop the different chapters followig that. The work you both do supporting the
team in the Udzungwas is so inspiringl aspire to being able to work towards a career in conservation
that has learnt from that brilliant experience. To Joana, your support throughout my PhD has been
incredible and | have learnt so much from working with you. Thank you for the massive commitment
ur 6 1 AAA OF OOPDPI OOET ¢ AT A OOI OAT AGET T OET ¢ OEA 1A
you for the added opportunities and experience you provided to me, siting Portugal and collaborating
with your team and students. | always looked forward to our meetings when we could always find a
way to laugh at the success and the hopelessness of the work equally. You are all a great inspiration to
me, and | will lookbackat the memories of this time with great joy because of you all.

Throughout my PhD | have met, worked withand made friends with an incredible group of
people. Thank you to everyone in the MolEcol group, | have loved my time here and | will miss yau a
everything very much. Thank you to IseRita for our hour long daily morning catchup over
coffee/rooibos, Isa Pais for always lending a helping hand and being the primate pal in the office, Nia for
all our chats attempts at scraping together a journatlub and for being my final deadline buddy Becca
Al O OEA )T OOACOAI AOAAOQEOA 11T O0A AT A £ O Ul 00 AAAC
our wonderful morning natter, Alex for our simultaneous cat/dog/wedding journeys and chats, Lorna
for being a great partnerin-crime mocking Daniel, Max for equally appreciating and mocking my music
taste in the last days in the lab, Kat, Nina, Clare, Ali, Ellen, and Anya for being a great company in the
lockdown lab, and finally to Josie, Sophidjaf, ulanma, and Sarah for being wonderful officemates. Also
thank you to Ivo and Filipa for being great company when | visited Portugal, trying to make any sense of
the ddRAD project, and at the different primatology conferences we got to meet up at.

Extra special love has to go to Daniel and Jody. Thank you for all of your support and loving
insults, and providing all the entertainment, rants and laughs. | have made two brilliant friends during
OEEO DPOT AAGO AT A )d11 AA OAvhwonderful offide cofndr. | AddnbtvanOT A A
to be too nice here, that would be just gross.

To Mom and Dad, you always did everything you could to support me throughout school and

into university and | am forever grateful for that. Our many adventures, dog vikes, and trips to the

13



zoos/farm parks built my passion for nature and the outdoors, and | thank you for that as it has led me
to the work | love today. To Charlotte and Matty, thank you for being the wonderful sibling/siblingn-
law that you are and your sipport, and for all the smiles your amazing Gracie/Diggle/Toby/Zeus
updates bring.

To Ali and my wonderful family: Yoda, Groot, Tyrion, Olaf, Gordon, Rocket and Eva. Thank you
for putting up with the cabin fever madness that came from the long workdays. 8viding support
where you could, such as knowing if | showed you a gel picture with my signature faint squiggles on it
0l AA EAPPUR AT A xEAT ) OAEA OIi U CcAl xAO AipoOUbA
am so proud of you and evenfting you have achieved, and so thankful for all of your support that made
all of this possible. | love you all dearly.

Finally, my greatest thanks go to the Sanje Mangabey Project team: Yahaya, Babu, Bakari, and
Saidi, the team of porters, and the rangefsom the National Park. Without this team there would have
been no project. Thank you for putting up with my single word Swahili efforts and my terrible 4x4
driving. Further thanks for their amazing support in the field season go to Arafat Mtui and Herman
Lyatuu. Thank you all for your amazing support and incredibly hard work throughout the field season,

especially the extra effort in the Uzungwa Scarp. | send my love to you all, thank you.

Go well.

Cheers

14



CHAPTER ONE

General Introduction

Christina Lynette Paddock 1.2

1School of Biosciences, Cardiff University, Cardiff, United Kingdom
2Bristol Zoological Society, Bristol, Avon, United Kingdom



General Introduction

Non-human primates (hereafter, primates) are currently facing an extinction crisis, with an estimated
60% listed as threatened by extinction and an estimated 75% with a declining population siEstrada

et al. 2017). The major conservation threats to primates have been asdated with the rapidly
ET ACAAOGET ¢ EOI AT DPipOl ACEIT OETAA OEA pwumdO 1 AA
natural resources, resulting in habitat loss and degradation. Between 20€017, forest loss in the four
regions in which primates are fourm; Neotropics, Africa, south Asia and southeast Asia, was an
estimated 178.8 million ha at a rate of 10.52 million ha/yeafEstradaet al.2019). An estimated 76% of
primate species are thr@tened by habitat loss for agriculture, 60% for logging and 31% for livestock
farming, an estimated 60% are threatened by hunting (including for bushmeat, pet trade and conflict),
and 2-13% threatened by other habitat altering activities such as road/railconstruction, drilling for oil
and gas, and minindEstradaet al.2017).

1.1. Sanje mangabey (Cercocebus sanje)

The Sanje mangabeyercocebus sanjeFigure 1.1) is a primate species endemic to the Udzungwa
Mountains, southcentral Tanzania. They were first described in 1979 bidomewood & Rodgers (1981)

The mangbey is a mediumsized primate with a long tail, fawncoloured pelage, pale pinkish face, grey

muzzle and eyelids lighter than the colour of the face. Following results from lortgrm primate surveys
throughout all forest blocks in the Udzungwa MountaingRovero et al. 2012; Roveroet al. 2006), the

Sanje mangabey has been found only to be present in twsblated forest blocks: Mwanihana forest in

the Udzungwa Mountains National Park (UMNP), and the Uzungwa Scarp Nature Reserve forest,
limiting the species to <500knt habitat (Figure 1.2).

Since its description, the Sanje mangabey has been studied to increase our understanding about its
ecology (Ehardt et al. 2005; McCabe and Thompson 2013; Fernandegt al. 2014) and current
conservation status(Dinesen et al. 2001; Ehardt et al. 2005; Roveroet al. 2006; Rovero et al. 2012;

McCabeet al.2019). Since 1994, the Sanje Mangabey Project has focused on the need for researching
OEA OPAAEAOGSE AAI T COAPEEAO O EAI b B&drm dodidihEXOET C ¢
habituated group in Mwanihana(Ehardt et al. 2005; Fernandez, Ehardtget al. 2019; Fernandezet al.

2014)8 (1 xAOAOh 1T ATU AOPAAOO 1T £ OEA OPAAEAOGS AEI T T CC

1.1.1. Population Size

Homewood and Rodgers (1981first estimated the population size from random census walks in only a

small area of Mwanihana forest, estimating 1,809 3,000 individuals. In 2005, the first rece surveys of
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Figure 1.1. An adult Sanje mangabeyGercocebus sanjeindividual in Mwanihana forest, Udzungwa
Mountains. Photo credit: C. L. Paddock
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Figure 1.2. A map of the forest blocks within the Udzungwa Mountains, Tanzania, with the two fore:
blocks in which the Sanje mangabeyQercocebus sanjeis found: Mwanihana, situated in the north
east within the Udzungwa Mountains N&onal Park boundary, and Uzungwa Scarp, situated in th
south-west and the boundary of this forest representing the Uzungwa Scarp Nature Reserve.
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the Sanje mangabey estimated <1,500 individuals remaining across the two forests, with predictions of
only 40% of the population within the larger Uzungwa Scarp fores{Ehardt et al. 2005). From these
estimates byEhardt et al. (2005), Rovero et al. (2009) adjusted these values to account for a greater
average group size, estimated from studies of habituated groups, estimating 2,89@,500 individuals

across the two populations, likely the most accurate estimate of population size thus far.

The Sanje mangabey has been included in lotgrm multi -speciesprimate surveys in the Udzungwa
Mountains but often, due to their elusive behaviour and the difficulty to detect groups, were not sighted
or thought to be underestimated in the results because of thigRovero et al. 2006; Roveroet al. 2012;
Rovero and Struhsaker 2007) A study of elevational gradient preferences in Mwanihana forest for the
Udzungwa red colobus Piliocolobus gordonorun Angolan colobus Colobusangolensis palliatel
3UEAOSH ICérdogittfecs ritls and the Sanje mangabey, only made 5 sightings of mangabey
COi 6PO j1 060 1T &£ ppx O1 OAl OECEOEIT CO 1T £ DPOEI AOGAOQH
(Barelli et al. 2014). These sightings were made in submontane and montane regions of Mwanihana
forest, with no sightings in lowland regions, which the authors suggested may be attributed to a historic
and current avoidance of the greater human disturbance found at lower elevation®.g., timber and
pole cutting; Barelli et al.2014). The accuracy of the population sizeséimates for the Sanje mangabey
is unknown, therefore a systematic survey of the species across its full distribution, with a method

appropriate for the species, is required.
1.1.1. Ecology

Sanje mangabey groups are muhlinale/multi -female with approximately five adult males within a

group of 40-60 individuals (Roveroet al.2009). Females are philopatric in behaviour and solitary males

have been observed previouslyEhardt et a. 2005). Group home ranges have been observed to cover 4

6km?2 annually and these ranges can overlap with up to three other conspecific groupEhardt et al.

2005)8 #1171 &£l EAO AAOxAAT CcOI OPO EO EI £ZOANOGAT @h ARl ABO,
vocalisation to communicate the location of the group to otherg¢Ehardt et al. 2005). The daily home

range is estimated to be 200ha(Ehardt et al. 2005) but is thought to vary depending on food
availability. Additionally, the home range has been observed to overlap with three species of diurnal
primate; the Udzungwa red colobusplack-and-x EEOA AT 11T AOOh Al @Eha@ttelal.,3 UEAC
2005). The Sanje mangabey is flexible in habitat choice and home range habitats include both primary

and secondary forest. The species has been found at a wide range of altitudes from-3800m a.s.l. in

both mosaic habitats and dense, moist forestHomewood and Rodgers 1981FEhardt et al. 2005;
Dinesenet al.2001; Roveroet al.2009).
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Sanje mangabeys are primarily frugivorous and are thought to choose habitat based on the availability
of seasonal fruits, but have a flexible omnivorous diet that also incorporates seedsyantebrates, fungi
and flowers, among others(Ehardt and Butynski 2013). They are considered semterrestrial when
foraging, spending approximately 50% of their time on the floor but will spend the remaining time
using resources from across all levels of the foreqiEhardt et al., 2005; 2013) Groups are most
abundant in mid-altitude, semideciduous and mature evergreen forests with a camy height of 40
50m, although reports have included individuals at lower altitudes (306600m), in secondary and
BrachystegiagO D D8 x1 1 Al ATERardj abd BhtynkkA2D13)N

1.1.2. Evolutionary h istory

The Sanje mangabey is classified as@ercocebusnangabey; part of the Cercopithecidae family and
Papionini tribe, however no museum specimen or holotype is availabléEhardt and Butynski 2013).
The taxon is recognised as monotypiby the International Union for Conservation of Nature(IUCN;
McCabeet al.2019) and some previous studiegKingdon 1997; Groves 2001; Groves 2005; Eharét al.
2008). However, it has also been described as a subspecies of the Tana River maeygéasC. galeritus
sanjei Homewood and Rodgers 1981; Grubket al. 2003; Ehardt et al. 2008). Debate continues on the
species status of the Sanje mangabey and whether it is monotypic, requiring morphological and genetic

confirmation.

Ancestral Cercocebugnangabeys are thought to have dispersed across the central latitudes of Africa,
speciating when populations became isolate¢Devreese and Gilbert 2015) The origin of both the Sanje
mangabey and the Kenyan Tana River mangabég. galeritu3 has been previously unknown but both
are hypothesised to have been established after isolation in eastern Africa from a large ancestral
population distributed across central Africa(Devreese and Gilbert 2015)Devreese and Gilbert (2015)
hypothesised that this may be due to a single dispersal event or potentially from separate events to
each of the current locations of the Tana Riveanangabey and the Sanje mangabey. This route would
follow that of Piliocolobus,with ancestral Tana River mangabey populations dispersing via a more
northern route through northern Tanzania or southern Kenya and the Sanje mangabey via a southern
dispersal route, towards and across from the Southern Highlands, Tanzan{®evreese and Gilbert
2015; Ting 2008).

It is thought the historical distribution of the Sanje mangabey would have included lowland forests
between the two current forest blocks(Homewood and Rodgers 1981)Dinesenet al.(2001) reported a

third population in the Ndundulu Forest in the northern region of UMNP, however, no further evidence
has been found of the Sanje mangabey in this region since. The report is believed to have been a

misidentification of the kipunji (Rungwecebus kipunjiEhardt and Butynski 2006) that was later
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described in 2003 (Joneset al. 2005). Currently, it is unknown if or when other populations of Sanje
mangabey may have existed throughout the Udzungwa Mounta and if any of the other forest

fragments are suitable to support a viable Sanje mangabey population.
1.1.3. Habitat: Udzungwa Mountains, Tanzania

The Udzungwa Mountains is a mountain range in soutbentral Tanzania Figure 1.2) that consists of
fragmented forest cover. The region is part of the Eastern Afromontane biodiversity hotspot due to the
exceptionally high levels of endemism in the regioriMittermeier et al. 2011; Table 1.1.). Myers et al.
(2000) ranked the Eastern Arc Mountains and Coastal Forests of Tanzania and Kenya hotspot as first
out of the 25 hotspots for the number of endemic plants and vertebrate species per unit area. A later
biodiversity hotspot assessment ranked the Eastern Abmontane region to have the second highest
number of endemic higher vertebrate taxa after Madagascar and the Indian Ocean Islands, with 119

endemic species versus 17fMittermeier et al.2011).

Table 1.1. Number of species occurring in and
endemic to the Eastern Afromontane Biodiversity
Hotspot by clasgMittermeier et al.2011).

Class Occurring Endemic
Plants 7598 2356
Birds 1325 110
Reptiles 347 93
Freshwater fishes 893 617
Amphibians 244 75
Mammals 510 52

The Udzungwa Mountains have been considered a primate hotspRovero et al. 2015; Barelli et al.

2015; Cavadaet al. 2016) and a conservation priority (Ruiz-Lopez et al. 2016; Burgesset al. 2007).
Davenport et al. (2014) considered the Udzungwa Mountains the second most important region in

4AT UATEA &£ O AT OAOOAOGETT AO A OOOEIT OEOU O0OEIi AOA
the mountain forests (Table 1.2), including two endangered and endemic species: the Sanje mangabey

and the kipunji (Rungwecebus kipunjiJoneset al.2005).

The Udzungwa Mountains play a crucial role in both the local and national economy, serving as a critical
water source for local people agriculture, and to produce energy by two hydroelectric power stations.
4EAOA ET OOAIT 1 AOCETT O EAOA AAAT AOOEI AGAA O DOl OEA

52.6% of the total energy produced in TanzanigTanzania Forest Conservation Group 2005)The
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forests create a microclimate in the region which contributes to an increase in rainfall whilst forest
cover reduces instances of flooding and soil erosion in the regidiiEhardt et al. 2005). With the fertile
land and extensive agriculture in the region, the Kilombero valley is an attractive place to live, withe

population of the valley growing 3.4%/year (Harrison 2006).

Table 1.2. List of primate species found inthe Udzungwa Mountains,
Tanzania, and their International Union for Conservation of Nature (IUCN
conservation status fittps://www.iucnredlist.org ; correct as of March 2021).
EN = Endangered; VU = VulnerabI®T = Near Threatened; LC = Least Concern.

Common Name Scientific Name Status
Sanje mangabey Cercocebus sanjei EN
Kipunji Rungwecebus kipunji EN
3UEAOGSH 1 11 E/ Cercopithecus mitissp.moloneyi LC
Vervet monkey Cercopithecus aethiops LC
Yellow baboon Papio cynocephalus LC
Udzungwa red colobus Piliocolobus gordonorum VU
Angolan colobus Colobus angolensis palliatus VU
Udzungwa galago Galagoides zanzibaricus udzungwensi NT
Mountain galago Galagoides orinus VU
" OAT 66 © CAI + Galagoides granti LC
Greater galago Otolemur crassicaudatus LC
Smalleared galago Otolemur garnetti LC

The Udzungwa Mountains are the largest mountain range within the Eastern Arc Mountains, estimated
to span an area of 195,321 ha, equal to 48.1% of all forest within the Eastern Arc Mounta{Newmark
and McNeally 2018) Forest blocks within the Udzungwa Mountains range in size from only 12knto
over 500kmz, although most are below 25k (Newmark 1998), and range in elevation from 270 to
2,600m a.s.l.. Historical forest cover studies have estimated that the Udzungwa Mountains have lost
76.9% forest cover at elevations between 200 to 2,640m(Hall et al. 2009). Between the
palaeoecological estimate and the year 2000, forest cover was estimated to have declined from
5,861km2 to 1,354km2 (Hall et al. 2009). The largest rate of forest lost occurred between 1955 and
1975, where 19.7% of the remaining forest cover was lost at a rate of 0.9% loss per year (from 1,745 to
1,402km?2). Between 1975 and 2000, thisate dropped to 0.13% per year(Hall et al.2009).

The UMNP was established in 1992, increasing the legal protection of 1990kwf forest in the north-
east of the Udzungwa Mountains. Mwanihana is a wedlotected forest block within the UMNP,
covering 150.59kn? (7°1 d7°v ¥ 8 3 eBEGL @ SMaf3hall et a. 2010). Since its establishment,
Tanzania National Parks (TANAPA) and World Wildlife Fund (WWF) have worked with local villages
along the boundary to Mwanihana to promote sustainable living and to improve the livelihoods of local

people (WWF Tanzania Programme Office 2007)Mwanihana was previously inhabited with small
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villages throughout the forest, with high logging pressures through the 1960s to 198@slomewood and
Rodgers 1981; Ehardtet al. 2005). Although the forest has the highest protection status avable,
evidence of human disturbance remains, including clearing of land for agriculture and poaching. This is
seemingly more pronounced in the northern region, furthest from the National Park Headquarters

situated in the southern region of the park (Paddok pers. obs.).

The Uzungwa Scarp Nature Reserve is a 314.48kforest block (Marshall et al.2010) in the southrwest

of the Udzungwa Mountains 7’0 wgd7°v p 8 Sthpd8ein¢ 8 %qh OAT CET ¢ AOIllow ¢ wn
levels of law enforcement and policing of the region has led to high human disturbance, with all large
bodied mammals (over 4kg), such as the African elephant.@gxodonta africang, buffalo (Syncerus
caffer) and leopard (Panthera pardu$, being intensively hunted to extinction in the early 1970s for the
bushmeat trade (Rovero and Jones 2012)The loss of these species led to hunters focussing more on
smaller mammals, using snares and pitfall trips. The reserve was upgraded to an IUCN Nature Reserve
status (Category la) from Forest Reserveni 2017 after pressure from conservation groups in the
Udzungwa region. This status aims to reduce human use and visitation to preserve the ecosystem and
species for scientific purposes and for education. Unfortunately, this change has had little impact on
human encroachment in the region and evidence of logging and poaching in the area remains
(Oberosler et al. 2019). When the region was originally listed as a Forest Reseayvinterviews of local
people found only 54% admitted to being aware of the regulations in the region, resulting in intense
logging in comparison to the more protected forests in the Udzungwa MountaindVWF Tanzania
Programme Office 2007)

1.1.4. Conservation of the Sanje Mangabey

The Sanje mangabey has been listed as Endangered by the IUCN Red List since the first published
assessment of the species in 1988McCabe et al. 2019). The most recent assessment in 2019
considered the greatest threats to e species to be deforestation for timber and charcoal, and from
hunting for bushmeat and to remove pestgMcCabeet al. 2019). The population and the extent and
NOAI EOU 1T £ EAAEOAO xAO AT 1 OEAAOAA O1 AA AAAOAAOEI
confirm the population trend (McCabeet al. 2019). The speciess listed under Appendix Il of the
Convention on International Trade in Endangered Species (CITES), suggesting the species would be
threatened with extinction without controlled trade of specimens, and Class B protection by the African

Convention on the Corervation of Nature and Natural Resources.

Major threats to the Sanje mangabey are habitat loss and degradation in the region, especially in the
Uzungwa Scarp, with wood harvesting for timber and charcogMcCabeet al. 2019). Burning of the

forest in the dry season to facilitate hunting, hoay collection or open paths, especially in the higher
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elevations, causes significant damage and forest lofShardt et al. 2005). Previous estimates of human
population size in the region predicted that the birth and immigration rates were contributing to an
annual population increase of 3 to over 10% in different regions of the Udzungwa Mountains (Ehareit
al. 2005). Moreover, may people are attracted to the region because of the good quality agricultural

land and climate, which poses threats to the forest resources with this continual population increase.

Furthermore, hunting poses a threat; including snares, shooting and huntj with dogs (Rovero et al.
2012), however without effective policing on the ground in the Uzungwa Scarp, the incidence of hunting
is estimated to be far greater in that forest fragmen{Rovero et al.2012; McCabeet al. 2019). Previous
reports exist of mangabeys being hunted by local people with dogs and nétdomewood and Rodgers
1981). Although not considered the target for bushmeat trade and consumptiorihe semiterrestrial
nature of the Sanje mangabey puts it at risk of capture as 4match in traps set for smalbodied forest
mammals, such as duikers Gephalophusspp.), bush pigs Potamochoerus larvatus and hyraxes
(Hyracoideaspp.; Nielsen 2006). Rovero et al. (2012) did not find increased incidence of capture with
increased numbers of snares reported. However, this was discussed as potentially due to only group
encounters being measured and numbers of individuals within groups could have beenfluenced,
especially with such large social groups. Additionally, surveys used visual methods unsuitable for the
mangabey and therefore unlikely to be an accurate reflection of the true status of the population. The
Sanje mangabey has been reported to sghted nearby human settlements raiding cropgEhardt and
Butynski 2013), however it has also been reported that mangabeys have been killed because they were
mistaken for vervet monkeys Chlorocebus pygerythgsor yellow baboons Papio ¢nocephalu} and as
pests to crops(Homewood and Rodgers 1981)Additionally, the Sanje mangabey is subject to predation
by African crowned eagles $tephanoaetus coronatyslions (Panthera leg, leopards Pathera pardu3
and hyenas Crocuta crocutg, and they can also be bitten by snakes, such as the Gaboon viggitig

gabonicg), in defensive attackgEhardt et al.2005; Roveroet al.2009).

