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Preface
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Chapter 1: Introduction

Habitat loss, fragmentation, and degradationratesputably the major drivers

global biodiversity lossind species extinctiorfSala et al. 2000; Schipper et al. 2008;
Wilcove et al. 1998) For speies experiencing declines as a resulihefse threats,
space, resorces, metapopulation dynamics, and gene #osdiminishedor
disruptedas once continuous habitat is divided into small, isolatééches. The result
is a decrease in survival and reproductgiimately reducing population abundance,
distribution, andyenetic diversityreviewed in Fahrig 2003nd leaving the species
vulnerable to extinctiothrough demographic and environmental stochasticity,
genetic drift, inbreeding depression, and Alleé eff@elistrand & Elam 1993;
Oostermeijer et al. 2003) In additionthenatural reovery of populations becomes
unlikely even when threats driving declines are rema&dolation reduces
demographi¢Brown & Kodric-Brown 1977)andgenetic(Richards 2000yescue
through dispersal and immigration.

Brazi |l 0s estprdovides a price ekampleraw habitat loss and
fragmentation can threaten negtispecies. it s o ne o fmosténdngavenir | d 0 s
biomes whileproviding habitat for a disppmrtionate number of species, many of
which areendemc (Myers et al. 2000; Shi et al. 2005nly 11.73% of the original
vegetation remains in the Atlantic Forest, the majority of which is fouschatl
fragments (< 50 ha) and withpotentially degraded forest edd@&sbeiro et al.

2009) Deforestéion has been attributed primartiy clear citing for timber harvest,

charcoal production, cattle ranching, andnoculture plantation@orellato &



Haddad 2000; Pinto & Wey de Brito 2008)d has beelmked towidespread
extinctions and population declines fovariety of speciegChiarello 1999; Pardini et
al. 2005; Uezu et al. 2005)

One speciesnpacted by the loss arficagmentatiorof the Atlantic Forest is
the EhdangeredlUCN 2010) golderrheaded lion tamarin (GHLTLeontopithecus
chrysomelal an arboreal primatendemic to a small region sbutherrBahia, Brazil
(Figure 1. In this regionGHLTSs preferentially

uselowland primary forest,

. A TR
secondariregeneratig forest, and cocoa ‘: N 7%() \
. . y Brazil'. -
agrofores (Oliveira 2010; Pinto & Rylands 1997;¢ = = & [ =7
T L :\ T Bahia.”
Raboy & Dietz 2004) A survey conducted N\/jv ‘ A
S\
between 1991 and 199Bovides the most recent /;}/L?* G :.'.f};
o 7«'I
published population estimaa¢ 6,00015,50 w4

individuals spannin@ geographicange of | A 1

(N o e/

19,462 ki (3,550 knf of which was forested;
Figure 1. Geographic range of

Pinto & Rylands 1997) Howeverfecentsurveys the golderhead lion tamarin in
Bahia, Brazil.

suggest a population des and15%range

reductionover the last 13 yeafRaboy et al. 2010; Raboy unpublished da@&)is

species is listed as Endangeder to its limited distribution, severely fragmented

habitat, continuing decline in extent of occurrence, and small populatiofi$s

2010)

GHLTSs areconsidered the least threatened of the four lion tamarin species

endemic to the Atlantic Forest in the genlusontopithecus The glden lion tamarin



(L. rosalig) wasrecently upgradetb Endangeredtatus after over 30 years of

intensive conservation effort, and today only an estimated 1,000 individuals remain in

1045 knfo f forest. Because of extensive defor

range, very little opportunity exists for population expansion, and the population
would remain below the minimum viable size even if all currently available habitat
becomes occupieggKierulff et al. 2008a) The black lion tamarin( chrysopyguksis
listed as Endangeredth an estimated 1,000 individuals survivimglil isolated
populations10 of which arenotconsidered viable in the mitb longterm (Kierulff
et al. 2008c) Finally, the blackaced lion tamarinl(. caissara has an estimated 260
individuals in3 populations and is listed as Craily EndangeredKierulff et al.
2008b) The history and current status of
cautionary lesson for what can be expected if habitat and populations are not
immeditely protected.

The Bahia biogeographical suégion, of which the GHLTGeographicdange
is a part, is considered the most wamkkserved subegion in the Atlantic Forest
(Ribeiro et al. 2009; Silva & Casteleti 2003Jhe slower rate of deforestation, and
thus the less severe GHLT population decline costgp#r other lion tamarins, has
been attributed to the fact that cocoa production is a major economic activity in this
region. In southern Bahia, cocoa is produced through an agroforestry system known
aso c a b that culivates cacao trees planted inuhderstory of a tall native tree
canopy. Because a native tree canopy persists, cabruca is of high biodiversity value
(Alves 1990; Faria et al. 200énd is conislered important habitat f@HLTs

(Oliveira 2010; Raboy et al. 2004)These agroforestsover ed 18 % of t

he

t

h

S



range in 199%Landau et al. 2003nd are estimated to support a large portion of the
remaining wild GHLT populatiofRylands & Pinto 1991)

Persistencef cabruca agroforesand native forest cover throughout the
GHLT rangehoweverj s uncertain. Since the early 16¢
fallen dramatically while fungal epidemics threaten to destntiyeeplantations, and
it is becoming increasingly more profitable for farmers to clear cut their land for
timber salqAlger & Caldas 1994dr for conversion to cattle pasture or other
agricultural systems of low biodiversity val(@&chroth & Harvey 2007)

Given the uncertain fute of remaining habitat f@8HLTs, understanding
which habitat patches are particularly valuable for continuing GHLT persistence or
vulnerable to future deforestation is of conservation priority. Such knowledge is
especially critical for the proactive protection of existing habitat and populations,
prewenting the severe population declines and limited opportunities for recovery

associated with the three other lion tamarin species.

Research Objectives

The objectives of my dissertation research were to assess the vulnerability of GHLTs
to habtat loss fragmentation, anthreats related to small population size given past,
current, and likely future trendsinranget de f or est <cover in Brazi
Specifically:
1. How didforestcoverthroughout the GHLT range chanlgetween 1987 and
20077

2. How much forest remainsurrentlyas habitat for GHLTS?

4



3. How vulnerable is current forest cover to future deforestation?
4. How many forest patches currentlyexishr oughout t thatarepeci eso
large enough to support a minimum viable population oL GdHunder
varying levels of risk?
5. What is the current level of functional connectivigtween habitat patches
for GHLTS?
6. Could conspecific or heterospecific attraction alter measurements of
functional connectivity patterns for this social species?
7. How viable are GHLTmetgopulations on small, relatively isolated habitat

patches?

Theinformationacquiredby answering these questias<ritical to channeling

limited conservation resources and research efforts to priority areas and to informing
conservatiordecisions for the specie#n addition, lion tamarins are a flagstapd
umbrellaspecies in Brazil, and conservatieffiorts directed towardSHLTs will

likely result in the protection of numerous other species and their hgbitats et al.

1994c¢)

Mechanisms of Extinction

To best protect endangel species such #s GHLT, one mustfst understand the
complex mechanisms driving a species towardimetion. In most examples of

historicalspecies etinctions, a deterministiagent of declinés the ultimatecause of
extinction(Simberloff 1986}hatfirst forces a contratton inrange size, number of

populations,anchu mber of i ndivi dual g1994eclindge scr i bed
5



popul ation paradi gm. Agents of decline

(1989)6 e v i | ayerkdllrhabéat diestruction and fragmentation, invasive species,
or chains of extinction After the ultimate cause of extinction works to dramatically
reduce the nubrer and size of populationstochastigroximatecauses of extinction
(Simberloff 1986)work to eliminate the last remaining individuals in what Caughley
(1994 terms t he Os mal | p. Opae b spéciesvigresipicied t d singlen 6
population with few individualghe final decline to extinction is typically the result
of demographic stochasticitgenetic deterioration, catastrophic extrinsic forces, or
social dysfunctiorfSimberloff 1986) Finally, cascading effects caused by synergies
between and among ultimate and proximate drivers of extinction can radically
accelerate population deatism and increase extinctioski(the extinction vortex;
Brook et al. 2008; Fagan & Holmes 2006; Gilpin & Soulé 1988)ese mechanisms
of extinction can be applied both to the extinction of the entire species or to the local
extinction of isolated populations.

For GHLTS, forest loss and fragmentatianethe ultimateagentsof decline
that could makéhe resulting small, isolatgzbpulations vulnerabl® local extinction
through stochastic processésiven enough local population extinctions, the risk of
extinction for the entire species in a singleastiiophic event becomawreprobable
(Reed 2004)The broad goal of my dissertation research is to underbtamdoth
ultimate and proximate drivers of extinction impact the survival of GHLT populations

throughout the speciesd6b range.
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Ecology of GoldenrHeaded Lion Tamarins

GHLTs are small, arboreal primates endemic 1® @62 kniarea of the Atlantic
Forest in southerBahia, Brazil(Pinto & Rylands 1997) Range is limitedby theRio
de Contas tthe north, Atlantic Ocean to the ed8ip Jequitinhonh#o the south, and
increasing elevation with associated changes in forest physiognomy to the west
(Rylands et al. 1994)Forest cover in this region is chamtted byfragmented
seasonal sendeciduous tropicaiainforest in the westind a mixture of cabruca
agroforest andontiguous coastal evergreen tropical rainforest irettst(Pinto &
Rylands 1997)

GHLTs are territorial, cooperatively breeding animals and form groups
usually composed of a reproductive female, one to three adult males, and their
offspring(Dietz et al. 1994b) Groups typically have 4 to 7 individuals (average 5)
but can range from 2 to 12 individugRaboy 2002; Raboy unpublished data)
Territory sizes for lion tamarins are large for New World primates in general and
larger than expected basech t he s p e c(Dietzebal h99%) At thenteme s
of analysis for my dissertation research, observed GHLT tersineg ranged from
36 ha to 200 héDietz et al. 1996b; Raboy & Dietz 2004; Rylands 1988l
densities ranging from 0.1 to 0.053 GHLTs pefRaboy unpublished data; Holst et
al. 2006) More recently, Oliveir§2010)observed GHLT territories as low as 22 ha
and densities as high as 0.17 GHLTs per ha in cabruca agroforest.

Within their territories, GHILs use primary and secondaegenerating forest
aswell as cabruca agrofore®aboy et al. 2004; Raboy & Dietz 20a8low 500m

elevation(Pinto & Rylands 1997) These forests provide critical resources such as



sleeping holegRaboy et al. 20049nd a diet rich in fruits, flowers, nectar, insects,

small vertebrates, and gurfi®aboy & Dietz 2004)

Modeling Framework: A Note on Methods

| usedvarious modeling approaches to cltaeaizecurrentforest cover amount,
connectivity future vulnerabilityto deforestation, anidcal population extinction
risk. To characterizeurrentforest cover, tonducted a supesed classification of
remotelysensed imagery usingn@aaximum likelhood algorithm. This traditional
methodology is frequently used in remote sensing classificdlather 2004 and
has previouslyrovided robust classificationof semideciduous Atlatic Foreside
Carvalho et al. 2004)

| useda combination of approaches in circuit and graph theory to determine
patterrs of functional habitat connectivity for GHLTSEcological circuit theory
employs the principles behind electrical circuit theory, which models how electrical
currents move between resistors. In ecological circuit thédueyflow of current
becomeshe movement of individals resistors become habitat patches, and
resistance translat@sto the opposition of a given habitat type to the movement of
individuals. An overall measure of effective resistance (also resistance distance) can
be calculated asraeasure of isolation between pairs of habitat patffieRae et al.
2008) Circuit theory is ideal for estimating the probability of dispersal between
habitat patches becausednsidersharacteristicef the matrixseparating habitat
patchesmultiple pathways between habitstches, and the width of those pathways

(McRae 2006; McRae & Beier 2007; McRae et al. 2008)



| then used measures of effective resistance as the probability of movement
between pairs of habitat patches in a graph theory framework to determine the overall
level of functionahabitat connectivity in the GHLT landscape. Like circuit theory,
graph theory has recently been applied to connectivity studies in e¢Blogy et al.
2000; Minor & Urban 2007; Rothley & Rae 2005; Urban & Keitt 20843l may

provide the best measurement of

connectivity when considering the Edge .

tradeoff between information / \

content and data ragements Node

(Calabrese & Fagan 2004)In this

approach, habitat patchase /
Component

0 n o caredghé links between those
Figure 2. Graph theory terminology. &raphis

patches aré e d @reagy@ph defined by nodes representing habitat patches
edgegepresenting potential speciggecific

(Figure2). A graph (i.e. landscape) dispersal links between patches. A series of
connected nodes is a component while nodes

is considered connected when an linked by an edge to another node represent
isolated patches.

edge exists between every pair of

nodeg(Urban & Keitt 2001) A graph theory approach is particularly useful in

prioritizing nodes (i.e. patches) based on graph position and associated importance to

maintaining connectivity between other no@€alabrese & Fagan 2004; Urban &

Keitt 2001)

| used predictive landcover change modeling in a Rlayer perceptron
(MLP) neural networko assess the vulnerability of forest to future deforestation. In

general, the network projects historical



forest patterns. The MLP chooses a random sample of cells that transitioned from
forest to norforest aswell a sample of cells that persisted as forest from maps input
by the user spanning two dates. The network uses half of these samples as training
data to develop a multivariate function th
from foresttonofor est based on a given | ocationds
elevation, distance from roads, etc) while reserving the second half of the samples for
validation. The MLP assigns weights corresponding to each landscape
character i st i its@ssociationpmilrcellathat teansitidned érom forest
to nonforest) and adjusts those weights following progressive iterations as the model
6l earnsdé by minimizing error between the t
resulting output is a transitiqgrotential matrix for every cell in the landscape that can
be translated into the relative vulnerability of forest to deforestation in the future
(Atkinson & Tatnall 1997; Richards & Jia 1997)he MLP neural network has been
advocagd as a tool for landcover classification and modeling because it has
demonstrated the ability to perform rapidly and accurately, to incorpoyaieri
knowledge and realistic physical constraints, and to incorporate different types of data
(reviewedin Atkinson & Tatnall 1997)
Finally, | used population viability analysis (PVAwhich considers both
anthropogenic ultimate and stochastic proximate drivers of extinetiompdel local
extinction risk for small GHLT population®efined broadlyPVA is the use of
guantitative methods to forecast the future status of a popu(dMamis & Doak
2002)and has become onétbe most rigorous planning tools available in

endangered species conservaierankham et al. 2002; Hedrick et al. 1996)
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Through computer simulations, PVA providesmagified representation of a real
biological system that extracts demographic trends from complex processes to make
predictions regarding extinction risk under a range of management and environmental
scenariogLacy & Miller 2002; Miller & Lacy 1993) This tool can clarify
assumptions, integrate knowledge from multiple sources, force biologists to be more
explicit in their reasoning, identify whianodel structures and parameters are
important, and guide future data collect{@urgman & Possingham 2000; Walsh et
al. 1995) Additionally, applying sensitivity analysis VA modds can highlight
life history stages that are particularly important to the stability and growth of a
population, with important implications for conservation, biological control and
sustainable extractigfBenton & Grant 1999)

Although PVA has been stronygadvocated by some conservation{stg.
Morris et al. 2002; Schemske et al. 199dhasalso been critized because
uncertainty inherent in the modeling process make thisool more appropriate for
assessing relative risks and comparing effects of management actiofa than
assessing absolute extinction risks and prescribing population(B&essinger &
Westphal 1998; Menges 2000; Reed et al. 2002; Shaffer et al. 2002; Taylor et al.
2002) PVA is also often not robust when demographic data are lirfitieckelshaus
et al. 1997)and lack of dat is of particular concern for endangespeécies
(Schemske et al. 1994%till, conservation biology is a crisis disciplif@oulé 1985)
that requires quick decisionespite incomplete datBVA has value even when

uncertainty exist¢Brook et al. 2000andstill provides one of the strongest
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management tools aviable for incorporating science into conservation decision

making(Brook et al. 2002)

Dissertation Outline

My dissertation research is organized in three fartkis described here in Chapters
2 through 4 In Chapter 21 analyzed current foreststribution and receritends in
deforestation throughout the spaeacatbresd rang
of Landsat 5TM remotefgensed imagery from 1987 and 2007. From these classified
images, | created binary fatnonforest habitat maps clipped to the GHLT range
boundary and compared the overall amount and distributitoredthabitat between
the two time periodsin this chapter, | also identifietie habitat patch size that could
support ehypotheticaiminimum viable population (MVP) of GHLTs under a range of
risk scenarios using populatierability analysis and locatgohtches meeting those
size requirements on the 2007 forest mhpndscape and demographic data
generated in this chapter provided the faion for subsequent analyses ihdpters
3 and 4.

In Chapter 31 assessed functional landscape connectivity, according to the
2007 forest cover map, for GHLTs using a combination of circuit and graph
theoretical approachedhis has important implicains for metapopulation
dynamics, patch colonization/extinction rates, and gene flow for the species.