The Sanje mangabey may be considered a flagship species for forest conservation in the Udzungwa
Mountains. Primates, especially frugivores, are potential ecosystem enginedi@Ghapmanet al. 2013)

that play a crucial role in the functioning of their habitats for the benefit of both fauna and flora in that
region. Previous studies have found that the loss of frugivores in habitats has led to reduced seed
dispersal (Markl et al. 2012; Bufalo et al. 2016), plant fitness (Stevensonet al. 2014), plant genetic
diversity (Giombini et al. 2017), biomass(Pereset al. 2016), and plant recruitment and regeneration
(Stevenson 2011; AnzuresDaddaet al. 2016). The conservation of the Sanje mangabey is not only of
importance to protect the species itself but for the ecgystem services that they provide. Their diet
consists of mostly fruits (~50%), seeds and nuts (27%) and flowers (2%Ehardt and Butynski 2013)

and their faeces consist mostly of intact seedsith little faecal material (Paddock pers. obs.), suggesting

that mangabeys are important in seed dispersal. Their relatively large home range also supports the
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dispersal of seeds over a long distance which can encourage the regeneration of degraded fisras
disturbed and fragmented habitats(Chapmanet al.2013).

The Sanje Magabey Project

Early work from The Sanje Mangabey Project found much of the threat to the species stemmed from
conflict between local communities and the enforcement of restrictions that excluded communities
from protected areas, creating a disconnedfernandez, Ehardtet al.2019). From the establishment of

the National Park in 1992 until the ban was lifted in 2011, only local women could enter the protected
area to collect firewood and only once a weefFernandez, Ehardtget al.2019). This led to protests from

1 TAAT AT i1 OT EOEAO xET xA1T OAA EOAA AAAAOGO OiI OEA

and high conflict between authorities and communies.

Local communities did not know about the Sanje mangabey and therefore efforts were made by the
Sanje Mangabey Project team to focus on conservation efforts engaging the local community and school
students in awareness of the specief~ernandez, Ehardtet al. 2019). Combining the need for further
scientific knowledge of the Sanje mngabey and the engagement of the local community led to the
creation of jobs for local people to work within the Sanje Mangabey Project, monitoring the habituated
group and collecting life history data. This engagement and opportunity of training and inowe from the
National Park aimed to improve the relationship between local authorities and communities. Further
work was done engaging the community by visiting and delivering talks to local school students about

the importance of the National Park and th&anje mangabeyFernandez, Ehardtet al.2019).

Conservation management plans ofspecies in the Udzungwa Mountains have included
recommendations for restoring the connectivity of forest blocks within the Udzungwa Mountains by
establishing wildlife corridors (Museo Tridentino di Scienze Naturali 2007; WWF Tanzania Programme
Office 2007; Rovero and Jones 2012Yhree corridors are recognised within the region including the
Mngeta corridor, linking the Udzungwa Scarp Nature Reserve to the northerngimn of the Udzungwa
Mountains, and the Ruipa and Nyanganje corridors that connect the northern region to the Selous Game
Reserve and are critical for gene flow for the African elephant.0xodonta africang populations present
(Rovero and Jones 2012)The area is controlled by the central Tanzanian government and has the

potential to be fully restored with an increased protection status.

Schemes to promote ecological monitoring by local communities has also been put in place. The
Udzungwa Ecological Monitoring Centre (UEMC) was set up in 2006 to manage both monitoring of the
National Park, such as the longerm primate monitoring programme, and to establish education

programs with the local communities and schools. This has included the training of local people to

conduct monitoring studies to survey large mammals along transects, and to measure signs of cutting
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and human disturbance (Rovero and Barelli 2017) The UEMC has been under management by
Tanzania National Parks (TANAPA) since 2017 in an aim to continue the letegm monitoring with the
Tropical Emlogy Assessment and Monitoring TEAM) Network programme, training of TANAPA
employees, and to promote the community focussed conservation and etmurism schemes(Rovero
and Barelli 2017). Further conservation programmes are actively present in the Udzungwa Mountains,
working towards the protection of the habitats, such as the Southern Tanzania Elephant Program
(STEP;Southern Tanzania Elephant Program 2020and the Udzungwa Forest Project, focussing on the

conservation of Magombera forest (Flamingo Land LtdRoveroet al.2009).

A consensus opinion within the conservation community of the Udzungwa Mountains is that the
viability of the Sanje mangabey (and other species within the fragmented landscape) would benefit
greatly from the improved protection of the Uzungwa Scarp Nature Reserv@Oberosler et al. 2020;
Rovero et al. 2012; Ehardt and Butynski 2013) In June 2019 a workshop was held to focus on the
AT 1 OAOOGAOGETT 1T £ OEA 0O- Al CAdetxéckbusdahdibeydFaAd nfamdAlidahd OE A C
drill s (Mandrillus; Fernandez, Dempseyet al. 2019). The focus of the workshop was to begin the
development of theMangadrill Conservation Action PlanThis plan aimed to engage stakeholders by: i)
building capacity for conservation and research for range amtry nationals, ii) promoting education for
women and family planning, and iii) promote conservation education and sustainable living in local
communities. Additionally, scientific research to increase the understanding of the species was
included, prioritising the need for population surveys, and population genetic studies. Furthermore,
conservation actions were proposed for each species, with site specific recommendatioff®ernandez,

Dempsey et al.2019).

1.2. Conservation Genetics

The field of conservation genetics studies the genetic diversity of threated species and populations,

and investigates genetic processes such as genetic drift, adaptation and inbreeding depression
(Frankham 2010). This information can be applied in conservation to measure the effective population

size and genetic diversity and structure of populations to infer their viability(Shafer et al. 2015). The
demographic stochasticity of small, isolated populations combined with factors such as inbreeding and

a reduction in genetic diversity, adaptive p@ AT OEAT AT A¥1T O AT ET AEOEAOQAI &
extinction vortex (Gilpin and Soulé 1986) As population size decreases the impact of each of these

factors increases over timeincreasing the risk of extinction.

Effective population size (N) is considered one of the most important population parameters in
conservation genetics. NEO OEA OEAAAI bDPi pdI AGEIT OEUAS OEAO xIi
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as the true censs population size (N), with the assumptions that: i) mating is random between
individuals, ii) individuals from different generations do not mate, iii) no mutations, iv) an isolated
population with no gene flow, and v) all adults are able to mat@Nright 1969). N is often lower than N

in most wild populations and a low effective population size is particularly harmful in small, isolated
populations. Low N. can contribute to a decrease in population size, again increasing the chance of
negative effects from genett drift and demographic stochasticity(Gilpin and Soué 1986; Hobanet al.
2021).

Random genetic drift can lead to changes in allele frequencies over time, changes within isolated
populations leading to norradaptive genetic differentiation, increased homozygosity within populations
and an overall reduction in average heterozygosity across populations, and reduced directional
selection as changes by chance become more likdlrankham 2005). The process of losing genetic
diversity and increasing isolation of a population can result in inbreeding in populations with highly
related individuals more likely to mate with one amther, resulting in a reduction in fithess or
inbreeding depression (Frankham et al. 2001). Inbreeding depression has been known to reduce
reproductive fitness of individuals; affecting proceses such as sperm production and quality, fecundity,
maternal behaviours, and survival at juvenile and adult stageKeller and Waller 2002). Inbreeding in
bi DOl AOGEI T O EO 1 AAOGOOAA AU P7wWECdstnates the prébalith thhé& 1 ¢ Al
alleles at a locus are identical by descelfWright 1969). As diversity is lost and homozygosity within a
population increases, the chance of dmozygosity in deleterious recessive alleles increases. The
reduced diversity in small populations reduces the chance to naturally purge these alleles, reducing the
fitness of populations(Cabalero et al.2016). Additionally, smaller populations generate new mutations

at a slower rate than larger populations and the lower diversity lowers the potential for recombination.

In long-lived species, such as primates, long generation times may limmgsponses to rapid changes in
the environment. As environments evolve, so do new strains of disease, parasites and competing
species, therefore genetic diversity and flexibility is required to be able to adapt alongside these other
evolving factors (Blanchong et al. 2016). Individuals may be required to evolve new phenotypes in
which adaptations are present to cope with the digestion of a new diet, changing altitude of suitable

conditions that may have increased or decreased altitude, and immune respongetoelzel et al.2019).

Isolation of populations over long periods of time with little chance of dispersal and gene flow can lead
to geretic differentiation. Each subpopulation is then vulnerable to genetic drift and inbreeding if
isolated and small in size over prolonged periods of time. The crossing of the diverged populations can
potentially result in a reduction in fitness or outbreedng depression(Frankham et al.2011). Examples

of outbreeding depression are suggested to be relatively rare in large animals, but has been seen in a
few species, mostly where divergence into different species or subspecies was not known prior to

crossing (Frankham 2015). It is thought that crosses between populations with fixed chromosomal
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differences or adaptive genetic diierences following longterm isolation are the primary drivers of
outbreeding depression (Frankham et al. 2011). For example, the Tasmanian devil experienced a
population bottleneck prior to its isolation to its distribution in Tasmania losing diversity & both
neutral loci and loci associated with immune responséHendricks et a. 2017). The population has
declined since the 1990s due to a transmissible cancer, the devil facial tumour disease. A captive
population was established in 2006 from populations free of the disease, although the genetic
susceptibility is likely to be present, and translocation has been a consideration to supplement wild
population sizes. However, evidence has been found of a rapid evolutionary response to the disease at
the genomic level in wild populations, therefore the introduction of individuals wih susceptibility to

the disease may interrupt this response, counteracting natural selection and causing long term

consequencegHohenloheet al.2019).

For populations that do not show significant differentiation and potential negative results from
crossing, conservation efforts can be made to alleviate the pressures on small and isolated populations
by introducing measures to promote gene flow within thespecies. Gene flow between populations can
be initiated by the introduction of forest corridors to promote dispersal between isolated
subpopulations or by translocations of individuals from different populations. Increasing gene flow
aims to reduce the leels of inbreeding by introducing less related individuals to a population and to
increase the genetic diversity. The Florida panthe(Puma concolor coryi is a success story of genetic
rescue with eight female individuals from Texas of a different subspees, P. c. stanleyanawere
OOAT O1 T AAGAA oI A OOOOCCIEI ¢ Oi All DI pPOI AGETT 1T £
Florida panther and four Everglades Florida panthers. From 1995 to 2007, the effective population size
increased from 16.4to 32.1 and increased survival was linked to individuals with an admixed ancestry
(Johnsonet al.2010). Extinction was estimated to be at a 95% likelihood within two decades in 1995,
however translocation combined with the ircreased protection of habitat from the 1980s led to the
tripling of population size and observed behaviours that may be linked with increased fitneggohnson

et al.2010).

1.2.1. Non-invasive Sampling

Using genetics to inform specie conservation requires the collection of host DNA samples from species
often that are listed as threatened and endangered. Collecting samples from these wild animals can
pose both ethical considerations and logistical constraints. The collection of higiuality DNA requires
sampling from invasively collected material (e.g. blood and tissue), usually acquired by trapping or
sedating of individuals. Sedating and manipulating wild animals requires professionally trained and

permitted individuals, usually veterinarians, to be involved in sample collection. Therefore, the
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collection of noninvasive or minimally invasive samples, such as buccal swabs, hair and faeces, is

preferred in conservation genetics and increasingly in conservation genomi¢Russelloet al.2015).

The risk of injury to the target animal increases and risk of zoonoses is moepparent with physical
contact or a closer proximity required for invasive sample collectionEvans et al. 2015; Engel and
JonesEngel 2012) whereas nonrinvasive sampling should result in near to zero riskPauli et al. 2010).
Additionally, the need to observe the species to catch or sedate individuals may be logistically difficult
for threatened species that often live at low densities or may exhibit elusive behaviou(&oossens and
Bruford 2009). Furthermore, noninvasive sample collection can be logistically easier, especially when
studying CITES protected species, as transportation permit processes are generally less constraining
(Goossens and Bruford 2009)

Non-invasive sampling of faeces has been widely used to study population genetics and more recently
genomics; including phylogeography, phylogenetics, behaviour and polation structure (Carroll et al.
2018). Although preferable as a source of host DNA, faecal samples have their own limitations in that
the DNA that can be extracted usually consists of short and degraded fragments, in low concentrations
for host DNA and in high concentration of exogenous DNEostaet al. 2017). In a study aiming to
enrich DNA extracts from the western chimpanzee Ran troglodytes verus the percentage of
endogenous DNA was estiated at an average 1.8%, with the majority of the remaining DNA attributed
to the microbiome (Perry et al. 2010). The low host DNA concentration also increases the risk of
contamination from other species, especially from humans when working with primate samples
(Goossens and Bruford 2009) Non-invasive samples have lower quality and concentration host DNA,
however, polymerase chain reaction (PCR) can be used to amplify even the smallest traces of DNA, as is

the case in studies sampling from mu=um specimens (e.gArandjelovic et al.2009).

1.3. Modelling for Conservation Planning

Conservation management plans are most likely to succeed when information availaldbout a species

and its life history and habitat is used to inform actions. With ever changing environmental conditions

and rapidly increasing anthropogenic impacts, the responses and consequences of species and habitats
must be considered in management pihning and in adaptive management responses over time.
Computer simulation models can act as an invaluable tool to conservation management planning in
AOOAOGOETI ¢ AOOOAT O OEAAEI EOU &I O AT OE OPAAEAOGSE bI
threats, and the potential impact of varying conservation strategied.ife history and environmental

data can be used in a variety of models to estimate historic, current and future scenarios for different

species, and this information can be incorporated into anservation management considerations
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(reviewed in Hobanet al.2012). Two frequently used modds include stochastic population models and
ecological niche modelling (ENM). Considering cost implications in conservation management, open
source software is available for both population modelling (e.g. VORTERGcy et al. 2018), and ENM
(e.g. Maxent;Phillips et al. 2004), and therefore these platforms are preferable to costly commercial

options.
1.3.1. Ecological Niche Models

Ecological Niche Models use a species current distribution with environmental data at those locations

01 AOOEI AGA OEA AAT 11T CEAAI DAOAI AOAOO AOOI AEAGAA
predicting estimated suitable habitat in current environmental and biophysical conditions,
conservation management can be informed of potential survey sites where unrecorded populations

may exist. Additionally, potential habitats that would be suitable for reintroduction/introduction of a

species if limited for viable habitat in its current distribution.

In addition, models of current presence locations can be extrapolated to estimate historical suitable
environments to provide an insight into population demography, such as estimatingpe time of habitat
isolation with changing climate over time or routes of dispersal and gene flow between populations.
This can be combined with molecular studies of demographic history for the species to infer
evolutionary history and paleodistribution, assuming the physiology of the species has remained
constant in that time (Richards et al. 2007). From studying the estimated distribution of Hanuman
langurs (Semnopithecus entelljsduring the Last Glacial Maximum (~22,000 YA) by projecting from
current day presence,Khanal et al. (2018) found corresponding fluctuations in genetic variation and
estimated habitat suitability during this time, in response to climatic fluctuations. For conservation,
these results highlighted the need for fine detail phylogenetic study of the langur populations to

estimate the taxonomy in response to the climatic and physical barriers.

Likewise, current distributions can be extrapolated to future scenarios based on estimations of climate
for the locations at that time. This is critical for many species with rapidly changing conditions with
climate change and informs conservation actiondy identifying priority areas and populations for
protection. Hill and Winder (2019) assessed the response of baboon tax&dpio spp.) to estimaed
future climatic conditions for 2050 and 2070 compared to current day, considering two Representative
Concentration Pathways (low: RCP2.6, and high: RCP6.0). They estimated that a warming climate as
predicted in those pathways would put three species asignificant risk of extinction, with substantial

loss of suitable habitat under RCP6.0 conditions, even as species considered to exhibit ecological
flexibility. Therefore, this study highlighted the need for protection and conservation action for these

species which otherwise would be considered least concern.
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1.3.2. Stochastic Population Modelling

Modelling the viability of small populations considers the impact of the processes described in Section
1.2 and predicts the likelihood of the factors combining into arextinction vortex (Gilpin and Soulé
1986). The model provides a quantitative assessment of extinction risks and estimations of the
contributing factors and demography. Stochastic population modelling canbe used to predict the
likelihood of extinction for a species and its resilience to multiple drivers in deterministic and stochastic
events, and combinations of both, using both demographic and genetic ddtacy et al.2018). If species
fall below a minimum viable population (MVP) size, often the original cause for decline is no longer the
largest threat as extinction dynamics change and other synergistic processes increase extinction risk
(Brook et al.2008).

When analysingthe population dynamics in mammal populations that declined to extinctiork-agan and
Holmes (2006) found population decline rates increased when theine to extinction was shorter,
suggesting additional processes, such as inbreeding and low effective population sizes, may have
become new primary drivers to extinction. The impact of human activity on populations can be
modelled to estimate the impact orpopulation size; such as poaching, habitat loss, habitat isolation and
the introduction of diseasel/invasive species, alongside conservation management plans to alleviate
these pressures in the future. By identifying the threats making species the most vehable to
extinction and management plans that will minimise the impacts most effectively, action plans can be
developed to ensure funding is channelled into the plans estimated to be the most effective.
Additionally, the severity of extinction threat canbe modelled for existing populations to estimate and
highlight the response time to prevent extinction required. Stochastic population models have been
used previously for a number of norhuman primate species to inform conservation management, such
asthe2 A £&1 AOG6 A MPredbfitia ferhoralis Ge®@aligAng et al. 2016), brown howler monkey
(Alouatta guariba; Angostini et al. 2013), Hainan gibbon Nomascus hainanysTurvey et al. 2015) and
orangutans (Pongospp.;Utami-Atmoko et al.2019).

1.4. Thesis Aims and Hypotheses

The research conducted and presented in this thesis aims to produce data thall inform conservation
management planning for the Sanje mangabey. This includes objectives to fill knowledge gaps about the
Sanje mangabey, primarily: i) to conduct the first systematic population survey of the species to
estimate the number of indivduals remaining, ii) to infer the evolutionary history and systematic and

taxonomic status of the Sanje mangabey, iii) to estimate the diversity and structure of the species, and
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iv) to conduct a stochastic population modelling for the species and model meervation actions. Below

is an outline of each chapter including the background and aims for each:

Chapter Two Estimating the population size of the Sanje mangabeyércocebus sanjeusing

acoustic distance sampling

No previous primate survey in the Udzagwa Mountains had successfully and systematically surveyed
the Sanje mangabey and therefore the population size was essentially unknown. This creates difficulties
when assessing the conservation status of the species and in monitoring population trends time
species, especially when measuring the impact of anthropogenic or natural events or the success in
conservation actions for the species. The Sanje mangabey had been acknowledged to be difficult to
detect in dense vegetation during line transect survey in the region, and therefore a new approach
needed to be applied to the species. Furthermore, previous estimates had used estimates for group size
and habitat size now considered to be underestimates, therefore inaccurately estimating the population

size and likely underestimating also. Chapter Two describes the design and implementation of an

used to estimate group density and extrapolate to an estimatgubpulation size. This updated and more
accurate estimate of group density and population size for each forest will contribute directly to the

reassessment of the conservation status of the Sanje mangabey.

Chapter Three An insight into the phylogenetic hisory of the Sanje mangabey Gercocebus

sanje)

A knowledge gap has existed with respect to the evolutionary history of the Sanje mangabey and its
phylogenetic relationship with other Cercocebusnangabeys. No previous phylogenetic reconstructions
of the Margadrill clade have included sequences from the Sanje mangabey. Debate remains whether the
Sanje mangabey and other central/eastertCercocebusnangabeys are recently isolated and therefore
subspecies status. This may have considerable conservation impliaais for the species considered,
therefore Chapter Three conducts a phylogenetic reconstruction of the Mangadrill clade and estimates
the time to most recent common ancestor between species. Furthermore, due to other studies in the
Udzungwa Mountains estim#éing isolation of forest blocks and populations on an ancient timescale, the
time to most common recent ancestor is estimated between the two Sanje mangabey populations. The
results of this study increase our understanding of the Mangadrill taxonomy and Wibe used to inform

conservation management.

Chapter Four Phylogeography and historical niche modelling reveals the evolutionary history

of the Endangered Sanje mangabegércocebus sanjei

31



Investigating the phylogeography of the two Sanje mangabey pogtions aimed to provide further
insight into its evolutionary history and inform conservation planning. Using mitochondrial DNA
sequences from individuals sampled across the range of both populations, the study aimed to identify
the genetic diversity and $ructure within and between the populations. Further, the chapter aims to
investigate the evolutionary history of the species by estimating its demographic history and whether
the populations had experienced recent contraction or expansion in effective pafation size.
Additionally, an ecological niche model was developed for the Sanje mangabey within Tanzania to
estimate potential routes of dispersal to and between the current forest fragments. Using the
probability of presence and bioclimatic variables met associated with the current distribution of the
two populations, this was projected to historic estimates for bioclimatic conditions at three time points:

i) Mid-Holocene (~6,000 YA), ii) Last Glacial Maximum (~22,000 YA), and iii) the Last Interglacial
Period (~120,000-140,000 YA). The results of this chapter were used to develop conservation actions,
determining whether the populations met the criteria to be classified and managed as separate

management units or evolutionarily significant units.