In this chapter| was also interested in exploring how the social behavior of
this cooperatively breeding species could theoretically impact measurashents

landscape connectivity. Measurements of functional connectivity traditionally focus
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on structural landscape attributes (e.g. distance and matrix type between habitat
patches) andn how species interact with those structural attributes. However, |
suggest that social behaviors (specifically conspecific and heterospecific attraction)
also impact connectivity by changing how dispersers move with respect to occupied
patches. | again analyzed functional connectivity using circuit and graph theoretical
approaches but altered dispersal rules in two additional scerfioiastotal of three
scenarios) In the second scenario, | increased the cost threshold for occupied
patches, allowing dispersers to move over more costly matrix to reach an occupied
patch(simulating that attraction could increase landscape connectivity). | also
explored a third scenario where dispersers were only motivated to move to occupied
patches (simulating that attraction could decrease landscape connectivity). These
scenarios wereompared to the estimate of functional connectivity in the first
scenario that did not consider conspecific/heterospecific attraction.

| explored the future viability of GHLT habitat apdpulations irChapter 4
lusedIDRI36 s Land Change Modeler to explore | ar
elevation, distance from roads, etc) that were associated with recent deforestation
patterns and to highliglibrested areas that are vulnerable to future deforestation
given these patterng.also used population viability analysis to explore the
extinction risk of known GHLT metapopulations. This chapter provides a broad
discussio of GHLT extinction risk based dyoth ultimate and proximate threats.

Finally, in Chapter 5] concludemy dissertation by summarizingey findings
andmaking recommendations for future researtchlsosynthesize the results of

Chapters 2, 3, and 4 to highlight priority habitatcpas.| suggest that forest patches
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that are (1) large enough to support a mimmviable population, (2) large enough to
support a genetically viable population, (3) important for the maintenance of
functional landscapeoninectivity, and/or (4knownto supporipopulations of GHLTs
are of disproportionate value for GHLT conservatiéiorest patches that meet one or
more of thes criteria should be prioritized for resela, surveys, ptection and
reintroduction

Through my dissertation research, | highlight that, despite the fact that the
GHLT has leen relatively secure as compatedther lion tamarin species
populations and habitat are at risk. Protective measures will be of critical importance,
and | identify priority habitat areas for future research and protection while providing

information for scientificallyinformed consesation planning.
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Chapter 2: Identifying Important Forest Patches for the LongTerm
Persistence of the Endangered GoldeHeaded Lion Tamarin
(Leontopithecus chrysomelas

Published inTropical Conservation Scienc2010,3(1): 6377

Co-authored with: W.FFagan, R. DeFries, and B.E. Raboy

Introduction

The AtlanticFor est 1is one of the worl dbés hotspots
for a disproportionately high number of species auihiy severe deforestation at

882% | oss of the r egi(Myardetal @Q00; Bilbeimozetal. f or est ¢
2009; Shi et al. 2005)Deforestation has been attributed to economic activities; 80%

ofBr azi | 6s gr o stdsgenerates i the AtlanpicFestdhiocgh

intensive timber harvest, charcoal production, cattle ranching, and monoculture
plantationgMorellato & Haddad 2000; Pinto & Wey de Brito 2008ecause of the

highly fragmented nature of f@epatches within the Atlanticofest, the few

remaining large forest patches may be especially important for the persistence and

genetic stability of a variety of forest spec{Bsito & Fernandez 2002; Brito &

Grelle 2006; Chiarello 1999; Chiarello & de Melo 2001; Metzger et al. 2009; Vieira

et al. 2009) Large pathesare more likely to have enough resources to maintain self

sustaining source populations that do not rely on immigrants for population
persistencéPulliam 1988)whose individuals may then contribute to an entire

regional population through dispersal and metapopulation dynéHacski 1991,

Radford & Bennett 2004 5uch paired souregink systems contribute positively to
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metapopulation size and persistefidewe et al. 1991)and the leger patches,
someti mes t er ifVerdoor & al.\200ppaetthuishcatisabto landscape
planning. Locating large patches within the range of a species can help to prioritize
locations for surveys, research, and habitat conservation.

Golderrheaded lion tamarins (GHLTEgmtopithecus chrysomelasre one
of many endemic and thaigened species of the Atlantic Forest. Large forest patches
areespecially important for thisrielangeredlUCN 2010)arboreal primate that
maintains large home ranges at rekgMow population densitiedn this chapter,
my objectives were tdetermine (1) a range afea requirements for a self
sustaining, minimum viable population of GHLTs under various risk scenarios and
(2) the location of actl patches meeting theaeea requirements throughout the
speciesd6b range in Brazil . istigssuthuamber of ot h
functional connectivity between habitat patcfszuresDadda & Manson 2007,
Fagan et al. 2002; Fahrig & Merriam 1985; Groom 1998; Root 1988&)unt of edge
(Lopes et al. 2009)past laneuse(Metzger et al. 2009)and habitat quality within
patchegHolmes & Sherry 2001arealsoimportant for species persistence. However,
incorporating these landscape characterissit®yond the scope of this chagiat
will serveas the focus of Chapter Blere, Ipropose a settive process by which key
geographic areas can be quickly identified and used to direct species consangtion

researclefforts.
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Methods

Study Species

The last published estimate of GHLT population size, based on alB331survey,
was 6,00015,500 individuals spanning ange of 19,462 kim(Pinto & Rylands
1997) However, a more recent segvsuggestthe possibility o€onsiderable
reductions irpopulation sie and rangsince that timéRaboy unpublished data;
Raboy et al. 2010)Forest cover in this region is chaextzed by highlyfragmented
seasonal sendeciduous tropical rainforest in the west and more contiguous coastal
evergreen tropical rainforest in teast. GHLTs use primary and
secondary/regenerati forest as well as cabruca agrofo(&sboy & Dietz 2004;
Figure 3)below 500m elevationPinto & Rylands 1997) Based on a study in Una
Biological Reserve, GHLTSs formrgups averaging five individua{Raboy 2002)

Territory size ranges between 36 (fRylands 1989and 200 h¢Dietz et al. 1996a;

Raboy & Dietz 2004; Raboy et al. 2004)

m|gﬂ% ' | Figure 3. (a) A juvenile

. S | goldenheaded lion tamarin

W | (GHLT). Habitat for GHLTs
includes(b) primary, (c)
secondary, and Jatabruca
agroforests (photos taken b
S. Zeigler, 2006)




Determining Minimum Area Requirements

To calculate tharearequirement$or a minimum viable population (MVP) of
GHLTSs, | began by determinintdhe MVPsize in the population viability analysis
(PVA) program Vortewer9.72(Appendix I; Lacy 200Q) | define the MVP size as
the smallest size at which the population is-safftaining with a reproductive rate
that exceeds mortality despite the potential effects of natural catastrophes and
demographic, environmental, and genetic stochasticity, resulting in a persistent
populaton that does not rely on immigrati¢8haffer 1981)

Baselinedemographic parameters for the PVA model wealeulated from
field observations and from published literature on GH{OTable ). Field
observations of the number of deaths, emigrej immigrations, and births each year
for GHLTswere made by B. E. Ral as part of a lonterm monitoring project in
Una Biological Reserve. Demographic rates used in this study were based on six
habituated GHLT groups observed between 1995 and 2007 as part of this monitoring
project. Two of the groups wefellowed for12 years, 1 group was followed for 9
years, 1 group was followed for 7 years, and 2 growgre Wollowed for 5 years.
Average mortality rate was calculated for each seXiga@ge classs(0-1 years, 1
2 years, 23 years, 3 years, and adults| did not differentiate mortality ratesy sex
for the 01 age class becautdee sex of infants was oftemknown.The fate of some
individuals was unknown through the course study, givén the high rate of
mortality for individuals unable to successfully enaig into a new group,assumed

that 75% of all disappearances were deaths except in the case of infantsin the O
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Table 1. Parameters used in Vorteser9.72to model the minimum viable population size for goltheaded liortamarirs.

Parameter Definition Baseline Value

Species Description

Inbreeding Depression Considers reduction in firgtear survival for inbred individuals  yes
Number of Lethal Equivalents Average impact of inbreeding on firgear survival 4.07
Dispersal No dispersal, hypothetical single population
Reproductive System and Rates
Reproductive Systetn Indicates whether species is monogamous or polygynous Monogamous
Age First Offspring (femalé) Age at which females begin breeding 4 years
Age First Offspring (malé) Age at which males begin breeding 4 years
Max Age Reproductioh Age at which individuals cease producing offspring 16 years
Max # Progeny/ Largest number of offspring a single female can produce ina 4 offspring
1 offspring given year 33.3%
2 offspring 45.5%
3 offspring 4.5%
4 offspring 16.7%
Sex Ratio at Birth Average percentage of newborn males born 50% males
% Adult Females Breedifg Mean percentage of females that breed in a given year 82.9%
% Males in Breeding Podl Mean percentage of males that breed in a given year 100%
Mortality
Mortality Rated (environmental ~ Mean mortality rate for each age class in a given year Males (EVf) Females (E¥)
variation)
0-1 year old(infant) 35.0%(0%) 35.0% (0%)
1-2 years old 13.9 (0) 14.8 (13.0)
2-3 years old 4.0 (3.0) 26.5 (0)
3-4 years old 5.4 (0) 28.1 (12.1)
> 4 years oldadult) 16.2(1.6) 13.3 (0)

1J. Balloupersonal communicatigiRalls et al. 1988

’Holst et al. 2006

®B. Raboyunpublished data. Data basedafrservations of 6 GHLT groups (2 years)See Methods for how these rates were calculated from raw
demographic data.