Chapter Five Viable or in a Vortex? Stochastic population modelling of the Endangered Sanje

mangabey Cercocebus sanjgi

Stochastic population modelling uses information collated from life history data and estimated threats
to the population to estimate viability. Further, conservation management scenarios can be modelled to
estimate the response of the populations to differnt approaches. Ecological niche modelling can be
used to estimate, from the current presence locations, habitat variables that are estimated to be most
correlated with mangabey presence and identify regions outside of the two forest fragments that may
be suitable for the species. This study aimed to collate the existing data collected from the habituated
Sanje mangabey group and current threats to estimate the viability of the populations if no
conservation intervention was made. Using the knowledge devgbed in the previous chapters,
conservation measures deemed appropriate for the species were modelled to estimate the most
successful approach for the species. Recommendations for the conservation of the Sanje mangabey
were made in this chapter that will beused to inform the conservation action plan being developed for

the species in theMangadrill Conservation Action Plan.
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ABSTRACT

The Sanje mangabey(ercocebus sanjeiis endemic to the Udzungwa Mountains, Tanzania, and is
classified as Endangered due to its putatively declining population size, habitat degradation and
fragmentation. Previous population size estimates have rangefdom 1,350 to 3,500 individuals, with
the last direct survey being conducted 15 years before the present study. Previous estimates are now
thought to have underestimated the population due to a limited knowledge of group and habitat size,
non-systematic gproaches and the use of visual methods that are not suitable for surveying the Sanje
mangabey with its semiterrestrial and elusive behaviours. We used an acoustic survey method with
I ACGAOOGAOO OAAT OAET C-CO B AvbcAligadd frodicédEbg Aandabelsi ahdpoint
transect distance sampling to model a detection function and estimate abundance. Twergight
surveys were conducted throughout the two forests where Sanje mangabeys are found: Mwanihana
forest in the Udzungwa Mountains National P& (n=13), and the Uzungwa Scarp Nature Reserve
(n=15). Group density was found to be significantly lower in the relatively unprotected Uzungwa Scarp
forest (0.15 groups/kmz; 95% CI: 0.0§0.27) compared to the wellprotected Mwanihana forest (0.29
groups/km2; 95% CI: 0.120.43; p=0.03). We estimate that there are 1,712 (95% CI. 1,141567)
individuals in Mwanihana and 1,455 (95% CI: 782,702) in the Uzungwa Scarp, resulting in a total
population size of 3,167 (95% CI: 2,18%4,596) individuals. The differerce in group density between
sites is likely a result of the differing protection status and levels of enforcement between the forests,
suggesting that protection of the Uzungwa Scarp should be increased to encourage recovery of the
population, and reduce he threat of degradation and hunting. Our results contribute to the
OAAOGOGAOGOI AT O 1T &£ OEA OPAAEAOGSE )5#. 2AA |, EOO OOAOGOGC

planning.



Chapter Two

2.1. INTRODUCTION

Non-human primates are key to the succesul functioning of their ecosystems; however, primates are
currently facing an extinction crisis with approximately 75% of species declining and 60% threatened
with extinction, with the largest threats including habitat loss to agriculture, logging and Viestock
farming, and hunting (Estrada et al. 2017). Research efforts into monitoring wild primate populations
have proven crucial in conservation management as recording data on population abundance and
distribution can provide insights into the response of a species to changes in habitat and population
trends over time(Lwangaet al.2011; Campbellet al.2016; Chapmanet al.2017; Joneset al.2019). By
establishing an initial baseline and appropriate methodology, these data can be used to assess
population trends in subsequent years and develop adaptivéenanagement plans that call for the

implementation of improved methods to protect speciegLyons et al.2008; Nichols and Williams 2006)

The Sanje mangabeyGercocebus sanjeiis endemic to the Udzungwa Mountains in soutcentral
Tanzania (Ehardt et al. 2008). Since its discovery in 1979 byHomewood and Rodgers (1981)it has
been studied to elucidate its distribution and population size in order to determine its conservation
status and required management(Ehardt et al. 2008; Ehardt et al. 2005; Roveroet al. 2006; Roveroet

al. 2012), and an inferred declining population size has resulted in an IUCN Red List Endangered status
(EN; McCabeet al. 2019). The population is divided between two isolated forest blocks: Mwanihana
forest in the well-protected Udzungwa Mountains National Park, and the Uzungwa Scarp Nature
Reserve forest, which has a lower level of protection and regulations thare not strongly enforced
(Ehardt et al. 2005). These forests are separated by 10km of agricultural land and lowv elevation
habitat unsuitable for mangabeys, preventing dispersal of individuals between forests, which could

potentially limit the recovery of each population.

The current population size of the Sanje mangabey remains debated and with previous habita¢d and
degradation and the current impact of hunting in the forests likely to impact the species, especially in
the Uzungwa ScargHegerl et al. 2017), current estimates and subsequent monitoring are essential to
assess the conservation status and needs of the gis. Previous population size estimates range from
as little as 1,350 individuals to 3,500Dinesenet al. 2001; Roveroet al. 2009, respectively; Table 2.1)
with the last dedicated survey conducted byEhardt et al. (2005) between 1997 and 2002. However,
previous studies used methods that were not suitable for the elusive behaviour of the Sanje mangabey,
and the group size and habitat area calculations used to extrajlate group density were

underestimations, resulting in an underestimated population size.

All previous surveys of the mangabeys have been naystematic or have used line transect methods to
estimate population size. These methods are now recogeid to be inefficient for this species as

unhabituated groups flee rapidly from humans and are difficult to detect in dense vegetatiqRRovero et
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al. 2006; Rovero et al. 2012; Rovero and Struhsaker 2007) This was supported by line transect

observations when individuals were heard calling but were not seen by observe(Roveroet al.2006).

Table 2.1. Previous population size estimates for the Sanje mangabey in the Udzungwa Mountai
Tanzania, and the survey methodology and average group size estimate used to calculate popula
size.

Estimated average Estimated

Previous studies Survey method . . .
group size population size

Homewood and Random census walks in one

Rodgers (1981) region Logglies 1,800-3,000

Dinesenet al. .

(2001) Recce walks around campsites 15 1,350

Ehardt (2001) Recce walks along cleared 15 <1.300

pathways/animal trails

Refined data from 2001 study

Ehardtet al.(2005)  using results from the completed 10.2/13.6 <1,500
1997-2002 study
No survey;updated estimates

Roveroet al.(2009) from Ehardt et al.(2005) with 35 2,800-3,500
larger group size esimate

The study by Ehardt et al. (2005) used a group size of 10-23.6 individuals to empirically estimate
population size. This value is now thought to be a large underestimate for the Sanje mangabey which
has been observed to have groups of up to 70 individuals (G. McCabe pers. oBayero et al. (2009)
estimated the population size using the values fronthardt et al. (2005) but adjusted for a larger group
size of 35 individuals, which may be more accurate as it is similar to the closely related Tana River
mangabey group size €. galeritus 27 individuals/group; Wieczkowski and Butynski 2013) The total
suitable habitat sizeused by Ehardt et al. (2005) is also thought to be an underestimate hang used
only the closed forest area (Mwanihana: 10km2; Uzungwa Scarp: 131kmz2). However, longterm
studies of a habituated group in Mwanihana have confirmed that Sanje mangabeys routinely use a
variety of habitats; including secondary growth and elephat disturbed shrubland (McCabeet al.2013).
Thus, more recent primate surveys have predicted a much larger total forest size with potentially
suitable habitat throughout the full extent for Sanje mangabeys (Mwanihana: 150.98m2; Uzungwa
Scarp: 314.48mz2; Marshall et al.2010).

Low detection efficiency has been found in other primate sm#es that live in dense rainforests or
mountainous regions or are elusive and live at low densitie§lLee et al. 2015; Marqueset al. 2013;
Plumptre et al. 2013). In such species, acoustic methods have been successfully applied, including the

black howler (Alouatta pigra) and spider monkey (Ateles geoffroyi Estrada et al. 2004), indri (Indri
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indri; Glessner and Britt 2005) and wild cottontop tamarin (Saguinus oedipusSavageet al. 2010).
Here, we employ an acoustic distance sampling method to estimate group density for the mangabeys,

from which population size can be more aturately extrapolated.

This study aimed to conduct the first systematic survey of the Sanje mangabey population and provide
the first inferential estimates of population size for the species. This was the first survey of the Sanje
mangabey for 15 years andherefore aimed to establish a more recent and accurate estimate of
population size. We used acoustic surveys and a more recent estimate of available habitat size to
estimate population size and hypothesied thatthe lesser protectedUzungwa Scarp woulchave a lower

group density.

2.2. MATERIALS AND METHODS
2.2.1. Study site

Fieldwork was conducted in the Udzungwa Mountains, Tanzania, in the only two forest blocks in which
OEA 3ATEA T AT CAAAU EO A& Of Auy 6-3hé pdE@Whio@iqheEl OEBOOAQ
5AU0T CxA -1 61 OAET O . AOGEITAI O0AOER AT AyDEARS 3R OF X
o @ J 1 Eharth et al. 2005; Figure 2.1). Data were collected during the dry season between June and
November 2017, to minimse the chance of seasonal variation in climatic conditions and species

behaviour that may influence detecton probability.

2.2.2. Acoustic Survey

A total of 28 survey locations were used to collect vocahtion data for the Sanje mangabey: 13 in
Mwanihana and 15 in Uzungwa Scarpe{gure 2.1). Quantum GIS (QGIKGIS Development Team 20}4
was used to design a systematic grid of points and rdomly place this grid on each forest area to select
survey locations in regions known to be accessible. Sanje mangabeys have home ranges k2
(Ehardt et al. 2005); therefore, we aimed to position locations a minimum of Xm apart to reduce the

chance of groups being detected at more than one location.

3ATEA T AT CAAAU QR AQdEcdigatinEshive enkecdrdbd at distances of up toKm
(Ehardt et al. 2005); therefore, surveys used three listening postarranged in a 3x1 array, positioned
approximately 200 m apart, to allow calls to be detected at more than one pogtifure 2.2a). Distances

and bearings between posts were measured using a GPS device (Garmin GPSMAP 54s Handheld
Navigator). Posts were not always equally spaced due to the terrain constraints in some locations.

When positioning posts, preferential use of ridges was made to reduce the possible obstructions to
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Figure 2.1. Map of the forest blocks in the Udzungwa Mountains and the forest blocks in whic
Sanje mangabey are found; Mwanihana within the Udzungwa Mountains National Park (UMN
in the north-east (green), and the Uzungwa Scarp Nature Reserve in the souklest (orange).
Listening post locations (circles) are shown at the position of the central listening post.

sound transmission across uneven terrain. This was the mbeffective use of the total survey effort
available and increased the likelihood that the maximum distance individuals could be heard would be
similar in all locations. On days of heavy rain, surveys were suspended as the ability to detect calls

decreasel.

Each survey was conducted once and only early in the morning when the mangabeys are known to call
at the highest frequency during the dayapproximately 70% of calls before 1200hEhardt et al. 2005).
The surveys started when light levels were safe enough for observers to move through the forest such
that survey times werevariable. Observations were recorded from the time the observers arrived at the
post (mean start time: 0642h +11.6 minutes) until 0900h; all surveys covered a core time of 0700h to
0900h. The full survey time for each post was used so that the earliest lsa(<0700h: 10.2% of calls)

were not lost, which would have led to an underestimation of group density.
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With eachvocalisation detected, observers recorded the time of the start of the call, a bearing from the
post and estimated the distance to the origirof the call. Observers would estimate the number of
groups heard whilst in the field, attributing individual vocalisations to an assumed group, to support
later data analysis. All assistants had been a member of the Sanje Mangabey Project team prior ® thi

study and therefore were well trained and reliable in identifying mangabey calls.

The method followed the assumptions of a point transect survefBuckland et al. 2001). Individuals
were detected with certainty at the posts and at the initial location of the call as observers were
stationary which ensured groups would not be disturbed and therefore measured at theimnitial
location. The assumption that measurements were exact was not met as distance to calls were
estimates by the observers and the variation in terrain and loudness of calls may have affected the
perceived distance by observers of each call. Groups d¢dunot be located by observers during the
survey to validate distances as groups flee quickly if disturbed, making it difficult to locate groups at the
original location and risked disturbing other groups. Prior to the study, observers underwent training
whilst studying a habituated group to estimate distances and bearings of calls to minisei possible
inter-observer differences. The assumption that surveys were positioned at random was violated as
listening posts were positioned on nearby ridges and vantagpoints which may have deviated from

randomly assigned points.

A mean average group size for the Sanje mangabey was calculated for each forest from focal follows of
five groups (Mwanihana: n=2; Uzungwa Scarp: n=3) found opportunistically when in the fielutside
survey times, and from known average group sizes of an additional three habituated groups in

Mwanihana.

Vocalisations were plotted on a map in QGIS using the bearing and distance estimates recorded during
the surveys. Call clusters were used taléntify groups in a similar way to previous studies using indri
vocalisations to identify distinct groups (Indri indri; Glessner and Britt 2005; Pollock 198k
Vocalisations that were within a 300 m distance of another call were assumed to be from the same
group. Ifvocalisations were less than 30 minutes apart and mor¢han 300 m apart, these were assumed
to be separate groups Figure 2.2b). If group definition was unclear (n=13 out of 370vocalisations)
from the plotted vocalisations, notes from the field of assumed number of groups heard were used to

attribute the individual calls to a group cluster.

To calculate a detection function and estimated abundance in each forest using diste sampling, the
package DistancgMiller et al.2019) was used in R/ersion 3.5.2(R Core Team 2018)Survey area was
estimated using a fixed radius of km around each post(the furthest distance a mangabey call can be

heard; Ehardt et al., 2005pnd using QGIS to measure this combined area covered by the three posts. As
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Figure 2.2. Diagrams of the acoustic distance sampling method used in this study: @he 3x1
array positioning of listening posts with observers (crosses) positioned 200n apart, with the
area of detection for each postr(= 1 km; shaded region), and) An illustration of an example of
the call clustering method analysis and attribution of group identification tovocalisations. The
time of the call is shown in brackets, dashed lines from posts show the posts that detected 1
cal and the assumed group identification is shown by the colour of lines. The two calls belo
the posts (red group) are assumed to be the same group as they are close in time and space;
than 30 minutes apart and less than 300m apart. The call above th posts (blue group) is
assumed to be a different group as it is over 30t away and less than 30 minutes apart fron
the other calls.

40



Chapter Two

posts were not always equally spaced, this area varied between locations. An averageoatinate was
calculated for each group from all assignedocalisations and the central point of each survey area was
calculated by averaging the cardinates of the three listening posts. The distance between this centre
point for the survey area and average group position was measured in QGIS to provide a single distance
to each group. Group density was calculated for each survey and extrapolated to the total area of
suitable habitat from Marshall et al. (2010; Mwanihana: 150.59kmz2, Uzungwa Scarp: 314.4&mz2).
These esimates were considered the most accurate available as they reflected those found for the
predicted suitable habitat area for each forest when using QGIS in this study. The average group size
found in this study for each forest was used to inform cluster zé in the Distance model to estimate

number of individuals.

Observation distances were truncated at lkm as it is unlikely mangabey calls were accurately
detectable past this distance. This removed the detection of 2 groups from a total of 49 detected 4.1

of data) which resembles the removal of the furthest 5% of data suggested Byckland et al.(2001) for

point transect surveys. Fourdetection function models were tested following combinations suggested

by Thomas et al. (2010) that are considered to perform well and a suitable approach to avoid over

fitting with an excess number of modelshalf-normal key with cosine adjustments, halhormal key with

Hermite polynomial adjustments, hazardrate key with polynomial adjustments and uniform key with

AT OET A AAEOOOI AT 66h AT A OEA AAOGO 11T AAT xAO OAI AA
difference between the group density estimates for each forest was ROOOAA OOET igestA 300
and the difference in group size between forests was measured using a MaWfitney U Test. All

summary statistics were calculated in KR Core Team 2018)

2.3. RESULTS

A total of 252 vocalisations were detected in Mwanihana and 118 in Uzungwa Scarp. Using the call
clustering method, 32 calling groups were detected in Mwanihana and 17 groups recorded in the
Uzungwa Scarp. In Mwanihana, the surveys covered a total area of 82 and 113 km2 in Uzungwa
Scarp, which is approximately 66.4% and 35.9% of each forest area, respectively, at an average of 7.70
kmz2 per survey in Mwanihana (n=13; £SD 0.40) and 7.54mz2 per survey in Uzungwa Scarp (n=15; +SD
0.04). The mean number of individuals per grougor Uzungwa Scarp (31.7 £SD 2.9 individuals; n=3)
was lower than Mwanihana (39.2 +SD 19.4 individuals; n=5), however, the difference was not
significant (Table 2.2).

i1 AAOAAOEIT &O01 AOETT 11T AAIT O AEOOAA xAi1l xEOE O

abundance estimations. The model using a uniform key with cosine adjustment was selected as the best
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Table 2.2. Average group size estimates for the Sanje mangabey in the tv
forests they occupy: Mwanihana and Uzungwa Scarp in the Udzungwa Mountail
Tanzania, and overall for algroups.

arberof | Grupsze e asp
Mwanihana 5 17-65 39.2 19.4
Uzungwa Scarp 3 30-35 31.7 2.9
TOTAL 8 17 -65 36.4 15.3
AEOOET ¢ AAOCAAOQCEI 1T &£O01 Adifit p £ 0.46kiurej2.3).! Qratip densitg as CT T A

estimated to be significantly higher in Mwanihana (0.29 groups/krd; 95% CI: 0.190.43) than in
Uzungwa Scarp (0.15 groups/krd; 95% CI: 0.08m 8 ¢ x N 3t@6tA A 2.25:600- 26; p = 0.0Figure
2.4). An estimated 43.7 (95% CI: 29:85.5) groups and 1,712 (95% ClI: 1,14®,567) individuals were
present in Mwanihana. In the Uzungwa Scarp, an estimated 45.9 (95% CI: 285.2) groups and 1,455
(95% CI: 7832,702) individuals were found. Therefore, the estimated total number of groups for the
Sanjemangabey was 89.6 (95% CI: 60-831.9) groups and estimated population size a total of 3,167
(95% CI: 2,18%4,596) individuals (Table 2.3).

2.4. DISCUSSION

The population size estimates in this study are in concordance with previous predictions byovero et

al. (2009), but larger than previous surveys of the Sanje mangabey due to the larger average group size
and habitat size sampled in the current studyDinesenet al.2001; Ehardtet al.2001, 2005; Table 2.3).
Ehardt et al. (2008) predicted 40% of the population to be residing within Uzungwa Scarp and, henag
again found a very similar proportion, with 46% of the population in Uzungwa ScargEhardt et al.
(2005) empirically estimated that there were only <1,500 individuals across the two forests, however,
when the original density estimates are used in conjunction with the values for habitat size and group
size used in this stidy, now considered a more accurate estimate, total population estimate sizes would
have ranged from 4,59%5,536 individuals (Table 2.3). This would sugjest a possible decline; however,
due to inaccuracies previously discussed of earlier population size estimates, it is not possible to
definitively infer a temporal change. Therefore, this study provides the first inferential estimate to allow

future surveys to detect and estimate population trends.

Considering population trends from other primates in the same forests, it is likely that there may have
been a decline and that the population in the Uzungwa Scarp continues to be at risk of further decline.
Populations of primates in Mwanihana have shown to be stable in recent surveys and the active

protection measures to be efficien{Roveroet al.2012; Roveroet al.2015; Beaudrotet al.2016), and
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Figure 2.3. The detection function for Sanje mangabeyocalisations detected during surveys of
both Mwanihana and Uzungwa Scarp forests in the Udzungwa Mountains, Tanzarlde
detection function was estimated using distance sampling in the package Distan@éiller et al.
2019), with auniform model with cosine keyestimated to be the best fitting model approach.
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Figure 2.4. A boxplot showing the distribution of group densiy for the Sanje mangabey in the
two forests in which they are found: Mwanihana and the Uzungwa Scarp forests in ti
Udzungwa Mountains, Tanzania. Group density was significantly higher in the wpltotected
Mwanihana forest than the lesser protected Uzungly 3 AAOD {-t&OIGR.AS dd5 28; p
=0.03).
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although Roveroet al. (2012) detected a potential decline in mangabey abundance between surveys in
2004-2005 and 20072008 and a survey in 2009, the visual line trans# method used was highlighted
as inefficient for the mangabey and results to be taken with caution. For the Uzungwa Scarp however,
studies report a decline for several primate speciefRovero et al.2012; Roveroet al.2015). In surveys
conducted between 2002 and 2012Rovero et al. (2015) found that populations of the arboreal
Udzungwa red colobus Procolobus gordonorummand Angolan colobus Colobus angolensis palliatjisn
Mwanihana were stable; however they showed a decline in the Uzungwa Scarp. This was attributed to
increased human disturbance in lis time period through hunting and pole cutting, both likely to also

impact the semiterrestrial Sanje mangabey.

Group density in Mwanihana was significantly higher than that found in the Uzungwa Scarp, with the
lower density found in the forest that presently and historically has had a considerably lower
protection status and a clear lack of law enforcement. When using camera traps and occupancy
modelling, which is likely an efficient method for the shy, semiterrestrial mangabey, Hegerl et al.
(2017) found Sanje mangabey occupancy in the Uzungwa Scarp was only a quarter of that found in
Mwanihana. This difference, as with the difference in group density in this study, suggests that threats
to other primates in the Uzungva Scarp are likely also affecting the Sanje mangabey. Further, findings
in this study reflect previous work examining group density for three arboreal primates in the
SAUOT CxA -7 0T OAET 6g OEA S5AUOT CxA OAA Aiili1AOOR !
Mwanihana, Uzungwa Scarp, and two other forests, group density of all three species was found to be
lowest in the Uzungwa Scarp, which was attributed to the lack of active protectiqAraldi et al.2014).
Lower densities have often been foundor primates living in disturbed habitats compared to those in
less disturbed regions due to factors such as reduced biomass, shelter, canopy cover and food
availability (Phoonjampa et al. 2011). A study byPhoonjampa et al. (2011) of pileated gibbons
(Hylobates pileatu$ found group density was significantly associated with habitat disturbance, with
higher densities found in forests that had been issued formal protection for longer than those that were

more recently elevated.

While both the National Parkand Nature Reserve were originally protected by Forest Reserve status,
OEAOA OACOI AGETI T O xAOA xAAE AT A 1T £0AT DPiT Ol U Al A&
when it was included within the Udzungwa Mountains National Park boundary; howeverhé Uzungwa

Scarp was only upgraded to Nature Reserve protection in 2016, which strengthened regulations and
management, but did not lead to active patrols or greater law enforcement on the ground. Human
disturbance has increased in the Uzungwa Scarp since 20QRovero et al. 2010) and the declining

encounter rate for the mangabeys has previolg been attributed to this escalation in encroachment
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Table 2.3. Habitat size, group density and group size estimates used to calculate population size for the Sanje mangabey in the Udzui
Mountains, Tanzania, for the two forests they occupy: Mwanihana (MW) and thewhgwa Scarp (US), in the current study compared to previou
estimates. Results fromEhardt et al. (2005) are reported as the original data presented in the study and as adjusted estimates (new vall
italicised) where the group densities from the original calculations have been used to calculate population size with the lég group size and
habitat size esimates found and used in this study.

: Habitat size  Group density Group : . Estimated total
Population survey Forest . Population size . :
(km 2) (groups/km 2) size population size
0.29 1,712
MW 150. 2 ’
This stud 2059 (95% CI: 0.19- 0.43) 39 (95% CI: 1,141-2,567) 3,167
IS Stuay Us 21448 0.15 317 1,455 (95% ClI: 2,181- 4,596)
' (95% CI: 0.08-0.27) ' (95% CI: 783- 2,702)
MW - - 1,750z 2,100
Roveroet al.(2009) 35 2,800z 3,500
us - - 1,050z 1,400
MW 131 0.44-0.6 1 600 - 900
027 < 1,500
us 100 0.2 13.6 200- 270
Ehardt et al.(2005)
MW 150.59 0.44-0.6 39.2 2,59773,542
4,5917 5,536
us 314.48 0.2 31.7 1,994
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(Rovero et al. 2012). A recent longterm study of the impact of protected areas in the Udzungwa
Mountains found both species richness and encounter rates for the mosommonly encountered
medium to large-bodied mammals increased with level of protection statugJoneset al. 2019), which

further supports the difference in density found in this study for the mangabey.

The acoustic survey method used in this study addressed previous issues from line transect surveys as
it did not rely on visual observations and did not disturb the mangabeys that are shy and quick to move
away. Therefore, the estimates from this method are likely to be a more accurate representation of the
current population size and future surveys of this specieshould include this approach. Anecdotal
observations from the longterm study of the habituated group suggest that it is rare for the groups to
not vocalise in the morning (G. McCabe pers. obs.); however, the method in this study could be adapted
to bolster estimates by surveying the same location over multiple days to increase detection likelihood.
Extrapolating average group density to the full extent of the forest assumed that groups were evenly
distributed which may be unlikely given the wide elevationgradient and habitat heterogeneity of both
forests. The survey posts were positioned at random and were successful in achieving a mostly full
coverage of the forest extent, however, future studies should aim to cover the full extent of each forest
and aim to determine whether a difference in group density is found in different habitat types,
accounting for possible uneven distribution of groups across forests when estimating population size.
Responses to food abundance, quality of forest, habitat structurend proximity to recent human
disturbance have been found to influence group density in other studies of primatgggetsumaet al.
2015). The suitability of the habitat and presence of preferred dietary items were not measured in this
study but may have had an influence on density within and between forest§he absence of this
information means estimates should be considered with cautioand assessments of this should be

included in future surveys.

No significant difference was found between the average group size for each forest; however, this is
likely attributed to the small sample size for each forest and large range of group sizes known from
Mwanihana due to two largehabituated groups. Future studies would benefit from continuing to
estimate group size of all groups encountered to increase the sample size for each forasthle closely
related Tana River mangabey@ercocebus galeritysa study of the impact of habitat degradation on life
history traits found that the subpopulation in a forest of high degradation, due to anthropogenic
activities, with lower food abundance had a reduced social group size compared to the subpopulation
living with lower levels of habitat degradation (Mbora et al. 2009). This was suggested tdbe
attributable to increased parasite prevalence and/or increased competition for food in degraded forest
resulting in lower fecundity and increased fitness costs, which may be also applicable in the Sanje

mangabey subpopulation in the Uzungwa Scarp witfurther study.
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The Sanje mangabey has shown behavioural and dietary flexibility in its ability to adapt to the use of
both primary and secondary forest(Ehardt et al. 2005; McCabeet al.2013), which suggests continued
and improved protection of the forests to continue the recovery of currently unsuitable degraded
habitat to usable secondary forest may atourage an increase in group density. This has been seen in
conservation projects aimed at the San Martin titi monkey Klecturocebus oenanthe for example,
where regeneration of forest by increased protection and active reforestation increased group densi
(Allgas et al. 2017). Similarly, increased tree density due to acte forest protection led to increased
group density for the greycheeked mangabey l(lophocebus albigenain the Kibale Forest Reserve,
Uganda(Olupot et al.1994).

This study has provided the first inferential estimate of the Sanje mangabey populatiorzei which was
essential due to previous estimates being considered inaccurate and the last direct survey being
conducted over 15 years prior to this studyEhardt et al. 2005). It is key to the survival and protection
of species to monitor any changes in the population and the responses to changes in their environment,
by natural disaster or anthropogenic disturbancesPopulations can be slow to respond to such changes;

therefore, long-term and regular monitoring can provide an insight into population trends. Recently,

Newmark and McNeally (2018) AAOAOEAAA OEA DOAAEAOAA OOEUAAI A
fragmentation of forests within the Eastern Arc Mountains, including forests of the Udzungwa
Mountains, andthe threat to the survival of species within these biodiversity hotspots. Considering this
for the Sanje mangabey, we recommend continuing regular population surveys with the acoustic
method described here, adapted following recommendations, to regularlgnonitor the population and

to use the results from this study as the baseline population size estimates. The isolation of the two
forests preventing migration of individuals and recovery of a population, and the lower group density
found in the Uzungwa Saa, underlines the need for increased protection and active enforcement in
this region. Continued active protection of the National Park is required for maintaining the population
and potentially aiding an increased group density as highly degraded habitatrecover. Active
protection of the Uzungwa Scarp needs to be established to prevent the continued impact of hunting

and habitat degradation and declining trend in primate populations in the region.
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ABSTRACT

The Sanje mangabey Gercocebus sanjeiis an Endangered primate endemic to the Udzungwa
Mountains, Tanzania. The phylogenetic relationship of the Sanje mangabey with oth€ercocebus
species remains unstudied and may have important conservation implications. The status of the Sanje
mangabey & a species or a subspecies @fercocebus galerituas been debated since its description.
Here, we reconstruct a phylogeny based on sequences from all recognigeercocebuspecies, aiming to
identify the position of the Sanje mangabey and estimate theivétrgence time from other species.
Phylogenies were reconstructed using nuclear (CD4 and TSPY) and mitochondrial (COIl and control
region) sequences. The Sanje mangabey grouped with the Central/East African mangab&ysgyaleritus

C. chrysogaster and C. agilis, however it represents a distinct lineage from these three species,
estimated to have diverged from the most recent common ancestor 2.34 million years ago (MYA; 95%
HPD interval: 1.73z 2.95 MYA). The two extant Sanje mangabey subpopulations represedistinct
lineages, diverging 0.77 MYA (95% HPD interval: 0.431.15 MYA). The divergence of these populations
is attributed to increasing aridification in eastern Africa beginning ~2.6 MYA, competition and
avoidance with other species, and the formatio of physical barriers to dispersal, all promoting
isolation to montane forest fragments. This study confirms the evolutionary distinctiveness of the Sanje
mangabey, therefore conservation management policies should therefore be considered at species level

and the subpopulations considered evolutionarily significant units.



3.1. INTRODUCTION

Understanding the taxonomic status of a species can have considerable conservation implications, such
as its prioritisation and consideration by international and national organizations, including IUCN Red
list classification or local conservation policie§Groves 2014) Published taxonomies can differ between
studies and may be considered to be inflated or conflated due to differing approaches to species
recognition or inequality of research conducted for different taxgLawler 2018), and this confusim can

be detrimental in conservation application. For example, as discussed by Stanton et(&tanton et al.
2019), a taxonomy of Klipspringer Qreotragussp.) that considers eleven species, as in Groves & Grubb
et al. (Groves and Grubb 2011) may require greater conservation resources than a taxonomy
considering only one species, as ifKingdon 1997). However, considering only one species risks
undervaluing the species richness present and potentially underestimates loss of genetic diveysit
Taxonomic bias can result in finite conservation funds being allocated disproportionally with respect to
the evolutionary diversity being conserved (Lawler 2018). Furthermore, cryptic diversity may be
present within species that is not signalled pheatypically, but can be discovered when investigating
genetic diversity and levels of differentiation, with focus on functional loci and adaptive differentiation
(Hoelzel et al. 2019) Therefore, increasing our understanding of phylogenetic relationshipgsnd

intraspecific genetic diversity is a key step in informing conservation measures.

The Sanje mangabeyQercocebus sanjeFigure 3.1) was describedi OE A A A ®lbméwaodoapdt 6 O
Rodgers 1981)and is endemic to the Udzungwa Mountains, Tanzan{&igure 3.2 McCabeet al. 2019).

It has been listed as Endangered by the IUCN Red List since 1988 with forest fragmentation, habitat
degradation and poaching as the primary threat¢Oberosler et al. 2019) The Sanje mangabey has been
included in the clade of theO- AT C A WiticE indluded all known Cercocebusand Mandrillus species
(Fernandez et al. 2019a) The Mangadrills are distributed throughout west, central and east Africa
(Figure 3.3) and comprise nine species; seve@ercocebusnd two Mandrillus. The relative position of
the Sanje mangabey and its genetic distinctiveness from the oth&ercocebusnangabeys remains
unknown (Devreese and Gilbert 2015) The Sanje mangabey has not been included in any study of
Mangadrill species that investigates morphology, with no monotype or museum specimens available
(Wieczkowski and Butynski 2013) or phylogenetic reconstruction, with no genetic sequence data
generated previously for the Sanje mangabeyF{gure 3.4). Moreover, there has been considerable

debate on the status of the 3ge mangabey as a distinct species.

Originally considered a subspecies, a€. galeritus sanje(Homewood and Rodgers 1981)(Kingdon
1997) and (Groves 2001) both argued that the Sanje mangabey was sufficiently morphologically
distinct to be upgraded to the species levelliable 3.1). However,(Grubb et al. D03) argued for the
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Figure 3.1. A side profile photograph of the Sanje mangabey showing the white eyelids ai
backswept crest that resembleC. galeritus,and the distinctive beige facial colouring that differs

from neighbouring Cercocebugpopulations. Photo credit: C. L. Paddock.
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Figure 3.2. Map of the Udzungwa Mountains, Tanzania, with the forests Mwanihana (green; nort

east) in the Udzungwa Mountains National Park boundary (dashed line) and Uzungwa Scarp Nati
Reserve (orange; soth-west) highlighted as the two forest blocks in which the Sanje mangabe

(Cercocebus sanjeis found. Sampling locations for faecal samples collected in this study are al

marked.
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Figure 3.3. Distribution of Mangadrill species throughout Africa, with the distribution polygons
downloaded from the IUCN Red List of the seveiercocebuspecies in colour blocks and the twc
Mandrillus species outlined in greyed areas. The distribution ofC. galeritusand C. sanjeiare
highlighted with a dashed circle due to the small distribution range of each species. The Ut
conservation status of each species is included in the grey circles: Le&incern (LC), Vulnerable
(VU), Endangered (EN) and Critically Endangered (CR). All species have a decreasing tendenc
the population size (https://www.iucnredlist.org; downloaded on 18 December 2020).
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I OECET Al OOAOPAAEAO Al AOOEZEAAOQEIT T -CAAARAG 1 DI DAIAE
between the Sanjemangabey agile mangabey C. agili$ and Tana Rivermangabey C. galeritu$ were
&1 AEOOEI. e Bsénie Anarigdbéy was originally described as most closely resembling tie
galeritus subspecies, includingC. agilisand C. chrysogasteas subspecies, with its distinctive whoop
gobble territorial vocalisations, size and shape, sexual dimorphism (males are larger in size and have a
longer snout), and shape of the ischial callosities in males and femalgéomewood and Rodgers 1981)
The face in frontal view, with the direction of hairs around the browwas described to resemble that of
C. agilisbut the face in lateral view, with a backswept crest, and white eyelids, rather than flesh
coloured, more resemblingC. galeritus(Homewood and Rodgers 1981) The Sanje mangabey pelage
xAO AAOAOERAAOIADA BEEDRHI & agilis however the Sanje mangabey differs
from C. galeritus, C. agiliand C. chrysogastewith its face colouration being beige, rather than dark
grey/black (Homewood and Rodgers 1981) It was further suggested that the Sanje mangabey may
represent an intermediate form betweenC. agilisand C. galeritusin biogeographical location, with no
evidence of forest mammals colonising the coastal forests in Kenya and Tanzania from a northern route

(Homewood and Rodgers 1981)

Table 3.1. Previous nomenclature used to describe the Sanje mangabey as eittspecies level
(Cercocebus sanjeior subspecies level Cercocebus galeritus sanjeiin its first description,
systematic reviews including the Mangadrills and in previous IUCN Red List reports.

Study Nomenclature

(Homewood and Rodgers 1981) First description Cercocebus galeritus sanjei
Mittermeier (1986) Cercocebus galeritus sanjei
(Groves 1996) Cercocebus sanjei
(Kingdon 1997) Cercocebus sanjei
(Butynski and Group 2000) IUCN Red List Assessment Cercocebus galeritus sanjei
(Groves 2001) Cercocebus sanjei

(Grubb et al. 2003) Cercocebus galeritus sanjei
(Groves 2005) Cercocebus sanjei

(Ehardt et al. 2008) IUCN Red List Assessment Cercocebus galeritus sanjei
(Mittermeier et al. 2013) Cercocebus sanjei
(McCabe et al. 2019) IUCN Red List Assessment Cercocebus sanjei

Furthermore, the Sanje mangabey is divided into two populations inhabiting two forest fragments, the
Mwanihana and the Uzungwa Scarp forests, which are located approximately 100kapart (Figure 3.2).
The genetic distinctiveness of these two populations remains unknownThe Sanje mangabey is

generally considered forestadapted (Ehardt et al. 2005) and is likely unable to disperse across the
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drier habitats surrounding Mwanihana and the Uzungwa Scarp forests. Consequently forest corridors
are currently being proposed as a mechanism for dispers@VWF Tanzania Programme Office 2007)At
present it is unknown when the populations and forest blocks throughout the Udzungwa Mountains

became separatedStruhsaker et al. 2004)

Efforts have been made to increase our understanding of the Sanje mangabey however, for
conservation purposes, further study ofpopulation trends, life history, and threats is required
(Fernandez et al. 2019b; Fernandez et al. 2019a; McCabe et al. 20IB)e Mangadrill Conservation

Action Plan currently in development suggests five actions for all species: i) increase stakeholder
engagement, ii) reduce existing knowledge gaps, iii) raise the profile of thdangadrill species, iv)
enhance protection, and v) habitat restoration(Fernandez, Dempsey, et al. 2019As part of reducing

the knowledge gaps, one action highlights the ndeO 01T AAOOAO A1l AOEAU OEA OA«
OAl1 ACGET T OEEDPO A Kkdnéntide] Derbpsel, @t alA ZDFOBd &), &tudies using morphology

and nuclear DNA to estimate the phylogenetic relationship between the Mangadrill species found that
Central/West African species (sooty mangabeyCercocebus atyswhite-naped mangabey:.Cercocebus
lunulatus; and the collared mangabey:Cercocebus torquatyswere broadly distinguished from the
species in Central/East Africa (TanaRiver mangabey: Cercocebugaleritus; goldenbellied mangabey:
Cercocebus chrysogasteand the agile mangabeyCercocebus agiligDisotell et al. 1992; Davenport et

al. 2006; Guevara and Steiper 2014; Devreese and Gilbert 201%)igure 3.4). Exceptions include
mitochondrial studies that show paraphyly betweenCercocebusind Mandrillus lineages(Van Der Kuyl

et al. 1995; Davenportet al. 2006; Zinner et al. 2011a; Liedigk et al. 2014pr nuclear studies that

OET xAA 11 AEOOET AO Al AAAO xE OE E(DisoelEehal. 1987; QakeROE 1 1 O
et al. 2006) TSPY marker{(Disotell et al. 1992} Figure 3.4). However, molecular phylogenetic studies
carried out so far have not included sequences from all specieBigure 3.4) and thus the relationship

and distinctiveness of each lineagis not known.

Given that eight of the nine species within theCercocebudviandrillus clade are under threat of
extinction (two considered Vulnerable, five Endangeredand one Critically Endangered), understanding
phylogenetic relationships within this clade and of populations within each lineage, supports the
identification of cryptic diversity and for effective conservation of the biodiversity present. Therefore,
AOOEI AGET ¢ OEA 3ATEA 1 AT CAAAUBO PEUITCAT AOEA EEO
Mangadrill clade is a key place to start in informing conservation measures by idifying the

distinctiveness of theCercocebuineages for adequate protection.

Here, the first investigation into the phylogenetic history of the Sanje mangabey is presented. The study
had two aims: i) to assess the phylogenetic relationship betwee@ercocebusand Mandrillus species

using molecular data generated for the Sanje mangabey and published data for other species, and ii) to
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estimate the time to most recent common ancestor to understand whether th&anje mangabey

represents an evolutionary distnct lineage from otherCercocebus

3.2. MATERIALS AND METHODS

3.2.1. Sample Collection and DNA extraction

Faecal samples were collected between June and November 2017 in the two forests within the
Udzungwa Mountains, Tanzania, where the Sanje mangabey is endemicthg@ Mwanihana Forest

i XJxHdx63hoopdelpded) 1 E ppx OAI BPI AOQh 1T AAOGAA xEOF
0OAOEh AT A EEQ OEA 5U01 CxPpJ BAADWD od ADO@HA 2 A Gdu @A OA(
3.2). Twenty-eight locations were searched for mangabeys (corresponding to locations used in an
acoustic population survey conducted at the same tim@Paddock et al. 2020) with observers climbing

01 OAT OACA DI ET OO O 1 EOOAT AT ACT ARIADRA OERA I AEGNOEE
searched for the groups to opportunistically collect faecal samples. When a group was visually detected,

the group would be obseved from a distance, and observers would follow behind to locate faecal

samples.

Samples were only collected if they were 2m apart from the next sample to minimise the chance of
resampling individuals. The location and elevation of sampling sites were remded using Geographic
Positioning System (GPS) coordinates (Garmin GPSMAP 54s Handheld Navigator device). Faeces were
ATT1AAOGAA xETT A AT A OO OAA @OAD | thépder KAIOOMBKRET 1T C
sample was immersed in 30ml of 9% ethanol in a sterile 25ml universal falcon tube (SARSTEDT AG &

Co., Numbrecht, Germany) for 48h, after which the ethanol was drained and replaced with
approximately 10g of Silica Orange (SigmAldrich® Company Ltd., Dorset, UK). The samples were

stored in the silica gel at room temperature until DNA extraction.

DNA extraction of the dried samples was carried out in the School of Biosciences, Cardiff University, in a
laminar hood. The outermost surface of the faeces was scraped and collected using a stadg this
material is expected to contain the highest amount of host DNA and the lowest concentration of PCR
inhibitors from the diet (Beja-Pereira et al. 2009) DNA was extracted using th@lAamp Fast DNA Stool
Mini Kit (Qiagen, UK)and extracts were s$ored at -20°C until required for analyses. Risk of
contamination from exogenous DNA was minimised by ensuring that all DNA extractions were
conducted in a laminarflow hood located in a different laboratory to the PCR setup and with all
surfaces sterilised with bleach and ethanol prior to work. When handling samples in collection and
processing, gloves, face masks and plastic head caps were worn at all times to prevent contamination

with exogenous DNA and to minimise the risk of zoonoses.
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3.2.2. Primer Design and DNA Amplification

To estimate the phylogenetic relationship between the Sanje mangabey and othé&rercocebus
mangabeys, two nuclear (autosomal CD4 gene and Y chromosomal tesfiecific protein TSPY), and
two mitochondrial fragments (cytochrome oxidase subunit Il: COIll; and control region: CR), were used
to reconstruct phylogenies. These fragments were chosen tmclude freely available sequences
produced by previous phylogenetic studies of Papionir{iZzinner, Arnold, et al. 2009; Burrell et al. 2009;
Olson et al. 2008; Davenport et al. 2006; Tosi et al. 2003; Harris 2000; Harris and Disotell 1998; Disotell
et al. 1992). Additionally, the fragments represented three inheritance pathways: mitochondrial
maternal inheritance (COIl and CR), Xhromosome inheritance (TSPY) and nuclear autosomal
inheritance (CD4). Each pathway can influence the genetic structure of populations differently
depending on the life history and dispersal behaviour of a species @nhus, phylogenies constructed
using each type of inheritance pathway were compared to identify differences in clustering patterns. As
no publicly available sequence data existed for the Sanje mangabey at the beginning of the study,
primers were designedusing conserved regions in alignments o€ercocebusequences obtained from

Genbank Table 3.2). Fragments were targeted using two to threeverlapping primers (Table 3.3).

A total fragment size of 401 base pairs (bp) of CD4 (spanning nucleotide positions 1327 in C. atys
AF057383) was targeted by amplifying two overlapping fragments of 253 and 351 bp. To design two
primer pairs in conserved regions, an alignment of fouCeacocebussequences C.agilis: FJ750597;C.
chrysogaster AF057382; and C. atys:AF057383; AF057384) was constructed. For TSPY, a total
fragment size of 621 bp (spanning nucleotide positions 11333 in C. galeritusAY195576) was targeted
by overlapping seaiences generated by three primer pairs. The primers were designed in conserved
regions of nineCercocebusequences after alignment of sequences from Genban&.(agilis FJ750633;
C. galeritus AY195576; C. chrysogaster AF057409 and AF057410;C. atys AF057411, AF057412,
AF057413, and AF057414; andC. torquatus AY195577). A 523 bp fragment was targeted for COlIl
region (spanning nucleotide positions 7,1467,647 in C. galeritusM74004) using overlapping sequences
from two primer pairs, which were designed in conserved regions of an alignment o€ercocebus
sequences from GenbankQ. agilis FJ750650;C. galeritus AY686132 and M74004C. atys AY686135;
C. torquatus FJ713422 and AY686133; an€. lunulatus AY686134). Two primer pairs for mtDNA CR
were designed in conserved regions of threeCercocebusmitochondrial genomes (C. torquatus
NC_023964; andC. atysNC_028592 and KP090062), with the overlapping sequence 515 bp in length
(spanning nucleotide positions 15,64816,218 inC. atydNC_028592).
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Figure 3.4. A compilation of the most recent craniodental morphological study
(Devreese and Gilbert 20153nd the past phylogenetic studies that included at least on
Cercocebusand one Mandrillus species for comparison to the phylogenies from this
study.
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Table 3.2. Genbank accession numbers for sequences used in this studyeautosomal

marker (CD4), one nuclear Xhromosome marker (TSPY), and two mitochondria

genes; control region (CR) and cytochrome oxidase subunit Il (COII).