“Vvalue of 0 indicates that altariation observedoud be accounted for by demographic variance, whigtutsmatically incorporated iortex.
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year age class. All disappearasifer infants were assumed to be deaths as
individuals in this agelass have never been seen emigradioge Mortality for the

otherage classswas calculated as:

Average mortality = (Bathst 0.75*Nyisappearancds/ Niotal

| calculated the percentage of females breeding as:

Percentage females breeding =nes that had offsprirfgNtotal females

Finally, females are known to produce a total of one to four offspring per
reproductive year based on one to two breeding cyclesinmgkeyear. Thus|
calculated the frequency of litter sizes of one, two, three, or four offspring per female

per reprodctive year as:

Frequency ofi{tietdtiNealiesSrdiskee a = N

Her e & Lsedirthelanguage of therogramused to conduct PVA modeling
and reflects the number of offspring produced per female per reproductivagea
the number of offspring produced in a single reproductive event. Lion tamarins give
birth to singletons or twins one two times a year.
Total variance in mortality, frequency of females breeding, and frequency of

each litter size was calculatadcording to Kendall1998)while demographic and
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environmental vaances werealculated according to Akcakaf2002). These
values were used to incorporate demographic and environmental stochasticity
separately in PVA modeling.

To determine the MVP sizékept dl baseline parameters (Tallgthe same
with the exception of initial population sizeNand carring capacity (K). |
assumed that Nas at K and systematically increased these two parameters from
starting population size of fiventil the population had a 98% probability of
persistence for 100 years (Threshold lyvasalso interested in how ige a
population would need to be to retain 98% of its genetic diversity, vdedine as a
6geneticall y vi dfourther dhhcrgaseepopulation seeuntil theh u s |
population had both a 98% probability of persistence and maintained 98% of its
genetic diversity for 100 years (Threshold 2). These thresholds have been used in
previous modeling studies as the acceptable levels of risk for the sfptaistset al.
2006) For both thresholds, population size was increased in multiples of five
individuals to correspond to theerage GHLT group size. As social animals, a
stable and sefustaining population of GHLTSs is likely composed of several groups
and would be a multiple of five assumingarerage group size of five. Myodels
assumed that habitat quality and quantity miot change through time.ultimately
modeled the required size necessary for a single hypothetical population to persist
with no immigration or emigration.

Simulationsfor four scenarios under each threshekte conductetb
determine the populaticgize necessary for recovery from catastrophes under a

number of different acceptable risk levels: (1) baseline with no catastrophes; (2)
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disease, 2% frequency with a 25% decrease in survival; (3) fire catastrophe, 2%
frequency with a 50% reduction in swal; and (4) combination of both the fire and
disease catastrophes. Fire and disease, as individual and combined threats, were
modeled as catastrophes within Vortex where survival was reduced for both sexes
across all age classes as specified durindam@ancatatrophe years. éproduction
remained unaffected. Because this model follows a single hypothetical population
and is not spatialkgxplicit, catastrophes could impact any individual within the
population. These particular catastrophes and tj@drecy and severity in which

they affected the population were chosen because they have been cited in previous
modeling stidies as realistifor the speciegBallou et al. 1998; Holst et al. 2006; Seal
et al. 1990)

For each MVP size determined in the four PVA scenarios at the two
threshdds (a total of eight MVRBizes),| multiplied the population size by published
density estimates for GHLTSs to determine a corresponding minimum area
requirement. GHLTs have been observed at high (0.1 GHLT/ha), medium (0.067
GHLT/ha) and low (0.053 GHLTA) densitiegHolst et al. 2006)likely reflecting
differences in habitat type/quality (eg. primary forest versus regenerating forest). The
eight MVP sizes were multiplied by all three density estimates to determine a range

of minimum area requirements digeuncertainty in density.

Analysis of the Landscape

To determine the location of patches meeting minimum area requireinents,
conducted a supervised classification using the maximum likelihood algqdthm

Carvalho et al. 2004h ENVI ver4.3on 30x30 m resolution Landsat®@ remotely
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sensed imageryl performed the classification on two sets of the four overlapping
Landsat scenes covering the GHLT rangethe first sethence forth referred to as
t he 019 8landsa&TVanage8 were captured in September 1986, August
1988, anddne 1987. The s ecooomsistadeftlands&iiiMe 62007 r
images captured in June 2004, July 2007, Augd87 2andAugust 2008. The four
images fronmeach time period @re orthorectified to LandsaETM+ imagery and
mosaickedo form asingle image. Pixelgere classified as (1) forest, (2) nfovest,
(3) clouds, (4) cloud shadows, and (5) water. GPS pantefest collectethetween
2005 and 2009 (Oliveira unpublished data; Ralngyyublished data) were used as
training (2146 points) and validation (P44 points) data. A previous landscape
classification by Laudau et §2003)provided training (701 points) and validation
(701 points) data for meforest areasl calculated ecuracy of thesupervsed
classificationwith a confusion matrixFoody 2002xnd foundan accuracy of 92.30%
(kappa coefficient 0.80) for the 1987 mosaic and an accuracy of 93.50% (kappa
coefficient 0.83) for the 2007 mosaic.

In ArcGIS veB.3(ESRI), areas of cloud covevere filled in using Landsat
5TM imagery from May 1994 and June 1986 for the 1987 mosaic and from June
2004, January 2005, September 2006, and April 2007 for the 2007 mosaic. The 1987
and 2007 mosaics were then processed through the majority filter to remove noise,
clipped based on éhboundary of the GHLT range, and grouped into patches. The
range boundary to the west is based on a minimum convex polygon created from all
historical past published registries of the spe(feado et al. 2003¥hile the Atlantic

Ocean serves as the principal range boundary to the east. The Rio de Contas and Rio
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Jequitinhonhaivers marked the northern and southern limits, respectively, of the
S peci egmto& Rylagle 1997) The portions of forest patches that fell
outside of these boundariesr&arot considered in my analgsi

Cloud cover and the presence of monoculture plantations, typically not used
as habitat by GHLTSs, within the area of stysesented two potential problems that
could not k@ removed for subsequent anadysMonoculture plantations were not
distinguishedrom the forest category in ngfassification because of the difficulties
in reliably separating these classes in thisoregf Brazil (Lawrence et al. 1995)
However, according to a previous landscape classification, monocpiiintations
representedelss than 1% of the total lacwler within the GHLT range in 1995
(Landau et al. 2003)nd should not greatly impact my anab/siAreas covered by
clouds and their shadows were removed as much as possible with the alternate
imagery described above; however, some areas were covered by @taldows in
both sets of images. Such areas, which covered 1.68% and 1.22% of the 1987 and
2007 mosaics, respiaeely, were not included in my analgsi

Using these processed 1987 and 2007 modaieen identified forest patches
meeting the minimon area requirement for each modeling scenario and GHLT
density estimate. Because GHLTs are unlikely to use forest above él@@ation |
also removed portions of forest patches that were above 500 m in Aus(at
elevation data from the Shuttle Radapography MissioriFarr et al. 2007)1 then
repeated thalentification of patches meeting the minimum area requirements for

each modeling scenario and GHLT density estimate.
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| concluded my malysis by comparingatches wherewould expect to find
GHLTSs based on the modeling work presented here with the patches that are actually
occupied by GHLTs. overlayed 90 positive survey locations collected between
20052008 by the Conexao Mico Leaorsey projeci{Neves 2008; Raboy et al.
20l0)over the 2007 mosaic. OPositive survey |
of and vocalizaons from GHLTSs by field teams in playback studies as well as recent
sightings by local residents with high forest knowle(igaboy et al. 2010)Some
survey locations did not directblign with a forest patch on my forest m@&7
points), and assigned these points to the nearest patch. In the three instances where
it was not clear which patch was closest, the survey location was hateddn
analyss. Survey points were matched to patches on the landscape in order to

determine the rangd patch sizes occupied.

Results

Demographic Analysis

According to stochastic PVA analysis, at least 70 GHLTs are needed for a self
sustaining population with a 98% probi#lgiof persistence ovet00 years iho
catastrophes are consider@dVP sizes of 90, 170, and 250 GHLTSs are needed for a
population that can pgist despite disease, fire,foe with disease d¢astrophes,
respectively (Tabl@). Based on these values, habitat patches as small as 700 ha
(assuming baseline scenario amghhpopulation density) and as large as 4,717 ha

(assuming fire with disease scenario and low population density) would be needed to
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Table 2. Minimum vialde population (MVP) size ancbrresponding mimum area requirement fgolden-headed lion tamarsn
(GHLT) under low (0.053 GHLT/ha), medium (0.067 GHLT/ha), and high (0.1 GHLT/ha) densities.