CD4 TSPY COll CR
Cercocebus sanjei Generated in this study
Cercocebus galeritus AY686132
AY195576 M74004
Cercocebus agilis FJ750597= FJ560633 FJ750650
Cercocebus AFos73g2a  AFOOTAL0T o143 NCO21043
chrysogaster
Cercocebus lunulatus AY686134b
NC023964
Cercocebus torquatus AY 1955772 AY686133 NC023964
FJ713422
AY686135
Cercocebus atvs AF057383 ﬁigg;ﬁ; KP090062 KP090062
y AF057384 AF0574132 KT159932 NC028592»
NC028592»

: . AF0573862 FJ713421° KC757403°
Mandrillus sphinx FI750596 0 °993%  py7s0e51  K1434963
Mandrillus leucophaeus AF057387a2  AF057421a M74006b KT696596b

. AF0573902  AF057423a
Lophocebus aterrimus FJ750595 FI750631 FJ713415
Lophocebus albigena  AF057391a  AF057425a
: AF0573892 EU293079
b
Theropithecus gelada FJ750594 AF057415a M74009 NC019802
Rungwecebus kipunji EU600174a DQ3814722  DQ381471b
. . FJ750590
b
Papio papio AF057388 FJ750626 EU293078 NC020009
AF0574162
b b
Macaca mulatta AF0573852 AF425276 M74005 KJ567051!

aUsed in nuclear and full concatenated sequenc&jsed in mtDNA and full concatenated sequence

Table 3.3. Primer sequences used to amplify fragments of two nuclear loci; CD4 and TSPY, .
two mitochondrial genes; control region (CR) and cytochrome oxidase subunit 1l (COIll), in tt
Sanje mangabey (Cercocebus sanjei).

. : AR ERE = Fragment . .
Region Primer 3 ANOAT AAd @ u 6 it ) PCR cycling conditions
CRF1 GCTCCGGGCCCATAACTC 95°C for 2mins, [95°C for 30s,
257 61.8°C for 60s, 72°C for 2 mins
R CRR1  CAAAGACAGGCGCATTCAC x 35 cycles, 72°C for 10 mins
CRF2 CCRAAACATGCTTACAAGC 95°C for 2 mins, [95°C for 30s
343 50°C for 60s, 72°C for 2 mins] x
CRR2 GTTATGGCCCTGAGGTAAC

35 cycles, 72°C for 10 mins
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COllIF1  CTATATGCCCTRTTCTCAAC(

297
coi _COlRL CTTCTAGGAGTCGAAGGTC
COIlIF2 GACYAYGGAGGCCTAATC 95°C for 15 mins, [94°C for 30s
303 50°C for 90s, 72°C for 90s] x 4(
COIlIR2 GTTCYGCRACGATTGG cycles, 72°C for 10 mins
TSPYFL CAGTTGAGAGGTGCTCTTC

TSPYRL CACAGTCCCTTAACAATAG 264

TSPYF2 CTGAAGAGCAGAAGCGAG

TSPY 1spyre GeraGGccTAAGAGCACC 2
95°C for 15 mins, [94°C for 30s
TSPYF3 CTCAGACACCGGCAGTTC 290 annealing for 90s, 72°C for 90s]
TSPYR3 CATCTTGGTCAGTGATCAG X 20 cycles with annealing
starting at 64°C anddecreasing
CD4F1 CCAAATCCAGCCTGAGCTC 053 by 1°C every 2 cycles, [94°C fo
cDa CD4R1 CAGCCAAGACAGGGTTTC(C 30s, 54°C for 90s, 72°C for 90s
CD4F2  CTGTCAAACTGGCCTCCG X 20 cycles, 72°C for 10 mins

CD4R2 GAGTTGGCAGTCACTGTG(

EachDACI AT O xAO Ai bl EZEAA AU o011 Ui AOAOGA #EAET 2AAA
I £ ovtl 1)!" % -0l OEPIA® 0#2 -AOOAO -EQ | A O #%$1h
i 60s.! #2qah ptl OAIDBI AOGA $.! ATAHETAIOAAGMA AIGOADEDIA O
cycling programmes (conditions in) were run in an Applied Biosystems GeneAmp PCR System 9700.

The successof each PCR was tested by agarose gel electrophoresis and visualised in a UV

transilluminator.

A subsample from each forest were selected for sequencing for TSPY, CD4 and COIl based on the
amplification success for all primers. A larger number of samplewere used (n=64) to generate CR
sequences, as this study coincided with a study of phylogeographic structure of the Sanje mangabey
subpopulations (Chapter Four). Each unique haplotype sequence found in that study was included in
this study. This therefore,will introduce some sampling bias as the diversity of the other markers was
investigated in far fewer individuals and may not represent the diversity of the population correctly,

however the sequences used still provide the valuable insight into the phydenetic history required.

Successful amplifications were sent for Eurofins PlateSeq Service (Ebersberg, Germany) and Centre for
Molecular Analysis sequencing service (CTM; CIBIO, Portugal}diiectional sanger sequencing. The
chromatogram for all sequence was inspected by eye using Geneious (v4.8.5) to manually trim forward
and reverse ends and verify the quality of base calls. Each sequence was submitted to BLAST (Basic
Local Alignment Search Tool; https://blast.ncbi.nlm.nih.gov/Blast.cgi) to search agast existing
sequences in GenBank for the genetically closest sequence and species. Only samples where the top

results for percentage identity (>95%) wereCercocebusequences were included in further analyses.
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3.2.3. Phylogenetic Reconstruction

To construct phylogenies of the Sanje mangabey within the Papionini tribe, sequences were retrieved
from Genbank forCercocebusMandrillus, Lophocebus, Rungwecebus, Theropitheand Papio species.
Macacawas chosen as an outgroup (accession numbers ofggeences used inTable 3.2). As previous
studies of other species within the Udzungwa Mountains have indicated significant divergence between
subpopulations in the Mwanihana and Uzungwa Scarp forest fragmeniSeccarelli et al. 2014; Bowkett

et al. 2015; RuizLopez et al. 2016) sequences from each forest were generated and included as part of
separate datasets generated for each foredtragments for ore Sanje mangabey individual from each
subpopulation for CD4, TSPY and COIl and all unique haplotypes found for the CR fragment were
aligned to sequences for other species. All sequences were trimmed to the length of the smallest
sequence to reduce missingdata between samples, resulting in an alignment of 400 bp for CD4
(spanning nucleotide positions 126525 in C. chrysogasterAF057382), 588 bp for TSPY (spanning
nucleotide positions 113700 in C. galeritus AY195576), 480 bp for COII (spanning nucleotidgositions
7,168-7,647 in C. atys NC028592) and 369 bp for CR (spanning nucleotide positions 15,68%,057 in

C. atysNC028592).

Maximum Likelihood and Bayesian phylogenies were constructed as each method can show
discrepancies in branch support as bootstrap and posterior probability estimates, respectively, and
therefore can be used to estimate upper and lower bounds of suppo(Douady et al. 2003) Three
phylogenies were reconstructed with each method using partitioned concatenated sequences: i)
concatenating the two mitochondrial fragments (CR/COII; 849 bp), ii) concatenating the two nuclear
markers (TSPY/CD4; 988 bp), and iiipll four fragments concatenated (CR/COII/TSPY/CD4; 1,833 bp).
To select the most appropriate nucleotide substitution model for each fragment, jModelTest v2.1.10 and
the Bayesian Information Criteria (BIC) was used to determine the substitution model to hesed for
both Maximum Likelihood and Bayesian phylogeny reconstruction (CD4=HKY, CR=HKY+G;
COIll=HKY+G; TSPY=JC). Maximum Likelihood phylogenies were reconstructed in RAXML v8.2.10
(Stamatakis 2014)with 1,000 bootstrap replicates and generating an exteretd majority rule tree with a
>50% threshold from these replicates. Thélacacasequence available in each alignment was assigned
as the outgroup. A Bayesian phylogeny with posterior probabilities was generated using MrBayes 3.2.7
(Ronquist et al. 2012)and a Monte Carlo Markov Chain (MCMC) with 1,000,000 generations, sampling
every 1,000 and with a 25% burnin. Convergence of models was evaluated using the potential scale

reduction factor (PSRF ~1.0) and effective sample size (ESS >100) for all parameters.

3.2.4. Divergence Time Estimation

To investigate the time to the most recent common ancestor (TMRCA) for Cercocebus species a

calibrated phylogeny was created for the concatenated sequence of all fragments (EDBPYCOIICR;
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1,837 bp fragment) using BEAST2 v26.(Bouckaert et al. 2019) Each fragment was defined as a
separate partition with the most appropriate substitution model as estimated for each fragment in the
above phylogenies, and individual site and clock models were selected. THerergence tree was
constructed using a Calibrated Yule Model, a model appropriate for comparing sequences from different
species, and previously published Papionini divergence time estimates as priors to calibrate the model
from the phylogenetic history sudy of the kipunji (Rungwecebus kipunjj Zinner, Arnold, et al. 2009
Table 3.4). A divergence time was included betweeercocebusand Mandrillus, enforcing monophyly,
following the strong statistical support found by Devreese and Gilbert (2015)and following the

previous study of divergence within PapioningZinner, Arnold, et al 2009).

To calibrate the model in this study, an estimate of the divergence time betweeRapio and
Theropithecus, 3.5z 4 MYA, from the fossil record was usedLeakey 1993; Delsoret al. 2000; Table
3.4). The study byZinner, Arnold, et al. (2009)estimated the position of kipunji within the Papionini
tribe using three of four fragments (CD4, TSPY and COIl) also used in this study; therefore these
divergence time estimates werealso included in calibrating the model in this studyA normal

distribut ion was used to set the priors across the 95% confidence interval.

The model was run as four independent replicates for 10 million steps, sampling every 1,000 steps with
a 10% burn-in, and combined using LogCombiner v2.5.2. Models were inspected in TRACHR.1

(Rambaut et al. 2018)and priors were refined until ESS values were >200. The combined replicates
(40,004 trees processed) generated by the model were then summarised in TreeAnnotator v2.5.2 using

default parameters and visualised in FigTree v1.4(Rambaut 2018).

Table 3.4. Divergence time estimates and confidence interval used in this study as priors to calibra
a Calibrated Yule Model for the Sanje mangabe@édrcocebus sanjeivithin the Papionini tribe.

Divergence estimate ~ Reference
(MYA; 95% ClI)

Leakey(1993);

Papio / , 3.75 (3.507 4.00)
Theropithecus Delson et al(2000)

Lophocebus, Theropithecus,

Macaca /" Rungwecebus, Papio, Mandrillus 9-18 (7.717 10.48)
& Cercocebus
Theropithecus, Rungwecebds [
Lophocebus  / o J 4.95 (3.797 6.15) Zinner, Arnold, et al.
Papio (2009)
Cercocebus& / Theropithecus, Rungwecebus, 8.47 (6.987 10)
Mandrillus Lophocebus Papio
Cercocebus /  Mandrillus 3.73 (2.097 5.68)
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3.3. RESULTS

The two nuclear fragments used in this study; autosomal CD4 gene (CD4; 400 bp) and Y chromosomal
testis-specific protein (TSPY; 588 bp), showed very low genetic variation between the two Sanje
mangabey populations. The CD4 marker had only one segregatinitesand the alignment showed an
average of 99.0% (SD +0.60) pairwise identity between all species and 97.0% identical sites between
sequences. The TSPY sequence was identical in the two Sanje mangabey populations and showed a
98.7% (SD £0.64) pairwise idetity between all species and 94.4% identical sites between sequences.
The mitochondrial cytochrome oxidase subunit 1l (COIl; 480 bp) fragment used in this study was
identical between Sanje mangabey populations. Comparing between at species level the Q@gjnfient
showed a 91.2% (SD %4.15) mean pairwise identity and 71.9% identical sites between sequences. As
expected, the mitochondrial control region (CR; 369 bp) fragment in this study was the most variable
sequence studied, with 22 segregating sites betwaeSanje mangabey populations and a mean 84.7%
(SD £7.76) pairwise identity between all Cercocebusspecies, with 64.2% identical sites between
sequences. No evidence of nuclear copies of mitochondrial DNA (NUMTS) was found when assessing the

sequences following the recommendations fronBensasson et al. 2001)

Ten sequences were removed from furtheanalyses following submission to BLAST (Mwanihana: n=3;
Uzungwa Scarp: n=7). These sequences showed >95% percentage identity with exist@grcopithecus

mitis GenBank database sequences. This suggests these samples were collected as a misidentification of
BUEAOG8 I TTEAU CcOil OPO OEAO 1 EOA OUI PAOGOEAAI T U xEOE

3.3.1. Phylogenetic Reconstruction

All phylogenies: i) all four fragments; CD4, TSPY, COIl and CR, concatenated (1,833 bp; Posterior
Probability: PP= 1.00; bootstrap value %: 8= 100;Figure 3.5), ii) COIl and CR mitochondrial fragments
concatenated (849 bp; PP = 1.00, BV = 9Bjgure 3.6a), and iii) CD4 and TSPY nuclear fragments
concatenated (988 bp; PP = 1.00, BV = 10@jgure 3.6b), using both a Bayesian and Maximum
Likelihood approach for each (six total reconstructions), positioned the Sanje mangabey within a group
that included all other Cercocebuspecies (sequences used in each reconstruction are availableTiable

32).

Phylogenies produced using the concatenation of all four fragments showed strong support for the
grouping of C. sanjeivith C. agilisC. chrysogasteand C. galeritus(PP = 1.00; BV = 6%igure 3.5). The
two C. sanjeisubpopulations were, however, reciprocally monophyletic with respect to other
Central/East African mangabeysC. chrysogaster, C. agisd C. galeritus(PP = 1.00; BV =®). Within
this group, C. agilisand C. chrysogasteformed a group distinct from C. galeritus(PP = 1.00; BV = 99).

The concatenated mitochondrial phylogeny showed strong support for the grouping &. sanjewithin a
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group that included the Central/EastAfrican mangabeys andV. leucophaeu$PP = 0.99; BV = 64;igure
3.6a). Furthermore, the C. sanjeisubpopulations were a distinct lineage from the others within this
group. No reciprocal monophyly was evident betweeMandrillus and Cercocebuswith M. leucophaeus
ingrouped with the four Central/East African species. The concatenated nuclear phylogeniosved
support for the grouping of C. sanjewith the Central/East African mangabeys (PP = 0.98; BV = 54). The
concatenated nuclear phylogeny confirmed th€ercocebugroup with strong support (PP = 0.98; BV =
54), and in this case showed the expected recaipcal monophyly betweenMandrillus and Cercocebus
(PP =0.98; BV = 54%Figure 3.6b).

3.3.2. Divergence Time Estimation

Using the concatenated sequence of all four fragments (CD4, TSPY, COIl and CR; 1,833 bp) in a
Calibrated Yule Model, the Central/East AfricanCercocebusmangabeys C. sanjei C. agilis C.
chrysogasterand C. galeritu3 and the Central/West African mangabgs (C. lunulatus, C. atyand C.
torquatus) were estimated to have diverged 3.35 MYA (95% HPD interval: 2.§13.90; Figure 3.7). The
Sanje mangabey lineages were estimated to have diverged frdin agilisC. chrysogasteand C. galeritus

2.34 MYA (95% HPD interval: 1.73 2.95). The Sanje mangabey subpopulations were estimated to have
diverged from their most recent common ancesir 0.77 MYA (95% HPD interval: 0.43 1.15).
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Figure 3.5. Phylogenetic trees for Papionin species using a concatenated sequence (1,833 bp) for f
fragments: two nuclear (CD4 and TSPY) and two mitochonidl (COIl and CR). Bothhie Maximum
Likelihood phylogeny (left; bootstrap values shown at the nodes) anthe Bayesian phylogeny (right;
posterior probabilities shown at the nodes) are presented. Sequences used in the phylogeny :
available in Table 3.2. Cercocebusspecies in central/eastern Africa, each previously considere
subspecies ofCercocebus galeritugre coloured in yellow, the remainingCercocebuspecies, found in
central/west Africa, are coloured green,Mandrillus species coloured purple and other Papiin

species coloured in grey.
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Figure 3.6. Phylogenetic treesfor Papionin species usingtwo concatenated sequences: a
mitochondrial cytochrome ¢ oxidase subunit 1l (COIl) and control region concatenated (84
bp) and b) nuclear CD4TSPY concatenated (988 bpBoth the Maximum Likelihood phylogeny
(left of species names; bootstrap values showat the nodes) and the Bayesian phylogeny (righ
of the species names; posterior probabilities shown at the nodes) are presented. Sequen:
used in the phylogeny are available iTable 3.2. Cercocebuspecies in central/eastern Africa,
each previously considered subspecies dCercocebus galeritusare coloured in yellow, the
remaining Cercocebusspecies, found in central/west Afica, are coloured greenMandrillus
species coloured purple and other Papionin species coloured in grey.
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Figure 3.7. Estimation of divergence time in Million Years Ago (MYA) for Papionin species from
concatenated sequence from four genes (CD4, TSPY, and mitochondrial COIll and control region; 1
bp). Estimated time to the most recent common ancestor (TMRCA) is showhthe nodes with the 95%
confidence interval underneath in brackets. Posterior probabilities < 1.00 are shown in italics to th
right of the corresponding node.Sequences used in the divergence tree are available Table 3.2.

Cercocebusspecies in central/eastern Africa, each previously considered subspecies Gercocebus
galeritus, are coloured in yellow, the remainingCercocebuspecies, found in cetral/west Africa, are

coloured green,Mandrillus species coloured purple and other Papionin species coloured in grey.
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3.4. DISCUSSION

This study constitutes the first phylogenetic reconstruction of the Mangadrills Mandrillus and
Cercocebuspp.) that includes sequences from the Sanje mangabey. In doing so, the relative position of
the Sanje mangabey within theCercocebudlandrillus clade was clarified and the time to most recent
common ancestor with otherCercocebusvas estimated using four genetic markers (two mitochondrial
and two nuclear). The results of the phylogenetic analyses, with all markers concatenated, grouped the
Sanje mangabey with the Central/East African mangabey€( galeritus C. chrysogasteand C.agilis),
separate from the Central/West African mangabeysQ. torquatus C. lunulatusand C. aty$ with 69%
bootstrap confidence and a 1.00 posterior probability. This result recapitulates phylogenetig&Guevara
and Steiper 2014)and craniodental studies(Devreese and Gilbert 2015hat also showC. agilisand C
chrysogastemwith a common ancestor, within a clade includingC. atys a clade further separate from the

C. torquatusbranch (Figure 3.4).

In the concatenated mitochondrial phylogenyCercocebuspecies were paraphyletic withMandrillus,
however Cercocebuand Mandrillus were monophyletic in the concatenated nuclear tree. Incongruence
between nuclear and mitochondrial phylogenies can indicate either incomplete lineage sorting or
ancient hybridisation and introgression (Petit and Excoffier 2009) Previous studies of mitochondrial
phylogeny (Van Der Kuyl et al. 1995; Liedigk et al. 2014)ard molecular (Baba et al. 1976; Dene et al.
1976; HewettEmmett et al. 1976; Baba et al. 1980; Stanyon et al. 1988horphological (Fleagle and
McGraw 2002; Devreese and Gilbert 2015and behavioural similarities (Groves 1978) have also
indicated a very close relationship between theCercocebusand Mandrillus species. Considering
previous studies of nuclear and mitochondrial DNAPerelman et al. 2011; Guevara and Steiper 2014;
Davenport et al. 2006; Zinner, Arnold, et al. 200Zinner et al. 2011; Liedigk et al. 2014)Devreese and
Gilbert 2015) suggested it may be possible that an ancient introgression event occurred with the
overlap of the range ofCercocebusind Mandrillus in western Africa before dispersal events out fom

this region.

In this study, the Central/West African mangabeys . torquatus C. atysand C. lunulatud were
estimated to diverge from the Central/East African mangabey<J. sanjeiC. agilisC. chrysogastegnd C.
galeritus) 2.34 MYA (95% CI: 1.7& 2.95). This time period is coincidental with the time estimated for a
Procercocebus antiquusossil (2.0-3.0 MYA;Devreese and Gilbert 2015yiscovered in Northern Cape
Province, South Africa Figure 3.8) which showed similarities to extantCercocebusnangabeys with the
most craniodental morphological similarities to C. torquatus(Gilbert 2007). Devreese and Gilbert
(2015) hypothesised tha Cercocebuspecies originated in Central/West Africawith all three suggested
scenarios showing an eastern dispersal from either of these distributions towards the current

central/eastern mangabeys(Devreese and Gilbert 2015) Devreese and Gilbert(2015) noted that it
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remains unclear as to whether theP. antiquusfossil is representative of an early dispersal route from
western equatorial Africa south, or ifCercocebusriginated in the south and migrated north to diversify
into the current Cercocebadistributions across Africa. The discovery of more fossils and studies using a
greater set of genome wide nuclear loci to test for consistent monophyly in nuclear phylogenies is

required to confirm this conclusion.

The group including Central/East African species distinguished in this study included all the sequences
from mangabeys previously considered subspecies &. galeritus(C. sanjeiC. galeritusC. agilisand C.
chrysogaste). Our nuclear/mitochondrial concatenated phylogeny revealed that the Central/East
African species share a common ancestor, the Central/West Africdh atysand C. lunulatusshare a
common ancestor, andC. torquatuswas a distinct lineage from these groupsThe results of this study
support molecular, morphological and behavioural evidence suggesting a close phylogenetic
relationship among Sanje mangabe\C. galeritusC. agilisand C. chrysogastefHomewood and Rodgers
1981; Kingdon 1997; Groves 2001; Grub et al. 2003; Devreese and Gilbert 2015)nterestingly, the
TMRCA between the Sanje mangabey afid galeritusC. agilisand C. chrysogastewas estimated at 2.34
MYA (95% CI: 1.7% 2.95), which is considerably older than the estimated TMRCA of 0.56YM (95%
Cl: 0.217 0.94) for these threeCercocebuspecies. These results suggest that the Sanje Mangabey is an

evolutionary distinct lineage within the Cercocebuslade.
3.4.1. Dispersal and Divergence in East Africa

Interestingly, the time scale of approximagly 2.34 MY (95% CI: 1.7% 2.95) divergence time of the
Sanje mangabey from otheCercocebumangabeys is very similar to that observed in the mitochondrial
divergence found for the sympatric Angolan colobusGolobus angolensis palliatygpopulation in the
Udzungwa Mountains from the Guereza colobusCplobus guerezashared distribution with C. agilis,
found across most of central equatorial Africa) with an estimated TMRCA at 2.1 M{Hng 2008). As a
sympatric species, it is likely these two species egpienced similar patterns of dispersal leading up to
and since this time estimate. This divergence estimate of approximately 2 MY could potentially coincide
with a changing climate in eastern Africa(Bobe and Behrensmeyer 2004; deMenocal 2004)the
formation of physical barriers to dispersal (such as rivers and rifting activity), and competition and/or

avoidance with other species occupying the same regions during this time.
Historical Climate Change

The climate in East Africa throughout the Miocene to mi€liocene (3z 8 MYA) consisted of much
warmer and wetter conditions, resulting in an abundance of forest throughout the regio(Butynski and
Jong 2020) The following PliocenePleistocene eras coristed of drier periods coinciding with glacial

cyclesat 3.2, 3.0, 2.8, 1.7 and 1.0 MYA, with a gradual shift of vegetation from closed forest to grassland
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Figure 3.8. Potential dispersal routes for the Sanje mangabeyCercocebus sanjeto eastern Africa and potential barriers to dispersal: a) the distrilition
of Cercocebuspecies across Africa with the arrows representing the dispersal fror@. torquatuswest (1) and east (2), creating the eastern and wester!
clades found in this study, and the potential two dispersal events fa€. galeritus(3) and C. sanje{4). The distribution of C. galeritusand C. sanjeare
highlighted by a dashed circle outline androposed dispersal route either north from the fossil locationP. antiquusto C. torquatusor south from C.
torquatus to P. antiquus(5); and b) an elevation map of Tanzania and the surrounding regions, including the locations of the major water bodiégers
and rifts in Tanzania. Three major rivers surround the Sanje mangabey distribution: Kilombero (1), Ruaha (2), and Rufiji (B)rectionality of dispersal is
based on the scenario in the craniodental study bpevreese and Gilbert (2015})hat is deenmed most representative of the results in this study.
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3.6 - 2.4 MYA and a significant increase in dry species 2-8.4MYA (deMenocal 2004) Additionally,
from 2.5 MYA onwards, there was an estimated incrsa in mammal species adapted to grassland, with
the appearance oHomo erectuga Homospecies adapted to dry environmentsJinked to this grassland
expansion after 2 MYABobe and Behrensmeyer 2004)The expansion and contraction of forests and
the reduced suitable closed forest habitat available after 2.4 MYA may have influenced dispersal routes
between forest fragments, leading to isolation and subsequent speciation. Endemism in the Eastern Arc
Mountains has been linked with the stability of ecosystem refuges during periods of climatic change
(Fjeldsa and Lovett 1997; Marchant et al. 2007; Mumbi et al. 2008uggesting ancestral populations of
Sanje mangabey may have become isolated in the forestistbe Eastern Arc Mountains during these

climatic cycles in stable populations.
Physical Barriers to Dispersal

The Albertine Rift may have influenced the evolutionary history of the Central/East African mangabeys.
Significant tectonic activity is estimaed to have occurred 2z 3 MYA, with the Gregory Rift (northern

Kenya) and the Albertine Rift (western Tanzania) both having major uplift events during this time
(Partridge et al. 1995 Figure 3.8b). It is also estimated that in the last 3 MY there has been active rifting
across the Rukwa, Albertine and Kigoma basins and rift propagation from Lake Malawi and Lake
Tanganyika in a southerly and easterly dection (Macgregor 2015) A palaeolake once extended across

the western side of the rift, between the current Lake Albert and Lake Edward 257 MYA and the

OpPl EEO E1 OEEO OACEI1T 1TAAOOOEIT ¢ EJ6 MYAMacdre§od2D15¢c - 9 h
Figure 3.8b) and the Rwenzori Mountains 2 MY AKaufmann et al. 2016)

The phylogenies of the Central/East African red colobud{liocolobussp.) species have been found to be
divided into two clades, one including the Kenyan Tana River colobu®.(rufomitratus sympatric with

C. galeritug with more central African colobines, and one grouping the UdzungwaP( gordonorum
sympatric to the Sanje mangabey) and Zanzibar red colobuB.(kirkii; Ting 2008). A study of the cranial
morphology of red colobus species suggested the distinct morphology Bf rufromitratus, more closely
resembling ancestral central species than the Udzungvand Zanzibar colobines, suggests two dispersal
events into East AfricaCardini and Elton 2009) This pattern resembles that of the Central/East African
Cercocebusnangabeys found in this study, with the Sanje mangabey diverging 2.34 MYA (95% CI: 1.73
Z 2.95) from C. galeritus, C. agiliand C. chrysogasterand these three species having a much more
recent TMRCA of 0.51 MYA. They suggest the ancestral Tana River red colobus dispersed north of the
Rift Valley and the Lualaba river Figure 3.8a), through montane refugia across to the Tana forests
(Cardini and Elton 2009) The Udzungwa and Zanzibar red colobines dispersed along a southern route
from Lake Tanganyika across the Southern Highlands to the Udzungwas and the forests along the

RuahaRufiji River, as described forCercopithecusspecies (Butynski and Jong 2020) Previously,
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Devreese and Gilbert(Devreese and Gilbert 2015)suggested thatC. galeritusand C. sanjeibecame
relicts O £A E O1 Unow@ved thi§ fhudylappears to agree with their alternative hypothesis that each
species arrived at their current distibution through separate dispersal events following that of
Piliocolobus(Ting 2008; Devreese and Gilbert 2015)This suggests the ancestral Sanje mangabey may

have followed the southern dispersal route away from the other Central/East African mangabeys

Physical barriers within Tanzania may also have favoured dispersal across the Southern Highlands
(Figure 3.8b). A study of baboon Papio sp.) mitochondrial phylogeography found the East African
lineages were divided into a clear northern and southern clade, with the UgalMalagarasi and Ruaha
Rufiji rivers likely serving as geographic barriers(Zinner et al. 2015 Figure 3.8b). The study further
highlighted that these rivers potentially also act as a barrier betweerP. anubis(northern) and P.
cynocephalugsouthern; Kano 1971), as a southern limit for colobines and the Zanzibar dwarf galago in
coastal eastern Africa, an@s the northern limit for the Mozambique dwarf galagdButynski et al. 2013
Figure 3.8b). With the divergence of the Sanje mangabey from othdCercoebus species and the
proximity of its current distribution to the Ruaha-Rufiji rivers, this suggests these rivers may have acted
as a dispersal barrier for the Sanje mangabey as well. Furthermore in baboons, the dispersal event from
southern Africa to easern Africa and divergence into the northern and southern lineages was estimated
to have occurred at around ~2.1 MYAZinner, Groeneveld, et al. 2009)coinciding with the divergence
time of the Sanje mangabey from otheCercocebusnangabeys. This was thaght to be due to the
expansion of savannah and created a subsequent radiation of savannah adapted species such as
antelope (Bovidae), which may coincide with the fragmentation of forest habitat and the isolation of

ancestral mangabey populations into diveging lineages.
Intraspecific competition: Cercopithecus and Papio

Finally, intraspecific competition may have further influenced dispersal and isolation alongside physical
barriers. The current and ancient widespreadCercopithecuspecies are thought tchave influenced the
relictual distribution of the Cercocebuspecies through competition(Butynski et al. 2013). The historic
dispersal of Cercopithecusp. in East Africa is thought to have also been influenced by the Rift Valley
and increasing unsuitable arid habitat(Butynski and Jong 2020) The expansion ofCercopithecus
(nictitans) species diversity was estimated to have occurred 2.4 2.4 MYA(Butynski and Jong 2020)
coinciding with the divergence time (2.34 MYA) of the Sanje mangabey from oth€ercocebuspecies.
This diversification and the expansion and contraction of forest habitats may have led to direct
competition between the ancestral Cetmal/Eastern Cercocebugopulations with Cercopithecusp. (e.g.
ancestral populations of Cercopithecus mitisfound in the Udzungwa Mountains), resulting in the
isolation of populations, prevention of dispersal between contracting intermediate forests, angbssibly

leading to the extinction of Cercocebugopulations. It is likely also the Sanje mangabey experienced
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competition with other semi-terrestrial primates or were isolated due to avoidance of other species
such as the yellow baboonF. cynocephalysthat are well-adapted to the lower elevation forests and
savannas. Currently the mangabeys avoid interactions with the baboons (McCabe and Fernandez, pers.
obs.). Tana River mangabeys have also been observed avoiding yellow baboon, where mangabeys
avoided regions of habitat overlap between the two species, reducing their withkgroup dispersal
when habitat overlap was high with baboons and being displaced in sleeping sité#/ahungu 1998).
These behaviours reduce habitat overlap between the species, podgibeading to low competition.
However, the behaviours were observed in a period of high fruit availability, which reduced the need
for overlap with abundant resources available across the habitat area. In periods of reduced food
resources, both species wald occupy the same habitats, potentially increasing competition and likely

to the detriment of the mangabeys(Wahungu 1998). Therefore, it is possible that avoidance and
competition for resources between mangabeys and other species limited the disperdagtween forest

habitats at a time the forests were becoming smaller and fewer, isolating mangabey populations.

In order to further understand the relationship between theCercocebuand Mandrillus species it would
be beneficial to undertake extensive sapling from across the current known distribution for each
species. This would identify whether isolated populations hold cryptic diversity that may provide
insight into the dispersal routes by identifying time to most recent common ancestor at both the
population and species level. This study also used only four markers, therefore, genomigle markers
combined with behavioural and morphological studies would provide a more accurate estimate of

relationships between species.
3.4.2. Ancient Lineages

The two Sanje magabey populations had an estimated ancient divergence time for the concatenated
mitochondrial and nuclear sequences. In this study, the TMRCA for the two Sanje mangabey
populations was an estimated 0.77 MYA (95% CI: 0.481.15). A previous estimate fromStruhsaker et
al. (Struhsaker et al. 2004)suggested that the forests separated over 100 years ago, however this result,
alongside other studies of genetic structure within the Udzungwa Mountains forests (East Afromontane
horned chameleons,Triceros sp. (Ceccarelli et al. 2014) grey-faced sengi,Rhynchocyon udzungwensis
(Lawson et al. 2013) suggest that the division of subpopulations across taxa within the forest
fragments occurred on a more ancient timescale. The divergence time found in this stuslyggests the
two subpopulations are representative of two ancient lineages, rather than becoming isolated with
more recent anthropogenic activity. As with the isolation of the Sanje mangabey from oth€ercocebus
mangabeys, this ancient isolation of thewto subpopulations to relatively distant (~100km) forest
blocks may be the result of a drying climate in the region and physical barriers, coupled with

interspecific competition and avoidance from other terrestrial primate species preventing dispersal
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between forest blocks. This suggests that the two subpopulations may represent evolutionary distinct
lineages. This result is an example of the need to study population level genetic structure to identify
cryptic diversity within species, particularly with conservation efforts in mind. Further study of the
Sanje mangabey subpopulation genetic structure is ongoing using a larger number of samples, and

mitochondrial DNA and genomewide nuclear DNA.
3.4.3. Conclusions

This study suggests that the Sanje mangabey lineageédvolutionarily distinct and therefore warrants
conservation protection as a distinct management unit from other mangabeys. In addition, the Sanje
mangabey populations should be considered candidate evolutionary significant unif®oritz 1994) and
consavation management planning must now take this into consideration. This estimated time of
divergence between populations has conservation implications, and further morphological, molecular,
and behavioural study is required to determine how reproductive islation has shaped these features. If
conservation actions such as genetic rescue, translocation or captive breeding are to be considered, the

risk of outbreeding depression between populations should be estimated prior to actioning.
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ABSTRACT

The Sanje mangabey Gercocebus sanjeiis an Endangered primate endemic to the Udzungwa
Mountains, southcentral Tanzania. The species is divided into two populations that are isolated to two
forest situated 100km apart. The two extant populations represent two distinct evolutionary lineages
that diverged 0.77 million years ago (MYA). This study investigated the genetic diversity and the
phylogeographic history of the two Sanje mangabey populations and recent changes in size and range.
We estimated mitochondrial DNA (mtDNA) diversity using a 23bp fragment from the mitochondrial
control region (Mwanihana: n=36; Uzungwa Scarp: n=28) and describe diversity through summary
statistics and a haplotype network. The demographic history of the populations is estimatagsing a
mutation-scaled effectivepopulation size to estimate female effective population size, and estimating a
growth rate for each population Further, the probability of suitable habitat across Tanzania and the
Udzungwa Mountains is modelled using bioclimatic variable layers. The cumeknown distribution was
used to identify regions estimated to have a high probability of presence for the Sanje mangabey at
three time points: Mid-Holocene (6,000 YA), Last Glacial Maximum (22,000 YA), and the Last
Interglacial period (120,000-140,000 YA. Twenty-two segregating sites and six haplotypes
(Mwanihana: n=2; Uzungwa Scarp: n=4) were found across all mitochondrial control region sequences.
Two haplogroups were found; these were separated by a minimum of 16 substitutions and were
structured by the two populations. In Mwanihana, 35 samples comprised a single haplotype, differing
by one substitution to a second haplotype harboured by only one individual. Haplotypdiversity,
nucleotide diversity, and female effective population sizevas higher in the Uzungwa Scarp, with four
haplotypes present and five segregating sites. Significant differentiation was estimated between
populations (FsE M8 wuv h DI n8nmnp d8 IOk | EM@EvRackioqulatibidBdwbdné O
evidence for re@nt expansion or contraction, and theestimated growth rate suggesed female effective
population sizes to have been stabld=cological niche modelling revealed fluctuating extents of suitable
habitat with environmental change larger than the present dy in the ~6,000 YA model across southern
Tanzania, but with similar extent to the present in the ~22,000 YA model, and then still smaller during
much less suitable conditions across the Udzungwa Mountains and Tanzania ~120,09040,000 YA.
The significart differentiation between populations may have been influenced by a general trend in
aridification in East Africa over this time, resulting in a shift of montane forests to gradually higher
elevations over the last 40,000 years. With fluctuations over thiperiod driving habitat fragmentation
and isolating populations, intermediate populations may have become extinct as suitable habitat
retracted, leaving relict populations with relatively stable demographic histories ancestral to the
present-day populations. Riverine barriers, interspecific competition and avoidance competition may
have also limited dispersal between these fluctuating habitats over time. This significant differentiation

between populations supports their preliminary designation as separatevolutionary significant units.



4.1. INTRODUCTION

The Sanje mangabey(ercocebus sanjeis an Endangered primate that is endemic to the Udzungwa
Mountains, Tanzania(McCabe et al.2019). The species is only found in two forest fragments:
Mwanihana, in the Udzungwa Mountains National Park, and the Uzungwa Scarp Nature Reserve. The
Uzungwa Scarp is currently isolated and no viable ecological corridor exists between the Uzungwa
Scarpand neighbouring forests(WWF Tanzania Programme Office 2007)The two forests in which the
populations are found are ~100km apart, and are separated by habitats thought to be unsuitable for

the Sanje mangabeyRovero et al. 2014)

This division into two small and isolated populations suggests that the species is at great risk of
potentially negative stochastic demographic and genetic processes, such as genetic drift and inbreeding
depression, and loss of genetic diversity and adaptive potentigFrankham 2010). It is currently

unknown when these two forests became isolated, with one study suggesti@@Ol | A EAOA DHOIT AA
OAPAOAOAA AlShuhshker et al. 2004 BEr@da phylogenetic study of the Sanje mangabey

using two nuclear and two mitochondrial markers, the two Sanje mangabey populations were
estimated to be representative of two evolutionary distinct lineages (Chapter Three). The lineages were
estimated to have diverged0.77 million years ago (MYA) and were suggested to be considel
preliminary evolutionarily significant units pending further study (Paddock et al., in prep; Chapter

Three).

No previous studies have been conducted to determine the phylogeographic structure of the Sanje
mangabey populations to investigate the undeyling causes of the genetic divergence found for the two
populations. However, as with the divergence time estimated between populations, evidence from

recent genetic studies of other animals in the Udzungwa Mountains have found significant genetic
differentiation between forest blocks with isolation of fragments indicating a relatively ancient
timescale (Struhsaker et al. 2004) One study found evidence for mitochondrial DNA introgression
between some populations of the greyjaced sengi Rhynchocyorudzungwensi¥ and the parapatric and

more widespread chequered sengi R. cirnei reichardi Lawson et al. 2013) However, nuclear loci

showed clear monophyly between species, suggesting introgression occurred on a historical timescale,
coinciding with intA OC1 AAEAT Al Ei AOA AUAI AO (laivdReda POT3) AAAE OD.

A recent study of the landscape genetics of the sympatric and endemic Udzungwa red colobus
(Piliocolobus gordonorunp across five forests (including Mwanihana and the Udzigwa Scarp) found
that, although neutral genetic diversity did not differ within fragments, there was genetic differentiation
between fragments(Ruiz-Lopez et al. 2016) They also found that variables, such as proximity to human
settlements and fire den#ty (mostly human set fires that threaten the forest Dinesen et al. 2001) were

Z A N o~ o~ A o~

OEAPET ¢ OEA OPAAEAOGS CAT AOEA OOOOAOOOA8 . AOGAOOEAI
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still be a product of ancient fragmentation and recent human actiwtwas responsible for maintaining
existing barriers to dispersal (Ruiz-Lopez et al. 2016) The Uzungwa Scarp population was the most
isolated population with the highest differentiation from other populations, highest number of unique
alleles and lack ofmigration for many generations, and this is thought to be an indicator of the patterns

found in other species in the forests.

The Sanje mangabey populations are estimated to occupy an elevation range between 29000 m
a.s.l.(McCabe et al. 2019)The extant populations are flexible in their habitat use, successfully making
use of primary and secondary forest, and elephasdisturbed shrubland (McCabe et al. 2013)
Throughout the Udzungwa Mountains other forests exist within this elevation range wittsimilar
habitat composition. Further these forests are inhabited by primate species that are sympatric with the
Sanje mangabey in Mwanihana and the Uzungwa ScafRovero and de Luca 2007)It is likely that
ancient Sanje mangabey subpopulations existed other forest blocks within the region that have since
become extinct, with the original description of the species suggesting this may have included
Kilombero Valley lowland forests(Homewood and Rodgers 1981)an area located south of both extant
populations along the River Kilombero Figure 4.1). This extended range may have included two
neighbouring forests to Mwanihana (<30 km): Nyanganje (41.9 km2; 350-1,038 m) and
Luhombero/Ndundulu (230.6 kmz2; 1,1052,520 m), both home to the Udungwa red colobus, black
and-white colobus (Colobus angolensis palliat@ AT A OEA 3 GdicAmtt@cus rhitls Wit the j
yellow baboon (Papio cynocephalysand vervet monkey (Cercopithecus aethiopsalso present in
Nyanganje and the kipunji in Luhonbero (Figure 4.1). These forests are considered to have low human
impact with relatively few communities in these regions(Marshall 2007), but have previously been
targets for logging(Dinesen et al. 2001; Rovero and Marshall 2005nd poaching (Jones et al. 2005)
Similarly, neighbouring the Uzungwa Scarp (<3km), forests within this elevation range include
Kisinga-Rugaro (116.2km2; 1,627-2,322m) and New Dabaga/Ulangambi (4&mz2; 1,764-2,081 m), with
the blackandx EEOA AT 11T AOOh 3UEAGO 11T EAUh AT A OAOOGAO
Udzungwa red colobus in New Dabaga. No endemic species of primate are found in KisiRggao;
however, the Udzungwa red colobus has been reported to have been present previou@lpvett and
Pdocs 1993) Both of these forests have been subject to high anthropogenic activity, especially extensive
logging in the 1970s(Dinesen et al. 2001) The Sanje mangabey, therefore, could have inhabited these
forests and become extirpated with habitat degradation and indirectly from poaching (e.g., mangabeys

are often caught in snares set for other terrestrial mammaldfkovero et al. 2009)

Ecological nitie modelling (ENM) can provide insight into the suitability of areas not currently
occupied by the Sanje mangabey but which are similar to the ones at Mwanihana and the Udzungwa
Scarp. ENM is a mathematical tool used to estimate the probable area of suialabitat and a predicted

distribution can be modelled using current presence data and environmental parameters. Moreover,
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combining estimated paleodistributions, projected from historic bioclimatic estimates, with genetic
structure from current sampling AAT DOI OEAA A OPAOEAI DPAOOPAAOGEOA
and distribution. ENM is an invaluable tool for conservation as it can provide information on the
importance of environmental variables and potential distribution of species to target sumys and
potential areas for conservation(Fitzgerald et al. 2018; Liu et al. 2019)and assist in optimal land use

planning to preserve biodiversity by local stakeholder{Gregory et al. 2012; Zhang et al. 2012)

Determining whether the current distribution of a species is a function of recent and/or anthropogenic
related events, versus more ancient and vicariant factors, is important for the creation of appropriate
conservation policies (Radespiel and Bruford 2014) Significant divergence in geneticstructure
between populations would substantiate a claim for those populations to be classified as: i) separate
management units (MUs), if significantly differentiated in the frequency of either mitochondrial
(mtDNA) or nuclear DNA markers, or ii) as evolionarily significant units (ESUs) where reciprocal
monophyly is found for both mtDNA and nuclear DNAMoritz 1994). The identification of such units
should then be incorporated in conservation action plans to ensure genetic diversity is adequately
protected and included in assessments of measures such as taxonomic designation, translocation, and
landscape restoration. For example, a study using a fragment of the mtDNA control region identified
two ESUs in muriquis in the Brazilian Atlantic Forest (northen: Brachyteles arachnoidesind, southern:

B. hypoxanthusChaves et al. 2019)Therefore conservation strategies in this study were tailored for
each population to preserve the ESUs, rather than following the monotypic classificati@ arachnoides

and applying the same actions to both population€Chaves et al. 2019)

MtDNA is amarker that has been used since the 1980s and is still frequently used in current population
genetic and phylogenetic studies. This lonterm use of the marker has resulted in a large database of
sequences for a wide range of species. When using Rimwasively collected samples (e.g., hair or
faeces), mtDNA is advantageous as it is easily amplified with PCR (due to multiple copies within each
cell) compared to nuclear DNA. The maternal evolutionary history can be inferred by using mtDNA as it
is maternally inherited, has a negligible recombination rate (with the exception of rare paternal
leakage;White et al. 2008) and haploid inheritance, which also means the whole mitochondrial genome
acts as a single locus. Different regions within the mtDNA genomghgbit varying mutation rates, with
thenonrAT AET ¢ AT 1T 00T 1 OACHIITingbnates therasiest &dhing rdgioGNiofitz O $
et al. 1987; Subramanian and Lambert 2011)This faster evolution means that more recent changes are
better detected using mitochondrial DNA than nuclear. With only maternal inheritance, the effective
population size for mtDNA is far smaller than autosomal DNA (approximately 25%), meaning it is more
affected by processes such as genetic drift. The combination ofighast mutation rate and random
genetic drift makes mtDNA a suitable marker for barcode identification of species, studying recent and

historic phylogeographic patterns, and constructing phylogenie§Sunnucks 2000)
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4.1.1. Aims and Hypotheses

This study aimed to characterise the phylogeographic structure, mitochondrial genetic diversity, and
recent demographic history of the Sanje mangabey using a fragment of the mtDNA control region,
amplified from samples collected from across the distributio of both populations. We used ecological
niche modelling to estimate the extent, location, and temporal dynamics of possible suitable habitat for
the Sanje mangabey over the last 140,000 years. This information was used to assess whether lack of
suitable habitat and consequent inability to disperse between populations may have impacted on the
0.77 MY divergence time (Chapter Three). We hypothesised that the phylogeographic structure of the
Sanje mangabey populations would reflect the ancient timescale ofvdrgence Q.77 MYA; Chapter
Three) and therefore would show significant mitochondrial differentiation between populations,
reflecting evolutionarily distinct lineages requiring independent conservation action. Further,
combining the demographic history wth the ecological niche modelling, we hypothesised that patterns
in effective population size would follow trends of estimated suitable habitat extent. Conservation
management recommendations based on results from genetic data analyses and ENMs are inadude
with the objective to complement theMangadrill Conservation Action Plaourrently under development
(Fernandez et al. 2019)

4.2. METHODS
4.2.1. Mitochondrial DNA Phylogeography

The Sanje mangabey is present in two forests within the Udzungwa Mountains: Mwanth#® | x J 1t 18
XxJUX 53 pdlpBed] xEOEET OEA 5AUOT CxA -7 O1 OAET 6 . AOE
2A0A00AY I apd B3 A pd utJEiGyPéi3.1). Faecal samples were collected opportunistically

from unidentified and non-observed individuals across 28 unique locations, coinciding with a

population survey of the species within both forest§Paddock et al. 2020;Figure 4.1).