MVP size Minimum Area Requirement (ha)

Scenario Low Medium High Nic 100 r (sd) Probability of  Genetic Diversity

1 0, 0,
(# of GHLTS) Density Density Density Survival (%) (%)

Threshold 1: 98% Probability of Survival

Baseline 70 1,321 1,045 700 58 0.013 (0.085) 98.0 79.2
Disease 90 1,698 1,343 900 72 0.024 (0.091) 98.0 82.2
Fire 170 3,208 2,537 1,700 137 0.020 (0.107) 98.2 89.0
Disease with Fire 250 4,717 3,731 2,500 193 0.018 (0.114) 98.2 91.6
Threshold 2: 98% Probability of Survival and Maintenance of Genetic Diversity

Baseline 780 14,717 11,642 7,800 779 0.051 (0.032) 100.0 98.0
Disease 810 15,283 12,090 8,100 785 0.043 (0.057) 100.0 98.0
Fire 920 17,358 13,731 9,200 834 0.038 (0.095) 100.0 98.0
Disease with Fire 960 18,113 14,328 9,600 837 0.026 (0.122) 100.0 98.0
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supporta selfsustaining GHLT population depending on the acceptable level of risk
conservationists are willing to consider (TaB)e

Substantially higher population sizes are necessary to ensure that 98% of
genetic heterozygosity is maintained over 100 yeduen various possible
catastrophes are considered: 780 GHLTSs (baseline), 810 GHLTs (disease), 920
GHLTs (fire), and 960 GHLTs (fire with diseadegble2). These MVP sizes
translate to habitat patches that are at least 7,800 ha (assuming baseline andnari
high population density) to 18,113 ha (assuming fire with disease scenario and low

population densityJable?2).

Landscape Analysis

Between 1987 and 2007, forested area, the number of forest patches, and the average
size of forest patches within tiEHLT rangedecrease(Figure 4 Table3). In 1987,

forest covered 1,111,657 ha of the GHLT range in 17,132 patches with a mean patch
sizeof 71 ha. The amount of forestateased by 2007 to 965,861 ha in 15,713

patches with a mean patch size of 61Table 3) The net forest loss was 13%

between 1987 and 200Dnly 5%of the 15,713 forest patches withhre GHLT

range in 200%ere large than the smallest published GHLT territory sfZable3).

Thus, only a fraction of the total available forest patches are likely large enough to

support even a single GHLT group.

27



0 5 10

L
[ ] Cloud Cover 2007

.
- 2007 Forest Cover: - *
Una Biological Reserve

and Wildlife Refuge

|:| Non-forest

I Forest Loss 1987-2007

Figure 4. Deforestatiorbetween 1987 and 2007 throughout the range of the go
headed lion tamarin in Bahia, Brazil.
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Table 3. Forest cover and number of forest patches meeting area requirdonentsinimum viable populatioander four
catastrophe smarios for the goldeheaded lion tamarin (GHLT) assuming a medium density of 0.067 GHLT/ha. Numbers of
patches are shown for 1987 and 2007 as wdtra®007 after all high elevatiap» 500m) forest was excluded from analysis

Minimum Area Number of Patches

Scenario . 2007
Requirement (ha) 1987 2007 (no high elevatioriorest)
Total Forested Area 1.111.657 ha 965.861 ha 880,179 ha
Total Number of Patches . 17,132 15,713 15,502
MeanPatch Size @ - 71 ha 6lha e

Number of Patches Equal to
or Larger than Smallest 36 810 778 742
Published Territory Size

Threshold 1: 98% Probability of Survival

Baseline 1,045 27 22 18
Disease 1,343 20 20 14
Fire 2,537 7 9

Fire with Disease 3,731 5 6 4
Threshold 2: 98% Probability of Survival and Maintenance of Genetic Diversity

Baseline 11,642 2 2 2
Disease 12,090 2 2 2
Fire 13,731 1 2 1
Fire with Disease 14,328 1 1 1
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According toPVA modeling, forest patches exist within the GHLT range that
could support a population of GHLTs with a 98% probghof persisting oved 00
years. In 1987, assuming medium GHLT density, 27 patches (baseline), 28spatch
(disease), 7 patches (fire), and 5 patches (fire with disease) were large enough to
support populations under the various risk scendfiable3). Due to habitat loss
and fragmentation over the subsequhyears, the number of patches able to
suppot the same population sizes in 2007 were 22 (baseline), 20 (disease), 9 (fire),
and 6 (fire with disease; TabbeFigure ).

Although the largest patch in 1987 (872,502 ha) decreased in size by 2007
(741,973 ha), it still remained the largest patcthexGHLT range. However, the
identity and location of many of the other large forest patches changedhiout the
20 year span of miandscape analysis. Of the top 10 largest patches in 198&re4
fragmented into patches that were smaller than ¥51ha needed to support a self
sustaining population at baselinend@ions in 2007. Two of the ll@rgest patches in
1987 remained within the 10 larggmtches in 200glthough thespatches
decreased in size betwe#&987 and 2007. Four of the [Hdgest patches in 2007 had
previouslybeen connected to the largest patch in 1987.

Fewer patches were able to support a population that could also retain 98% of
its genetic heterozygosity. In 1987, two patches were large enough to support a
geneticaly viable population of GHLTs assuming medium GHLT density for the
baseline and disease catastrophe scenarios while only one patch could support such a
population under the fire and fire with disease catastrophe scenarios. These patches

were very large (8,502 ha and 13,575 ha) and were located only in the eastern
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porti on of t he 2060p there were two patcheglarge enodgin to sustain
a viable GHLT population and its genetic heterozygosity assuming medium density
under the baseline, diseas@d fire catastrophe scenarios and one patch under the fire
with disease scenario. The largest patch able to sustain a genetically viable population
in 1987 (872,502 ha) was the same patch in 2007 (741,973 ha). However, the second
patch able to sustaangenetically viable population in 1987 fragmented into smaller
patches below the minimum area requirement while the second patch able to sustain a
genetically viable population in 2007 (13,735 ha) had been part of the largest patch in
1987.

High elevatim areas may limit the amount of area within a given forest patch
that GHLTSs can utilize. Previowssudies cite that the elevatibmit for the species is
500m (Pinto & Rylands 1997) After removing forest cover above 580from my
forest mapl found fewerpatches with enough low elevatitorest to sustain
populations of GHLTs wih a 98% probability of persistence: 18 patches (baseline),
14 (disease), 5 (firegnd4 (fire with diseaseTable 3;Figure ®). Two patches were
able to support populations with 98% probability of survival @8 genetic
heterozygosity under the basel and disease scenarios while one patch could
support such a population under the fire and fire with disease scefiains 3;

Figure H).
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Figure 5. Forest patches meeting the minimanea requirementsPatchegsould support a population of
goldenrrheaded lion tamarins at medium density with a 98% pmbtyaof survival (1-6) and 98% of its
original genetic heterozygosit}, 2)for 100 yearst baseline with no catastroph@s 6)andwith a risk of
diseasd?2, 5) fire (2, 4), and firewith disease (1, 3)(a) depictspatches considering all forest cover within
patch while(b) depictgpatches after all forest above 500 m elevation was removedlimpatch



Discussion

Patch Sie and Occupancy

Positive survey locations faeHLTs indicated thapatch occupancy was not limited

to patches meeting the minimum area requirements determined here. For the 21
occupied patches in the 2007 mosaic, 4 patches were larger than the baseline
minimum area requirement of 1,045 ha, 11 patches were between 36 ha (the smallest
published GHLT territory size) and 1,045 ha, and 6 patches were less than 36 ha.
Small patches could have been occupied during these years for several reasons. In
most of thesurveys, patches were sampled one or two times, and occupancy is thus a
snapshot of GHLDccupancy anchovement at that time. An individual GHLT may
have been in a given location temporarily as it moved between or in and out of larger
forest patches inemrch of additional resources. Patches may have been occupied by
declining populations, and positive survey locations in smaller patches may represent
extinction deb{Tilman et al. 1994dr timelags between past land use and current
species dynamiddetzger et al. 2009) Finally, smaller patcheray be functioally
connected, allowin@GHLTsto moveamongpatches in search of resources, and the
functional size of patches may la@der than the structural size. Connectivity can be

a particularly important attribute of a landscape for species su#ualyo-

Rodriguez & Mandujano 2009and assessing the implication of varying levels of

inter-patch connectity for GHLTSs represents nmyext stegn identifying geographic

regions of the GHLTO6s | andscape for target
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Deforestation and Conservation Implications

As with other studies identifying important forest patches for species survival in the
Atlantic Forest(Brito & Fernandez 2002) found only one to two forest patches
(depending on risk scenario considered) that are theoretically large enough to support
a genetically viable, seBustainingpopulation of GHLTs ovet00 years. However,

this should nbimply that the species is secdrem continuing population decline or
extinction. Forest cover in thiggion is changing quickly. Manalysis indicates a

net forest loss of 13% in the GHLT range between 1987 and 2007, or 0.65% loss per
year if constant defestation rate is agmed. My estimate of losgs relatively

congruent with the deforestation rate in the state of Bahia as a whole. Between 2000
and 2005, 2.2% (or 0.44% per year) was lost within the Gtatedacao SOS Mata
Atlantica & INPE 2008) The Bahia biogeograpmal subregion(Silva & Casteleti