Faecal samples were collected whilsfollowing groups located from vocalisations. Samples were
collected only if they were 2m from another sample to minimise the probability of repeatedly sampling

an individual. Samples were stored following the twestep method described byRoeder et al.
(2004)Roeder et al. (2004) DNA was extracted from faecal samples using material taken from the outer
OO00&FAAA AT A A 1)!'AiD &AOGO $.! 30i1T1 -ETE +EO j1
protocol (see Chapter Three)Samples used were selected toepresent multiple individuals at each

unique sampling location, randomly choosing samples from each location. Extractions from a total of 64

samples were used in this study: 36 from Mwanihana and 28 from Uzungwa Scarp.
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Figure 4.1. A map of the Udzungwa Mountains, Tanzania showing the two forests where the Sa
mangabey is found: Mwanihana forest and the Uzungwa Scarp. The locations where faecal sam
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were collected are highlighted.

After DNAextraction a ~580 bp fragment of the mtDNA CR spanning sections of both the hypervariable
regions | and Il (HVRI: ~350bp; HVRII: ~230bp) was amplified using sequences from two overlapping
primers (Cercocebus atyBkP090062.1: 15,6377 16,214; Table 4.1). Each fragment was amplified by
AT T OEIOOET ¢
AT A £l OxAOA AT A OAPABOA

Polymerase Chain Reaction (PCR; conditions Trable 4.1) in a total volume of 10t | h
"ETTETA tU40ORADI AOA §. |
All PCR cycling programmes were run in an Applie@iosystems GeneAmp PCR System 9700. The
success of each PCR was tested by agarose gel electrophoresis and visualised in a UV transilluminator,
and PCR products sent for bdirectional sanger sequencing using either the Eurofins PlateSeq Service
(Ebersberg, Germany) and Centre for Molecular Analysis sequencing service (CTM; CIBIO, Portugal).
The chromatogram for each sequence was inspected manually using Geneious (v4.8.5) to trim forward
and reverse ends and verify the quality of base calls. Sequences werienined to the length of the

shortest sequence for an individual to minimise missing data between Sanje mangabey samples,
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resulting in a 423 bp fragment for analyses. Each sequence was submitted to BLAST (Basic Local
Alignment Search Tool; https://blast.ncld.nlm.nih.gov/Blast.cgi) to search against existing sequences in
GenBank and only samples where the percentage identity top results (>95%) wer€ercocebus

sequences and were included in further analysgsequences removed discussed in Chapter Three)

Table 4.1. Primer sequences to amplify two overlapping fragments of the mitochondria
control region for the Sanje mangabeyQercocebus sanjefrom Chapter Three.

Fragment

Primers PCR Cycling Conditions
length (bp)
95°C for 2 mins, [95°C for
CRF1 GCTCCGGGCCCATAACTC
057 30s, 61.8°C for 60s, 72°C fo
2 mins] x 35 cycles, 72°C fol
CRR1 CAAAGACAGGCGCATTCAGG _
10 mins
95°C for 2 mins, [95°C for
CRF2 CCRAAACATGCTTACAAGC
30s, 50°C for 60s, 72°C for
343 _
mins] x 35 cycles, 72°C for
CRR2 GTTATGGCCCTGAGGTAAG

10 mins

Following (Bensasson et al. 2001) several precautions were taken to avoid and verify the eo
amplification of nuclear mitochondrial inserts (NUMTS): i) sequence chromatograms wer@spected

for double peaks that would indicate the presence of sequences-amplified by PCR and which could
represent contaminations or NUMTS, ii) only a single PCR amplicon of the correct length was present,
iii) any single base extreme variants found dring the alignment of sequences were verified, and iv)
four independent primers amplifying overlapping fragments were used, with the overlapping

sequences matching from separate PCREgble4.1).

The number of polymorphic sites, number of haplotypes, haplotype diversity and nucleotide diversity
were estimated using DnaSP v 6.12.QRozas et al. 2017)A TCS network of haplotypes was built using
PopARTV1.7 to estimate the relationship between haplotyped.eigh and Bryant 2015) The genetic
structure of the population was tested using an Analysis of Molecular Variance (AMOVA) and the
fixation index (Fs7), computed using pairwise differences with 10,000permutations in ARLEQUIN
3.5.2.2Excoffier and Lischer 2010)

The inference of the demographic history when differentiated populations are analysed together as a
single unit may produce an erroneous signal of a demographic changdeller et al. 2013). Thus, as

populations were found to be representative of ancient lineages previously (Chapter Three) and
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significant differentiation was found between populations in this study (see Results), the demographic

history was inferred for the two populations independently. To investigate the demographic history of

OEA DPipOi AGEI T Oh TADAEADBEBAOORDOOT £ADEK GdDWEOET C
distribution) statistics were carried out in ARLEQUIN 3.5.2.2Excoffier and Lischer 2010)using 10,000
simulations for each population individually. Positive values ob and Fs would indicate the loss of rare

alleles following population contractions, whereas significant negative values would indicate a recent
population expansion. Statistial significance was considered at p<0.0%Additionally, the growth rate

(9), to further estimate recent expansion or decline, and the mutatieacaled effective population size

igq xAO AOOEI AOAA (Rubried 2006), The A82 rHodet vap @sedret reflect the HKY
substitution model determined to be most suitable) with a Bayesian search strategy. The initial chains

were run for 10 chains of 4,000 steps, with the first 400 steps discarded as a 10% bdm to estimate
reasonable parameter likelihood to inform the final chains. The final chains were run for five chains of
400,000 steps, with the first 4,000 steps discarded as busim. Using the estimations omutation-scaled
AEEAAOCEOA bDPi bbbl AGETT OEUA jgq Al A efibded th&BAaRET T
effective population size (Ny) using the formulaN E g T ¢ A8 7A AOOEI AOAA A OOEI
the mtDNA control region HVRI estimated for African apes and humans (1.64 x-18ubstitutions per
nucleotide per year;Soareset al. 2009 and the generation time for the mangabeys of 19 yeafghardt

et al. 2005)

4.2.2. Ecological Niche Modelling

Ecological niche modelling maximum entropy frameworka model that minimises the relative entropy
between probability densities from presence data and environmental data (seElith et al. 2011), was
used to calculate the probable distribution of the Sanje mangabey using the software Maxent v 3.4.1
(Phillips et al. 2006) across Tanzania. Only presence data was used, collated from gepiia
coordinates of vocalisations detected during a population surveyPaddock et al. 2020) To remove
duplicate records and spatial autocorrelation, the presence points were filtered by placing a 2.5 minute
grid on each forest, reflecting the largest de size from the downloaded bioclimatic layers, and
randomly selecting a single presence point from each cell using\Rersion 3.5.2(R CoreTeam 2018)
This filtered an original 856 presence ceordinates to 18 presence points (Mwanihana: n=10tJzungwa

Scarp: n=8) that were used as the occurrence points in the Maxent model.

.ET AGOAAT O1 AAQ99® biczkdnktic Gafiablespvere downloaded from WorldClim Version
1.4 (http://worldclim.org/ ) at 30 secondresolution (aiming for the highest resolution available at the
time of this study; Table 4.2). Layers were cropped to the same extent, creating a studyea within the
boundaries of 27.542°E, 312°S, to estimate areas of probable occurrence across Tanzania. Layers were

projected to the same ceordinate reference system (WGS84:4326) and resampled to 30 s using the
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raster package in R(R CoreTeam 20198 ! O AAOOI 1 &)@est vdssedih R EareTearm
2018) to measure the correlation between variables. Where variables were highly correlatedd(7 <r >
0.7), one variable was retained prioritising the broader variable (i.e. annual mean temgure over
specific seasonal variables). This resulted in 13 of the 19 layers being removed from the analysEshle
4.2). The remaining six variables as estimated for three paleioclimatic scenarios were downloaded
from WorldClim 1.4 and used for projections of estimated suitable environmental conditions. Téi
included the Mid Holocene (MH: ~6,000 YA, 30 secs), the Last Glacial Maximum (LGM: ~22,000 YA; 2.5
mins), and the Last InterGlacial (LIG: ~120,00Qz 140,000 YA, 30 secqOtto-Bliesner et al. 2006)

Table 4.2. Current bioclimatic variables (1960-1990) from WorldClim Version 1.4
(http://worldclim.org) analysed during ecological niche modelling for the Sanje
mangabey in the Udzungwa Mountains, Tanzania. Variables used in the model al

testing for autocorrelation are indicated in the final column.

Variable  Description

Biol Annual mean temperature n
Bio2 Mean diurnal range: (Mean max. temg min. temp) n

- Isothermality: temperature variability from day to night and
io n
between seasons (Bio2/Bio7) *100

Bio4 Temperature seasonality: (Standard Deviation * 100)

Bio5 Max. temperature warmest month

Bio6 Min. temperature coldest month

Bio7 Temperature annual range: (Bio% Bio6)

Bio8 Mean temperature of wettest quarter

Bio9 Mean temperature of driest quarter

Biol0 Mean temperature of warmest quarter

Bioll Mean temperature of coldest quarter

Biol2 Annual precipitation n
Biol3 Precipitation of wettest month

Biol4 Precipitation of driest month n
Biol5 Precipitation seasonality

Biol6 Precipitation of wettest quarter

Biol7 Precipitation of driest quarter

Biol8 Precipitation of warmest quarter n
Biol9 Precipitation of coldest quarter
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To estimate the best fitting model, the ENMeval packag®uscarella et al. 2018)in R (R CoreTeam

2018) was used to model combinations of the regularisation multiplier and feature classes. The
following combinations of the five feature classes (linear: L, quadratic: Q, product: P, hinge: H, and
OEOAOEI T Ad 4q xAOA OOAAd @48 AD, A 8GATO(GAC A, AGEBOA GF
1lpmgq8 4EA AAOGO I TAAI x1T Ol A AA AOOEI AOGAA xEAOA 3!
Operating Characteristic (AUC) curve was estimated as a measure of the model performance. An AUC
value of 0.5 for a nodel indicates random prediction and values closer to 1 indicate better model
performance. The AUC in a presenganly model indicates whether the probability values of the model
estimated for presence points are higher than those for the values the backgmud points. The model,

with the features and regularisation multiplier determined to be most appropriate, was run using the
cross-validation replicate run type for 25 replicates, and with a maximum of 10,000 background points.

The crossvalidation replicate method is best for small datasets as it uses all the data for validation in a
OAOEAO T £ OFI 1 AOGE xEOE OHpilighRA7A. TheMMaxerd patamedeirs wardl O A |

set to logistic output and 5,000 iterations for each simulation.

Regonse curves were generated for the current model to estimate the contribution of each predictor
variable on the probability of presence. Jacknife of regularised training gain (the estimated predictive
power) was estimated for each predictor variable toestimate the contribution of each parameter to
presence singularly, when acting as the only variable (training gain) and when individually removed
from the full model (permutation importance). To determine probable habitat suitability,a minimum
training presence threshold (MTP) was used. In this method, the values from areas estimated to be the
lowest probability of suitable conditions set the minimum threshold level. This threshold method was
chosen as a conservative method for estimating habitat suitafii}, using the data within the model to

establish the thresholds, rather than using fixed subjective valudsiu et al. 2005)

4.3. RESULTS

4.3.1. Mitochondrial Phylogeographic History

Sixty-four Sanje mangabey mtDNA control region sequences were used. A total @8fségregating sites
(all transition substitutions) and six haplotypes were found {Table 4.3). No evidence of NUMTS was
found in the sequencedollowing recommendations from Bensasson et al. (2001and the presence of
only transition substitutions further supports a non-nuclear source for the sequencegBrown et al.
1982). Haplotype and nucleotide diversity were higher in the Uzungwa Scarfhan Mwanihana {Table
4.3) with two haplotypes found in Mwanihana and one segregating site; and four haplotypes in

Uzungwa Scarp, with five segregating s (Table 4.3). The haplotype network showed a frequent and
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central haplotype for Mwanihana, connected by one mutation difference to a rare haplotypeartboured

by one individual (Figure 4.2). For Uzungwa Scarp, the network pattern showed two more frequent
haplotypes, connected by three mutation differences with no clear central structure, with one of these
haplotypes connected totwo less frequent haplotypes by one substitution to eachHRigure 4.2). No
shared haplotypes were found between the two populations. The two haplogroupsepresented by
Mwanihana and Uzungwa Scarp, were separated by 16 substitutions. The populations were found to be
significantly differentiated with nucleotide variation found to be 95.49% among populations, and only
4.51% within populations (Fs=0.95, p<Q001; Table4.4).

Using Tajimad D and F@ Bs, no significant evidence for demographic expansion or contraction was

found for Mwanihana (n=36 sequencesD = -1.33, p>0.10; k= -1.36, p>0.10) or the Uzungwa Scarp

(n=28 sequencesD = 1.04, p>0.10; E= 1.914, p>0.10).The mutation scaled effective population size

jgq AOOEI AOGAO OEI xAA A AeEALEAEAOAT AR AAOxAAB%OCEA DI
0.000027 0.0034)AOOEI AOGAA O1T AA 11 x A 00.000%A5% C5. 0.@D07C0A098.A A OD
The female effetive population size was estimated to be considerably lower for Mwanihana ¢N= 96;

95% ClI: 37 546) than in the Uzungwa Scarp (M= 433; 95% CI: 124 1573). The estimated growth rate

for each population showed a positive value (Mwanihana882, 95% ClI:-455 z 970; Uzungwa Scarp:
4.69,95% CI:-455 7 938). However, the 95% confidence interval for both populations was wide and the

lower range were negative values suggesting a low likelihood of population expansion.
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Table 4.3. Population mitochondrial genetic diversity indices for each Sanje mangabegércocebus
sanje) for each population individually and for the total population, using a 423 bp fragment of th

control region.

n = sample sizeNhap = number of haplotypes;h = haplotype diversity, S= polymorphic sites;

A E 1 O6AI Ai OEAA AEOAOOEOUN EBE E i AAT DPAEOxXxEOA AEAEEAOAT A
Population n Nhap h (£SD) S A § Mm33$Kk
, 0.056 0.00013
Mwanihana 36 2 1 0.056
(x0.052) (x0.00012)
Uzungwa 0.664 0.00417
28 4 5 1.756
Scarp (x0.055) (x0.00041)
0.642 0.022
ALL 64 6 22 9.273
(+0.051) (£0.011)

Table 4.4. Analysis of Molecular Variance (AMOVA) of genetic differentiation among and within th

two Sanje mangabeyCercocebus sanjepopulations for both haplotypic and locusby-locus distance

matrices.

Sources of Variance Percentage of
o d.f. Sum of squares o
variation components variation

Among

_ 1 267.30 8.47 95.49
populations
Within

_ 62 24.79 0.40 4.51
populations
Total 63 292.09 8.87
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a) Haplotype Network

10 samples

1 sample

b) Haplotype Location

Uzungwa Scarp

0 2 4 6 8km
L1 1 1 |

Figure 4.2. Genetic diversity and phylogeographic structure inferred using a 42Bp fragment of the mitochondrial control region fragment for the
Sanje mangabey Cercocebus sanjeicross the forests blocks in the Udzungwdountains, Tanzania: a) the TCS haplotype network showing th
relationship between the six haplotypes that were found from 64 sequences; two in Mwanihana (n = 36) and four in the Uzung®earp (n = 28) and
b) the location of the haplotypes. The colours dfiaplotypes correspond between each figure and circles are proportional to the frequency of ea
haplotype in a) the size of the circle and in b) the proportion of the circle.
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4.3.2. Ecological Niche Modelling

Model evaluation estimated a optimal solution using linear, quadratic and hinge feature classes
i 0,1(86q ATA A OAcCOI AOEOGAOGEIT 1 01 OEPIEAO 1T £ 1
mean AUC of the Maxent model from averaging the results from 25 runs using the sswalidation
method was 0.976 + 0.012, which indicated the data fitted closely with the estimated distribution. The
variables with the greatest contribution to the model were isothermality (bio3; 38.8%), the
precipitation during the driest month (biol4; 38.5%), and annual precipitation (biol2; 19.3%;Figure
4.3; Table4.5). The variable for precipitation of the driest month (bio14) had the greatest training gain
when used by itself within the model and the overall model training gain decreased most when it was
removed, indicating that the variable contains the most information not available in other variables
(Figure 4.3). It was estimated that precipitation of the driest month had the greatest permutation
importance (biol4; 52.4%), followed by isothermality (bio3; 36.4%). The other variables had lower
estimated importance (Table4.5).

. Training gain

without variable
Training gain
with only this
variable

1.0-

0.5-

0.0-

bio1 bio2 bio3 bio12 bio14 bio18
Model Variable

Training Gain

Figure 4.3. Jackknife test of importance for each variable by testing the training gain of the mode
(i.e. its predictive power). The graph shows for each variable, thdifference in average gain built
without a given variable (red) and models built with only that variable (green) using training and test
data. The variables with smaller differences are ones most related to species distribution.
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Table 4.5. The estimates of contributions to the Maxent model by each variable.

Variable Contribution (%) Permutation

importance
bio3 | Isothermality 38.8 36.4
biol4 | Precipitation during the driest month 38.5 52.4
biol2 | Annual precipitation 19.3 5.5
biol | Annual mean temperature 2.1 4.5
bio2 | Mean diurnal range 1.2 1.2

biol8 | Precipitation of warmest quarter 0 0

For habitat suitability and presence probability to be estimated over 0.7 (high suitability) in the
response curves for the top three contributing variables, isothermality was in the lower range of values
in the model (<63; Figure 4.4a), a moderate range of precipitation of the driest month (~3L1 mm,;
Figure 4.4b), and hich annual precipitation (>1300mm; Figure 4.4c). In the present day scenario, the
estimated suitable habitat and probability of presence was high (>0.7)ceaoss southern Tanzania,
extending from the Southern Highlands across to the southern region of the Udzungwa Mountains
(Figure 4.5). In the Mid-Holocene (~6,000 YA), the estimated suitable habitat was larger than the
current scenario, extending over most of south Tanzania and covering much of the Udzungwa Mountain
range (Figure 4.6). During the Last Glacial Maximum (~22,000 YA), the estimated suitable habitat was
smaller compared to that shown in the midHolocene, resembling more the current day habitat
suitability however high probability regions extended further south from the Southern Highlands
(Figure 4.7). Finally, in the Last Interglacial period (~120,000z 140,000 YA), the estimated suitable
habitat was even smaller, with fragments of suitable habitat norttwest of the Tanzanian border and
Lake Tanganyika, in the Southern Highlands and south of the Udzungwa Mountains in the Kilombero
Valley (Figure 4.8).

4.4. DISCUSSION

This study provides the first evidence of the phylogeographic structure of the Sanje mangabey and its
two populations and estimates the area of suitable habitat for the present dayid-Holocene, Last
Glacial Maximum, and Last Interglacial periods. The study also investigated the genetic structuring of
the two Sanje mangabey lineages described in Chapter Three. Our results suggested the current
populations are descended from ancienlineages that diverged0.77 MYA. Additionally, using ecological
niche modelling, we identify those factors most likely to contribute to the isolation of the two

population within
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Figure 4.5. Estimated probability of habitat suitability for the Sanje mangabey ercocebus sanjgi
within the Udzungwa Mountains based on near current (196.990) conditions across a) Tanzanis

and b) the Udzungwa Mountains.
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Figure 4.6. Estimated probability of habitat suitability for the Sanje mangabey Gercocebus sanjgi
within the Udzungwa Mountains during the MidHolocene (~6,000 YA) across aJanzania and b) the
Udzungwa Mountains.
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Figure 4.7. Estimated probability of habitat suitability for the Sanje mangabey Qercocebus sanjei
within the Udzungwa Mountains during the Last Glacial Maximum (~22,000 YA) across a) Tanzar

and b) the Udzungwa Mountains.
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Figure 4.8. Estimated probability of habitat suitability for the Sanje mangabey Gercocebus sanjei
within the Udzungwa Mountains during the Last Interglacial period (~120,00Qz 140,000 YA) across
a) Tanzaniaand b) the Udzungwa Mountains.
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the Mwanihana and Uzungwa Scarp forest fragments. This information could be used to inform

conservation action planning.

The two Sanje mangabey populations were found to be highly significantly diffemtiated, with no
shared haplotypes. The most closely related haplotypes from each population had 16 mutational
differences. The ecological niche modelling conducted for the Sanje mangabey over the past 140,000
years suggested suitable habitat expanded ancbntracted between the modelled time frames for the
current, Mid-Holocene (~6,000 YA), Last Glacial Maximum (~22,000 YA) and Last Interglacial period
(~120,000 z 140,000 YA) scenarios. Continuous suitable bioclimatic conditions appear to be present
between the two forest fragments in which the extant Sanje mangabey populations are found.
Therefore, the current isolation may have occurred on a more ancient timescale based on climatic
conditions, however this most likely indicates that other factors (i.enot climatic variables) may have

contributed to the isolation of the populations.

4.4.1. Mitochondrial diversity and structure

Haplotype diversity in Mwanihana is likely representative of the diversity present in the population as
the most frequent haplotype was sampled at all eleven independent sites, covering most of the
distribution in that forest. In the Uzungwa Scarp, the number of haplotypes increased with increased
sampling locations throughout the study. Further, the similar frequency of eactf the four haplotypes
present suggests that the diversity may increase with further sampling. For example, one haplotype
(orange) was present in the far north and south of the Uzungwa Scarp and yet had 3 mutational
differences to the next most closely riated haplotype. This may be reflective of the diversity present
but more likely that intermediates between these two haplotypes occur across the foreskigure 4.2).
Although the diversity in the Uzungwa Scarp may increase with further sampling, the differentiation

between populations is likely to reflect the result in this study.

The mitochondrial haplotype and nucleotide diversity were significantly lover in Mwanihana G =
ndnmue M mnm8nucN A E mn8nnmpo mMhESTHaAaerquOEBEARTUL &N
0.00041). It is unknown if this genetic pattern is common since there are no comparable studies for
other Cercocebuspecies for population dversity for the mitochondrial control region. Compared to
population genetic studies of other Papionin species, the Sanje mangabey Mwanihana population shows
some of the lowest levels of nucleotide and haplotype diversity; however, the Uzungwa Scarp dsigr
was more reflective of the other studies Table 4.6). In a study ofTheropithecus geladafor example, the
lowest genetic diversity was attributed © a small population likely affected by genetic drift or a
bottleneck (Zinner et al. 2018), although the haplotype network in that study did not reflect the star

shape found for Mwanihana in this study.
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Table 4.6. Comparison of nucleotide and haplotype diversity found in this study for the twc

populations of the Sanje mangabeyJercocebus sanjeiMwanihana (MW) and Uzungwa Scarp (US

and the two forests combined (ALL)with other Papionin species for fragments of the hypervariable

(HV) regions of the mitochondrial control region. All species included show maleiased dispersal to

be comparable with that of the Sanje mangabey.

_ Nucleotide Haplotype

Species Fragment _ _ _ _ Reference
Diversity Diversity
0.00013 0.056

MW

(0.00001-0.00025)  (0.004-0.108)

Cercocebus 0.00417 0.664

o US Partial HVI & HVII This study
sanjei (0.00376-0.00458)  (0.6097 0.719)

ALL

0.022
(0.01170.033)

0.642
(0.591 - 0.693)

Theropithecus 1800 bp mtDNA

gelada incl. HVI(462 bp)
Papio ursinus

A HVI (352 bp)
griseipes

Macaca assamensis HVI (complete)

Macaca fascicularis HVI (complete)

0.003298
(0.000627 0.00732)
0.047533

(0.036 - 0.086)

0.0118

0.042
(0.00025 7 0.084)

0.7332
(0.46270.962)

0.962

0.73
(0.1270.99)

(Zinner et al. 2018)

(Burrell 2008)

(Khanal, Chalise, He,
et al. 2018

(Badhan et al. 2015)

We did not expect to find a higher mitochondrial haplotypenucleotide diversity and female effective

population sizein the Uzungwa Scarp than in Mwanihana, nor to find that the Uzungwa Scarp diversity
was high and comparable to other speciesT@ble 4.6). Mwanihana has historically had greater formal
protection than the Uzungwa Scarp, having been protected by National Park regulations since 1992, and
therefore it was expected that the population in Mwanihana woldl have experienced a lower decrease
in effective population size and genetic diversity due to anthropogenic activities. The population size in
each forest is relatively similar (Mwanihana: n = 1,712; Uzungwa Scarp: n = 1,455) with an inferred
population size decrease in both populations over the last 20 years in both fores{®addock et al.
2020); however this was not detected in our demographic analyses. This study found no evidence for
bi DOl AOEI T OEUA AEAT GCA ET OEAsH and BSpholidades ordossiol UO A
diversity for each population, on a recent anthropogenic timescalend demographic analyses suggest a
stable female effective size for both. The levels of genetic diversity found in each population are inferred
to have existed for an extended period of time, considering a more historic low level of genetic diversity.

Therefore, this result is more likely related to a period of isolation on an ancient time scale of the
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current fragments of Uzungwa Scarp than to diffemces in formal protection between the two forests
over the last few decades. Nevertheless, this result implies that the formal protection of Uzungwa Scarp
should be improved since this result suggests most of the genetic diversity of the species is presient

this forest.

Female Sanje mangabeys are known to be philopatriMcCabe and Emery Thompson 2013; Fernandez
2017) and the significantly low number and diversity of mitochondrial haplotypes found in Mwanihana
could represent a founder effect of a sirlg female haplotype with the low diversity being maintained by
the philopatric behaviour of females. Nuclear genomwide evidence is required to corroborate this
hypothesis. The star shape phylogeny, with the central haplotype likely ancestral to a descant rare
haplotype segregated by a single mutation, suggests the population may be expanding, with a mutation
presenting new diversity to the population, or that an expansion occurred previously but other rare

haplotypes were lost(Ferreri et al. 2011).

The two Sanje mangabey populations, separated by approximately 100 km, were found to differ
significantly, with 95.49% of mitochondrial haplotype variation partitioned by population. This
significant divergence resembles the differentiation pattern foundfor the sympatric Udzungwa red
colobus in a genetic study using microsatellite markergRuiz-Lopez et al. 2016) In that study, the
Uzungwa Scarp was found to be the most differentiated population with the highest proportion of
private alleles comparedto the other four forests in the study (Mwanihana, Ndundulu, Matundu, and
Magombera; Figure 4.1), reflecting the difference in genetic diversity betweenpopulations in these
forests in this study. The Uzungwa Scarp presently is in closer proximity to other forest blocks in the
Udzungwa Mountains Figure 4.1) and it is expected that primates inhabiting this forest patch would
have had a greater connectivity and dispersal opportunities. However in the study [fRuiz-Lopez et al.
2016), it was estimated that gene flow may have occurred through Matundu, Nadulu and Mwanihana
and Uzungwa Scarp and Magombera were found to be individual distinct units with restricted gene flow
to these forests. The colobus populations inhabiting Uzungwa Scarp and Magombera forests were
proposed by the authors to be representave of ancient lineages and that the current dispersal barriers
associated to anthropogenic facilities (towns/villages shown irFigure 4.1) may be maintaning the pre-

existing dispersal barriers and genetic distinctiveness.

Additionally, significant pairwise genetic differentiation in both microsatellite and mitochondrial DNA

EAO AAAT & O1T A DPOAOGEI 601 U AAOx A Kephadphdsaiveypih hOET T O
Uzungwa Scarp and Mwanihana, even with subpopulations present in intermediate forests throughout

the Udzungwa Mountains(Bowkett et al. 2015). The differentiation was attributed to major rivers

between forests acting as a barrier to disppOAl 8 4EA | AET O OEOAOO EECEI EC

duiker as potential dispersal barriers (Bowkett et al. 2015) are likely to have also impacted the Sanje
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mangabey with the rivers Mngeta, Ruipa and Lumemo all positioned between Uzungwa Scarp and

Mwanihana (Figure 4.1).

Low mitochondrial diversity combined with a low nuclear diversity could suggest a more historically

low effective population size. For example, in the whitdeaded langur {Trachypithecus leucocephaliis

both low mitochondrial and nuclear DNA diversiy was found, suggesting a low effective size, likely due

O A 1TT1TAAT &£ 01 AAO AOGAT O AT A A Ai 1T OANOAT O OOEAIITI
declines due to anthropogenic activiiegWang et al. 2019. A population level study of genme-wide

nuclear DNA diversity will help to further assess the phylogeographic history of the Sanje mangabey
populations as use of only a few markers, or those with uniparental inheritance, can produce a biased

result (Rakotoarivelo et al. 2019)

4.4.2. Ecological Niche Modelling

In the modelling of the current bioclimatic conditions and presence of Sanje mangabey, the most
important environmental variables were a low range of isothermality (low levels of temperature
variability from day to night and between seasns), moderate precipitation during the driest month and
high annual precipitation (Figure 4.4). This is consistent with habitat requirements of stable forests
which reflects the current distribution of the Sanje mangabey and the estimated historic dispersal
patterns in line with forest habitat expansion and retraction. As the Sanje mangabey isns@ered
flexible in its use of primary and secondary forest, and elephastisturbed shrubland (McCabe et al.

2013), the populations may have successfully persisted in changing habitats over the recent past.

The ecological niche models for the Sanje mgabey estimate that suitable habitat has been present at
the time points sampled; current (19601990; Figure 4.5), Mid Holocene (MH: ~6,000 YAFigure 4.6),
Last Glacial Maximum (LGM: ~22,000 YAFigure 4.7), and the Last InterGlacial (LIG: ~120,000z7
140,000 YA;Figure 4.8), throughout the southern region of the Udzungwa Mountains. This region
included the Uzungwa Scarp and Mwanihana where extant populations are found, and throughout the
Kilombero Valley and the intermediate forest Matundu, suggesting bioclimatic conditionsnay be
suitable to support dispersal. Given the evidence of genetic differentiation of the two populations of the
Sanje mangabey provided by this work, this suggests that the structure of habitat and physical dispersal
barriers may prevent dispersal rathe than bioclimatic conditions, and that intermediate populations
existed in other forest blocks within the region that have since become extinct, such as the suggestion
by (Homewood and Rodgers 1981)f historic distribution throughout the Kilombero Valley lowland

forests.

The results of the models reflect the stability of biodiversity within the forests of the Eastern Arc

Mountains to global climatic changegFjeldsa and Lovett 1997; Marchant et al. 2007; Mumbi et al.

98



Chapter Four

2008) and, combined with the esimated long-term stability in effective population size for the Sanje
mangabey during this time, suggests a resilience in the species to climatic fluctuations. A general drying
trend and aridification events in the region have been estimated since 1.86 MYArauth et al. 2009).
Studies of hominid evolution in East Africa showed the climate becoming dryer 2168 MYA, coinciding
with glacial cycles (with the last cycle 1 MYA) and with evidence of a shift from closed canopy forest to
grassland(deMenocal 2M4). The climate also fluctuated between relative extremes during glacial and
interglacial cycles, ~41 KY cycles from 2.8 MYA to ~100 KY cycles after 1.0 MYA, with this overall
aridification pattern broadly continuing to the present day(deMenocal 2004) The models here appear

to reflect a level of fluctuation over the last 140,000 years, with estimated suitable conditions
expanding and contracting between time points. Therefore, in the case of the Sanje mangabey, this may
have resulted in a general trad of forest habitat contraction over, and prior to, the time period
modelled in this study, resulting in fragmentation and isolation. Although not detected to be significant,
the estimation of female effective population size by BSP analyses in the Uzumag8carp showed a slight
increase since the Last Glacial Maximum (22,000 YA). This may be reflected in the niche models
showing more suitable habitat since that time point, with a large increase during the Midolocene, in

the Scarp/south-west region allowing the population to expand in that time.

Analyses of a sediment core collected from a swamp near Iringa, located on the newibst boundary of
the Udzungwa Mountains, estimated a shift in elevation of montane forests from 17400 m 38 KYA,
from 1850-1950 m 29-10 KYA and then to 2000m 3.5 KYA to the present dagMumbi et al. 2008). This
could potentially have contributed to the isolation of suitable habitat, even if bioclimatic conditions
were estimated to be suitable, creating physical barriers to dmersal with extant Sanje mangabey
groups estimated to have greater occupancy with distance from the forest edgRovero et al. 2017)
Over the last 3 MY, the widespread and sympatriCercopithecuq nictitans) species are estimated to
have been subject tahe expansion and contraction of forests, although restricted to small and isolated
refugia after 0.8 MYA(Butynski and Jong 2020) a similar time frame to the TMRCA between Sanje
mangabey populations 0.77 MYA; Chapter Three). It is possible the gradlianovement of montane
forest to higher elevations(Mumbi et al. 2008), reducing habitat size to forest islands, resulted in the
extinction of populations in isolated forest fragments of lower elevations. This may have led to further
dispersal barriers when forests would fluctuate and expand, with intermediate populations no longer
existing to disperse. Additionally, the contraction of suitable habitat may have led to greater
competition for resources, such as the known competition between mangabeys andbo®ns, which
may have been detrimental to Sanje mangabey. This competition may have also occurred with other
POEI AOGAO ET OEA OAcEiITh ETAI OAET ¢ OEA 3UEAGS 111

mangabey presently, and may have previously evlapped and competed with the kipuniji.
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Using a presenceonly method, such as in this study, removes the need for absence data which requires
intensive sampling, often unfeasible logistically and financially, to avoid unreliable absence data.
However, sinilar limitations apply to using presenceonly data where detectability of individuals may
vary between sampling sites, due to landscape or habitat structure, and therefore occupied suitable
habitat may not be recorded(Elith et al. 2011). Presenceonly models are considered to perform well
(Phillips and Dudik 2008), however future studies would benefit if presenceabsence data and models
were used, as they are less susceptible to sample selection bias and can provide information about
prevalence (Elith et al. 2011). If this remains logistically difficult, increasing the sampling effort and
locations across each habitat during future population surveys, as discussed (Baddock et al. 2020) to
increase the distribution and number of presencepoints across the sampling grids would benefit

models.

4.4.3. Conservation implications

Previous studies that have identified and designated ESUs recommended that those units should be
managed independently in conservation planning (e.gChaves et al. 2019; Mekonnen et al. 20187
similar mtDNA phylogenetic structure and ancient divergene time was found between two populations

of lion-tailed macaque Macaca silenug separated by the Palghat gap in Anamalai hills, southern India,
and these two populations were designated as ESUs with conservation plans focussing on management
of each ESUndividually and maintaining and extending the habitat size for eacl{fRam et al. 2015)
Protecting unique genetic diversity ensures the evolutionary potential of a species is maintained.
Therefore, for the Sanje mangabey, both protected areas require septe protection, regeneration and
potential expansion to allow the carrying capacity of each forest to increase and enable population sizes

to expand.

As with the Udzungwa red colobugRuiz-Lopez et al. 2016) it is estimated differentiation and isolaton
has occurred on an ancient timescale, however the more immediate threats are the anthropogenic
disturbances, such as humaiset fires and the degradation of currently suitable habitat. Work in the
Uzungwa Scarp to establish forest corridors between fragents has been ongoing, such as the Mngeta
corridor connecting the Uzungwa Scarp to Matundu and the Kilombero Nature Reser{8overo and
Jones 2012) however, these forests are at lower elevations and therefore may not be suitable for Sanje
mangabey disgrsal and/or occupation. Mangabeys exhibit avoidance behaviours from baboons and, as
baboons are found in high densities at low elevations, this may have prevented mangabeys dispersing
through the low elevation corridors. Alternatively, regenerating and etending both Uzungwa Scarp and
Mwanihana forests at higher elevations would potentially be more beneficial. Immediate actions are
needed to reduce habitat loss, fragmentation and poaching in the region, with monitoring and

management of both populations rguired to reduce the risk of decline and loss of genetic diversity for
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the species. With active enforcement found to be successful in the National PgRovero et al. 2012;
Rovero et al. 2015; Beaudrot et al. 2016; Oberosler et al. 202Ghe Uzungwa Sag Nature Reserve

would benefit from a similar approach to ensure this evolutionarily distinct population is protected.
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ABSTRACT

The Sanje mangabeyQercocebus sanjeis an Endangered primate, considered to be at greatestreat
from loss of habitat from human encroachment and from poaching. Further, the species is divided into
two small populations, each isolated in forest fragments situated 100km apart, and therefore under
threat of loss of genetic diversity and increasig levels of inbreeding. Ecological Niche Models (ENM),
and population modelling and simulations can potentially provide insight into the response of species
to change in their environment, able to inform conservation planning by testing population respoes

to different management scenarios. This study aimed to develop and apply stochastic population
modelling to assess the future viability of the Sanje mangabey populations without management
intervention and the possible response of the two populations tdour conservation approaches: i)
reduced poaching, ii) increased carrying capacity, iii) reduced poaching and increased carrying
capacity, and iv) reduced poaching, increased carrying capacity and the creation of a third population.
An ENM was developedto estimate the climatic and biophysical parameters with the greatest
importance for the presence of Sanje mangabey and was used to identify regions within the Udzungwa
Mountains that could be suitable for the species to inform the conservation measurehel ENM used a
Maximum Entropy model and current estimated bioclimatic and biophysical variables for the
Udzungwa Mountains. Presence locations (n=18) from a previous ENM of historic distribution for the
species were used, distributed across most of the estated extent of the two populations. The
population viability modelling was conducted using the welestablished software VORTEX, and
simulations used existing life history data for the Sanje mangabey and data from closely related species
where knowledge gaps existed. The ENM estimated Sanje mangabey presence to be highest at low
compound topographic index values, indicating a preference for regions within small catchment areas
and steep slopes, which is consistent with its known distribution in montane fests. The PHVA
estimated that the current scenario without intervention for each population would result in declining
population sizes, deterministically tracking the estimated decreasing carrying capacity in each forest.
The most successful conservatiormanagement scenario approach modelled was a combination of
increasing carrying capacity in both forests and the elimination of the impact of poaching for the
Uzungwa Scarp population. Compared to the no intervention scenario, the number of extant individsia
stochastic growth rate, and retained heterozygosity were higher, and inbreeding decreased. We
concluded that two priority conservation actions could be recommended: i) increase protection of the
Uzungwa Scarp to reduce the loss of carrying capacity addcrease poaching activities, and ii) increase
carrying capacity through forest regeneration in the montane regions within each forest block that
were estimated to show high presence probability for the Sanje mangabey in the ENM study. These
actions must be taken in conjunction with local communities to increase awareness and to develop

alternative livelihoods from patrolling and monitoring the forests.



5.1. INTRODUCTION

The Sanje mangabeyGercocebus sanjeis an endemic primate present in two forest blocks within the
Udzungwa Mountains, southcentral Tanzania, and is considered Endangered by the International
Union for Conservation of Nature (IUCN) due to its small population size, limited distribution and
fragmentation of the two known populations, and threats from poachingMcCabeet al. 2019; Figure
5.1). Whilst the Udzungwa Mountains drests are estimated to be a combined total of 160&m?2
(Marshall et al. 2010), the Sanje mangabey is restricted to an estimated total of 464k&nz2 in just two
forest fragments: Mwanihana, in the Udzungwa Mountains National Park (19Gn2), and the Uzungwa
Scarp Nature Reserve (314.8m2; Figure 5.2). Although similar in elevation, habitat composition, mean
annual rainfall and mean temperature range(Hegerl et al. 2017), the forests differ primarily in the
threat of poaching, being significantly lgher in the lesser protected Uzungwa ScarfOberosler et al.
2019). As a result, a study comparing the biodiversity of the two forests found a lower species richness,
an altered trophic structure and lower occurrence probabilities for most species surveyed in the
Uzungwa ScargOberosleret al.2019; Oberosleret al.2020).

Figure 5.1. A snare found and removed in the northern region of Mwanihana forest, Udzungw
Mountains National Park, during a population survey of the Sanje mangabéyaddock et al.
2020). There was clear, fresh disturbance of the ground around the tree, suggesting a lal
mammal had been trapped but managed to escagdehoto credit: C. L. Paddock.
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Figure 5.2. A map of the Uzungwa Mountains, Tanzania, with the forests in which the Sar
mangabey (Cercocebus sanjeipopulations are found: Mwanihana (northeast; green) and
Uzungwa Scarp (southwest; yellow). The presence locations used in the Ecological Niche Mibc
in this study are shown (brown triangles).

The Uzungwa Mountains National Park was established in 1992, however other forests in the region
were protected at most with Forest or Nature Reserve status. These forests did not receive effective
protection and encroachment has continuedRovero et al. 2012). In their study, Hegerl et al. (2017)
noted a marked difference in budget and staffing between the Uzungwa Scarp and Mwanihana ($1,000
compared to $400,000 USD, and 1 compared to 78 permanent staff members, respectively). The
Uzungwa Scarp was upgraded to Nate Reserve status from Forest Reserve in 2017, providing stricter
regulations but still requiring greater active law enforcement. Hunting in the Uzungwa Scarp was
reported to be at its most prevalent from 1965 to 1975, according to interviews with local gople, a
time period which coincided with the extinction of large mammals, such as elephantd.dxodonta
Africana), buffalo (Syncerus caffgrand leopard(Pathera padus, Roveroet al.2012). Hunting continued

but switched in the mid-1990s from commercial hunting of profitable large mammals, to subsistence
hunting of smaller mammals, using methods such as snares and dogs that represented a threat to all
terrestrial and semiterrestrial mammals in the region, including the Sanje mangabefRovero et al.

2012). In addition to hunting, the Uzungwa Scarp is more affected than Mwanihana forest by habitat
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