2003) of which the GHLT range is a paid,the second most welreserved sub

regionin the Atlantic Forest with 17.7% of the original forest cover remaining

(Ribeiro et al. 2009) It is conceivable that deforestation pressure in the weit
preserved subegions like Bahia will increase as what little forest remains in sub
regions like Sao Francisco (4.7% remaining forest cover) and Interior Forest (7.1%
remaining forest cover) is completely I§Rtbeiro et al. 2009) In addition, a large
percentage of available forest cover for use by GHLTSs i®ntlyrin the form of
cabrucaglantations, covering 18% of the total range of theigsan 1995Landau et

al. 2003) These plantations aredmning threatened as the low price of cocoa and
fungal epidemics infecting cacao trees and fruit make it more profitable for land

owners to convert their cocoa agroforestry systems to cattle pastures and other
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agricultural systems of low biodiversity val(fechroth & Harvey 2007) Such land
conversion would drastically reduce the amourawailable habitat for GHLTSs.

Although one to two forest patches in the GHLT range could theoretically
support a selustaining, genetically viable population of GHLTs despite
catastrophs, there is only one federapyotected reserve known to currenglypport
GHLTs where continuing deforestation is unlikely. A previous modeling study found
that this reserve, Una Biological Reserkeg(ire 9, is large enough to safeguard the
speciesf the park is able to hold a high or medium density of GHLTs armestor
regeneration continues to increase the
Howe\er, at lower densities or when carrying capaditynot increase, genetic
diversity fell below the 98% thresho(Hlolst et al. 2006) Fire threat was also not
included in the model but may be alrand present threat given the level of farming
activity bordering the reserve. Given that some of the lowest densities were observed
for GHLTs within the reserve in some ye@drRaboy & Dietz 2004)expansiorof the
size of the reserve is critical.

The distribution of forest patches throwgih the GHLT range is also
important. A genetic study of four subpopulations of a closely related species, the
goldenlion tamarin Leontopithecus rosaljashowed significant differences in the
total number of alleles, heterozygosity, and allelic frequermeong subpopulations
(Grativol et al. 2001) The smallest and largest genetic differarimween
populations corresponded to the smallest and largest linear dshateeen
populationgGrativol et al. 2001) Although a genetic study has yet to be completed

for GHLTSs, a behavioral study comparing subpopulations in the eastern and western
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portions of their range found differences in the foraging ecology of the species,
suggesting aaptation to local environmentSuidorizzi 2008) It is possike that
GHLTsfound inthe westersami-deciduous tropical rainforeate genetically
distinct from individuals found in coastal evergreen tropical rainforest in the east.
Thus, it may be important that large populations are protected in both the eastern and
western portioaof the GHLT rang to ensure the conservation of the species and its
genetic diversity. Currently, no patches large enough to maintain a population of
GHLTs with 98% genetic heterozygosity 100 yearsre found in the western
portion of t he s pbhabitatdosstandrfragment@tionweten addi t i o
considerably higher in the western portion of the range between 1987 and 2007, and,
again, the only federally protected area known to currently support a population of
GHLTs Il ies in the easnge RaboyriePdl)oconirmof t he s
that many local extictions have already occurred in the west within the last few
decades and many more are imminent.

Finally, in addition to continuing deforestation threats, PETROBRA
Brazilian energy company, has invesie@ multimillion dollar project to construct
the Southeast Northeast Intercention Gas Pipeline (GASENE). When completed,
this natural gas pipeline will run 1,38 from Rio de Janeiro to Catu along the
Atlantic coas{PETROBRAS 2006; Piquet & Miranda 2009; Tubb 2008)section
of this pipeline is slated to run through the GHLT ra(fggure §, fragmenting the
largest forest patch in half through the entire length of the patch. Theestmort
impacts of construction and the letgym impacts of the pipeline itself on GHLT

metapopulation survival and movement are currently unknown. However, the
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internal fragmentation caused by this development project will likely impact the

species throughout tle@nstruction zongGoosem 2003)

Figure 6. Early construction of the PETROBRAS natural gas pipeline sla
to run through the range of the goldesaded lion tamarin in Bahia, Brazil.
(photos taken by S. Zeigler, 2006)

In conclusion, two large forest patches exist that could theoretically sw#pport
genetically viable, seléustaining population of GHLTs able to recover from
moderate catastrophes while one patch could support such a population under more
severe catastrophes. Only one fedgnaidotected reserve known to currently support
a populaibn of GHLTSs exists within the range of the species while continuing
deforestation, land conversion, and construction projects such as the PETROBRAS
pipeline are real and major threats to the remaining GHLT habitat patches. Research
into the quality and acupancy of the largest patches highlighted here as well as
additional protection of habitat needs to be a highripyifor the conservation of

GHLTSs.
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Chapter 3: Conspecific and Heteospecific Attraction in
Assessmentsf Functional Connectivity

Introduction

Functional labitat connectivityhistorically definedasthi@d e gr ee t o whi ch a
| andscape facilitates or | mp@ajleretamovement
1993)for a given speciess often critical to the survival of populations and
ultimately aspecies itself. Connectivity allows foiag across multiple habitats
(Kozakiewicz 1995)resource supplementation as@mplementatiofDunning et al.
1992) recolonization of extirpated patch@gtenderson et al. 1985escue effect of
declining populations through immigrati¢rown & Kodric-Brown 1977) and
reduction of inbreeding depressiRichards 2000) Population persistence has been
correlated with high levels of habitat connectivity for many spdeies Anzures
Dadda & Manson 2007; Fagan et al. 2002)

Given the importance of connectivity for pdgiion and species persistence,
understanding pential movement pathways (or lack thereof) between habitat patches
is essential fomanaging populationsespecially in fragmented landscapgs.the
definition suggests, eaasurements of functional connectivity have traditionally
focused orthe structurabttributes olandscapgandon how individuals move in
response to those attributes given spespeific movement behavior$n these
measurementsmiportant landscape features for functional connecthatyeincluded

interpatch / nearest neighborstincg Goodwin & Fahrig 2002; Radford & Bennett
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2004)as well as the nature of the matrix between habitat patéineterson et al.
2007; Ricketts 2001)Finally, the degree to which patches can be considered
functionallyconnected depends on speepgcific traits such asgility (D'Eon et
al. 2002) perceptual rang@Baguette & Van Dyck 2007and degree of habitat
specializatior{With & Crist 1995)

| suggesthat, in addition to landscape features and the behaviors of
individuals in response to those featurasasurements dfinctionalconnectivity
patterns should also reflect sodhaviors that incorporate the motivation of
individuals to disperse from and settle into a different habitat patch. In this chapter, |
focus specifically on the social behaviors conspecific and heterospecific attraction
(Monkkodnen 1990; Stamps 198&®)d on how these behaviors could impact
measurements of connectivityn conspecific or heterospecific attracti@otential
dispersers use public sociaformation(i.e. information that is available to all
individuals and is extracted from interactions with or observations of other
organisms; Wagner & Danchin 2010)inform their own dispersal and settlement
decisions. If the commurated information motivates dispersers to move toward that
habitat patchoccupied patches could act as magnets by drawing dispersers more
often and perhapsver riskier matrix habitatd~igure &). This wouldresult in
movemento occupied forest patches where connectimight not otherwise be
expected, therebyncreasing the overall level &iinctionallandscape connectivity
(Figure 'b). For example, certain avian species are more likely to cross forest
boundaries into open matrabitat in the presence of tufted titmice, leading to more

movement between patches in risky landscépesing et al. 2004)
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Conversely, dispersers magt be motivated to move to vacant, although
suitable, habitat patches witlitoconspecific or heterospecific cuU&eppanen et al.
2007) This may be especially true for species where information regarding the
location of a neighboring patch is available through conspecific or heterospecific cues
but is not otherwise available through visual c(esg. the potential disperser cannot
see a neighboring patch but it isare of its existence because it can hear calls from
individuals on that neighboring patch; Fletcher & Sieving 2010}lispersers are
unmotivated to move to an unoccupied patch, there mag losennectivity where
movement mighotherwisebe expectedeading toower overall landscape
connectivity Figure ). In each case, measurements of functional connectivity
patterns that include tredfects of occupancy and social behaviould differfrom

measurements that simphcorporate landscape feagar

b. Hign
a. High Vg
z g
é § .- -7 With attraction
£ £ -
s |.
£ 1)
) - Without attraction
g 2
E
3 ~ 3
Low = > Low >
Threshold without  Threshold with Attraction to Occupied Patches
attraction attraction (increased cost threshold)
Ecological Cost of Movement
C. High
Figure 7. If individuals change their dispersal _
behavior in response to conspexiieterospecific 3
attraction by (a) traveling over more costly matrix -
reach occupied patches, then (b) landscape £
- ' g
connectivity W(_)uld _be higher than e>_<pected as > o Without attraction
compared to situations where dispéisaandom. S ~.
Conversely, (c) if individuals only disperte gl 0 TTrmrmrmiemi=-n :
occupied patches, connectivity would be lowerth £ "\"r“°'°d|:;:'r’||:': occupied
expected and would decline through time as =
populations become extirpated without Low .
recolonization. Time -

40



The importance of conspecific attraction has been discussed briefly in relation
to metapopulation colonization/extinction dynamiRsy et al. 1991; Smith &
Peacock 1990putthe importance of heterospecific attraction and the role of
conspecific/heterospecific attractionnmeasurementsf functional connelivity has
notbeen examined in depthut see Fletcher & Sieving 2010Here lassess
functional connectivity patterns, with and without conspecific/heterospecific
attraction, among fested habitat patches for thedangeredlUCN 2010)golden
headed lion tamarin (GHLTeontopithecus chrysome)as t hr oughout t he
range in Bahia, Braz{[Figure 8) My objectives were (1) to analyze rangeale
functional connectivity for the species using traditional methodology and (2) to
explore how including conspecific and heterospecific attraction could alter
measurements of functional connectivity/ith this chapterit is myintention to
conceptually discudhe role of social behaviors in connectivity analysis, and
scenarios described here are not intended to explain the current distribution of this

species.

Conspecific and Heterospecific Attramt

Many speciepreferentially immigratend settle ito habitat patches that are already
occupied by their own speciés.g. Danchin et al. 1998; Stamps 198B) other

cases, rates of settlement and colonization appear to be enhanced by the actions or
presence of heterospecifics, in particular by individuals belonging to ecdlpgica
similar speciege.g. Monkkdnen & Forsman 2002; Parejo et al. 20@d4)hough the
reasons for such attraction are often unclear, evidence sutigastglividualssettle

near conspecifics or ecologicallglated heterospecifidsecause (1) the presence of
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others acts as an indicator of habitat qugNglone 1989)pr (2) individualsbenefit
in some way(e.g. increased mating opportunities, foraging success, predator
protection)by settlirg near neigbors(Alleé et al. 1949)

When dispersers use public information to assess habitat suitathiiyy
spend lesimein search of suitable habitand thereby reduce seandated
movement costéStamps et al. 2005)Theoretical models suggest that informed
individuals should have higher fitness than individuals that disperse and settle at
random(Boulinier & Danchin 1997; Fletcher 2006%imilarly, individual dispersers
of species adapted to living in social groups should also benefit from moving directly
into an occupied habitgiatch providedhey can successfully assimilateo a new
group. Species form conspecific groups for benefits that include increased foraging
efficiency(Terborgh 1983pr increased protection from predat@@hapman &
Chapman 2000) Some species also form heterospecific (or polyspecific) associations
for similar reasonddeterospecifi@ssociations are prevalent for primates, especially
between gecies wihin the family Callitrichidae which includesarmosets and
tamaring(e.g. Buchanaidmith 1990; Terborgh 1983puch associations increase
foraging efficiency as species guide each other to food so{iredsorgh 1983and
flush out insects to individuals waiting lower in the can@gres 1992)increased
protection afforded by membership in heterospecific groups allows profitable
foraging in otherwise lesssed, riskier habitat8shary & Noé 1997across a larger
foraging rang€Terborgh & Janson 1986 Heterospecific associations also allow for
increased protection from predators thgh better predator detection/vigilance

(GautierHion et al. 1983)dilution (Hamilton 1971)andcommunal defense and
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mobbing(Altmann 1956) Moreoverjt may be more advantageous for small
conspecifiagroups to initiate heterospecific associations as opposed to increasing
conspecific group size orderto minimize intraspecific competition for mates and
food (Noé & Bshary 1997; Seppanen et2007) Overall, dispersers drawn to
patchesalreadyoccupied by resident groups of the same species or an ecologically
similar species may have a higher chance of integrating into a new social group and
benefiting from the increased protection or fanggefficiency provided by that

group, ultimately resulting in higher fitness for dispersers who preferentially settle in

occupied patches.

Study System: Goldédtheaded Lion Tamarin (GHLT)

GHLTSs are arboreal primates endemic to a 19,462rkmge of the Atintic Forest in
southern BahigBrazil (Pinto & Rylands 197; Figure §. Forest cover in this region
is characterized by highly fragmented seasonal-sketiduous tropical rainforest in
the west and more contiguous coastal evergreen tropical rainfotksteast.
GHLTSs preferentially use primary and secondary/regenerating forestlloass
cabrucaagroforestgRaboy & Dietz 2004below 500m elevation(Pinto & Rylands
1997)

GHLTSs are cooperatively breedipgimates that live in conspecific groups
typically consising of a singlaeproductive femaleone to three adult malesnd
theirjuvenileoffspring(Dietz et al. 1994a)GHLTs have also been observed
associating with gr(calitr kublif; Oliwiree2018@)y0oremar mo s e t
often and longer than expected by chafiR&boy 2002) In one instance, a dispersing

mal e GHLT joined a group of Wi edds mar mose
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(Oliveira unpublished da}a Like GHLTs, t he Wi e d@&ecoopaativelp s e t
breedingwith groups averaging 4.3 individugler group(Raboy 2008) Both
specis subsist on a diet of ripe fruits, inseesd small vertebraté®ylands 1989)
Oliveira (2010 speculates that associations between the species occur for enhanced
predator protection; associations were significantly more common in habitat types
with higher GHLTFpredator encounters, in the first half of the day when more GHLT
predator encountersccurred, and within the first three months of a reproductive
event when groups are more vulnerable predator attacks.

In cooperatively breeding specigsch asGHLTS, where typically only a
single nale and female breed per grotipe need to find matingpportunities may
drive an individual 6s deci.sThioisisuppateddby sper se
the fact that GHLTs exhibitrpspectingoehaviors before makingermanent dispersal
decisiors (Oliveira unpublished data). Albugh grougevelimmigration and
emigrdion rates are relatively 1040.61 and 0.53 individuals/group/year,
respectively, most GHLTSs leavéheir natal territories between 2 and 4 years of age
(Raboy 2002) Males and females are equally likely to disperse from their natal
territories, but males are more likely to successfully emigrate into new gifeapsy
2002) Dispersing GHLTs have been documented by Raboy (2002) traveling alone
(56% of time) or in same sex pairs or trios (44%).

Less is known about how far dispersing GHLTs will trau@HLTs spend
43% of their daily activity budget on loomotion, moving on average4llOm to
2,175m per dayRaboy & Dietz 2004; Rylands 198%jowever, these movements

were confined to the territorial ranges of those particular grotips.majority of
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evidence fotong-distance dispersahovementgonsists of a few anecdotal
observations by field researchetadividuals have been observed on two occasions
traveling over 4 kngstraight line distance; Raboy 2002; Oliveira unpublished data)
through foresfrom their natal territoriesA GHLT was also observed crossing an
open field, which is the matrix landcover typexddcteristic othis system, ovea
distance ofL75 m (Raboy unpublished data) while a pair of golden lion tamarins (
rosalia) were seen dispersing through open f@ldra distance ot km (Grativol et

al. 2001) However, GHLTSs are rarely seen moving through open pagRataoy et

al. 2010; Guidorizzi unpublished dat)d experts estimate thainsistent
movements beteen patches more than 1@0apart are unlikely for lion tamaring. (

Mickelberg personal communicatipn

Methods

Analysis of Habitat

A binary map of forest honforest habitat withirthe GHLT geographic rangserved

as the foundation of nstudy of functional connectivityThis map was created

through a supervised clagsdtion of Landsat 5TM remotelsensd imagery from

2004 t02008(seeZeigler et al. 2010 for further details on how this map was created)
To overcome processing limitations and to facilitate computations in programs used
to analyze connectivity patternsreésampled the cedlize of theforest magdrom 30 m

to 200m and divided the GHLT range intoorth and south regisrseparated bhe

Rio Pardo Figure §. Large rivers such as the Rio de Contas and Rio Jequitinhonha
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(Figure§, whi ch mark the northern and southern
well as the Ry Pardo, which roughly cuts through the center of the GHLT range,
likely serve as barriers to GHLT moveméRtylands 1989) Thereforeit is unlikely
that dividing the GHLT range at the Rio Paaftectedthe results otherangewide
connectivity analysi. These two regns were processed seataly for all
subsequent analysin my study.
From these processed maps of forest cover in the northern and southern
regions of the GHLTange, | selected patch@8 haor larger in are#o serve as
source patches in assessmaftsinctional connectivity This is the smallest
recorded GHLT home range si@eylands 1989and represents the smallest patch

size that a group of GHLTSs will likely inhabit with any permanence.
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Assessment dMovement Paérns

| examinedpathways opotential GHLT movement among forest patches using
Circuitscapever3.5(McRae 2006) Circuitscapeemgoys the principles ofircuit
theory to modeanimal movement and considers matardscape featesseparating
patchesmultiple pathways betweepatches, and the width of those pathways to
inform the likelihood that an animal will move between any two habitat patches
(McRae 2006; McRae et al. 2008)

Inputs intoCircuitscapewnere a patcldentification file and a raster landscape
resistance map, both of which were ASCII files exported from raster maps@iS
ver9.3 (ESRI). The patdbentification file contained the location and unique
identification code for the 769 individual habitat patcBésha or largein the
landscape. In the landscape resistance map, each cell was given a resistance value
associated with how easily an animal could move through that cell/landscape type
with values equatig 1 (low resistance) for forest cells, 50 (high resistance)do
forest cells, and ndata(barrier to movement) for urban aresith a 1 km buffer,
areas oklevationgreater than 500 m, and riveEdure §. Absolute resistance
values were chosearbitrarily but reflect the reduced movement (and increased
resistance) for individuals in ndorest matrix. Observations andxgert opinion
suggesthat predation levels are higher and that GHLTSs, as arboreal primates, are
much less likely to move throbhghe open pasture that dominates the matrix in this
landscape as ogpared to foregfRaboy et al. 2010; Guidorizzi unpublished data;
Raboy personal communicationptudies assessing the sensitivity of least routes

of animal movemenrfbund tha such models are most sensitive to the relative values
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of landcover types in the matrand not the values distinguishihgbitat and
inhospitable matrix typeRayfield et al. 2010)Similarly, LeeYaw et al.(2009)
found thatmodels of connectivity for wad frogs were most sensitiveabsolute
dispersal barriers, not the resistance values given to landscape varizdiasse |
incorporated movement barriensdaonly a single matrix type,do not believe that
absolute resistance values arbitrarily cimolserewill greatly impact connectivity
results.

The final output of myanalysis inCircuitscapavas a uni tl ess Or esi
di st lsetweea évarpair of patchesThe resistance distance is a composite of
Euclidean distance, number of possible pathways, width of those pathways, and
ecological cost of traveling between a given pair of forest paféheiRae 2006)
Thus, patches with low resistance distance valuasies approaching @ye close
together, have mujile wide movement pathways, ahdve little hostile matrix
between them.Resistance distance values were used as inpatkthree
connectiviy modeling scenarios (séelow).

| also examined movement pathways in terms of Euclidean distance between
patches in Circuitscape for one of the scenarios (see beMethodspreviously
described in Circuitscapeere repeated, btheanalysis of movement pathways was
capped at distance thresholds of®0100m, 500m, 1km, and 5km while the cost
of those pathways was ignored (e.g. at a distance thresholchgfri@vement
between patches occurred only between pairs of paselpesated by an edge-edge
distance of 50n or less). The resulting output from Circuitscape indicated whether

any pair of patches was connected by movement at each distance threshold,
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irrespective of cost but limited by movement barriers (urban aieass, and high

elevation).

Assessment éfunctional Connectivity

To asess functional connectivityused a graph theoretical approddnban & Keitt
2001) in the progranConefor Sensinodeer2.2(Saura & Torne 2009)Input files for
Conefor Sensinodeere a patcldentification filefrom Circuitscapeand a file
containing the distance beden pairs of habitat patch&ependimg on the scenario,
either theresistance distanceatrices or Euclidean distance matricesated in
Circuitscapeve r e u s e d a shetwebnepair§ of habitatpatohes s 6

| determined eightnetrics oflandscape&onnectivity within Conefor
Sensinodenumber of links among patchesymber of components, area of the
largest component, average area of all componeuatsber/percentage of patches in
the largest component, number/percentage of isolated pa&citethe integral index

of connectivity (IIC;Table 4. IIC (PasscuatHortal & Saura 2006)vas calculated as:

wheren is the total number of patchasthe landscape; anda; are the areas of patch

i and patch respectivelynl; is the number of links in the shortest path between
patches andj, andA_ is the total size of the landscape. This metric is based on the
habitat availability concept where the patch itself is a space within which connectivity
occurs, integratingoth inter and intrapatch connectivity in the measure of total

landscape connectivity
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Table 4. Metrics used to measure functional landscape connectivigolder
headed lion tamargin Bahia, Brazil.

Metric Value if No Value if Total Behavior
Connectivity Connectivity with
North South North South Increaglng )
Connectivity:
Number of Links 0 0 b b Increases
Number of 540 229 1 1 Decreases
Components

Size of Largest 654,256 ha 44,204 ha 812,816 ha 116,988 ha Increases

Component

Average 235 ha 87ha 812816 ha 116,988ha  Increases
Component Size

Number

(Percentage) of 229 Increases

1(0.1%)  1(0.4%) 540 (100%)

Patches in Largest (100%) (Increases)

Component
Number

229 Decreases
Percentage) of 540 (100% 0 (0% 0 (0%
I(solated P%t():hes ( * (100%) (©%) (©%) (Decreases)
Integral Index of 0 0 1 1 Increases

Connectivity (11IC)

Connectivity Modeling Scenarios

| modeled functional landscape connectivity under three scenarios:

1. Scenario One: General Functional Landscape Connectikitgctional
landscape conwévity was based onlgn landscapdeaturesand
conspecific/heterospecific attraction was not consideBaspersal could
occur between any pair of patches falling withiven resistancdistanceand
Euclidean distanctiareshold. It is unknown how costly is too costly when it

comes talispersal decisianacross matrix fo6HLTs, and ®me dispersers
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may be more willing to cross hostile matrix than others. Such dispersers may
travelfartheracross open pasture, allowing connections between patches with
high resistance distance valu&dther dispersers may only travel between
patches where forested stepping stones reduce movement costs, allowing
connections only between patches with low resistance distance vahe®

is also uncertainty surrounding how far GHLTs will disperse aapes

matrix between habitat patches. Thusxamined connectivity patterns at
multiple resistance distanesd Euclidean distandkresholds to explore the
consequences of varying opportunities for dispersal between patches and
expect connectivity to imease with increasingpreshold.

. Scenario Two: Dispersers Increase Resistance Distance Threshold in
Response to Attractiorl.assumed that a disperser, responding to
conspecific/heterogeific attraction, would risk higher movement cadsts

reach an occupied patch. Thus, the resistance distance threshold would
increase due to conspecifieterospecific attraction.modeled this possible
scenario by first assuming a baseline rasis¢ distance threshold of one (

any pair of patchesrrespective of occupancy, wasnsidered connected if it
was separated by a resistance distance value of one)orll#ssn assumed

that occupied patches would draw dispersers across mggistance distance
thresholds.For examplein the simulatbn where the threshold for occupied
patches was increased to fiaepair of patches could lesensidered connected

if it met one oftwo criteria: (1) the paiwas separated by a resistance distance

value of one or |lesOR (2) the paiwas separated by asistance distance
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value of five or less and one ditse patches was occupied. Simulations were
repeated such that the resistance distance threshold for occupied patches was
increased td 0, 20, 30, or 40.

3. Scenario Three: Dispersers Only Move Betweerupied Patchesl
assumed that dispersers would only move to occupied patches in response to
conspecific/heterospecific attractiomhus, connectivitgouldonly occur for
pairs of patches that fell withithe maximunresistance distance threshold

AND where one of those patches was occupied.

Scenariogwo and three explorgabssible ways in which conspecific/heterospecific

attraction could imact connectivity measures, anatgh occupancy by GHLTs

and/ or Wei dos ma rfonthesetivesscenass.sRatcheswaser t a n t
consideredccupied byGHLTs andorWi ed 6 s mar mosets based on |
results between 2005 a@@08 by Neve$2008)and Raboy et a{2010; Figure 8) |

did not differentiate betwegratch occupancy by GHLTsverstd ed 6 s mar mos et s
becausehe relative strength of conspecific versus heterospecific attraction is

unknown and because the ovekalown level of occupancy throughout the landscape

is low. Because mynalysis employs a graph theoretical framework and is not a

simulation of metapopulation dynamics, occupancy does not change through time to

reflect colonization and local extinctiaf patches.
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Results

Scenario One: General Functional Landscape Connectivity

Functional landsape connectivity for the GHLT waxtremely low according to the
[IC metric (all distance thresholdgnd at small resistancistanceand Euclidean
distance thresholds for all other metr{Eggure 9 in both the north (Table 5) and
south (Table 6) regionsThe number of components and the number/percentage of
isolated patches decreased while the number of links, average compondatgese
component size, and number/percentage of patches connected to the largest
component increased dramatically with increasing resistance anddanaticstance
thresholds (Table 5; Table bigure 9. According to IIC,connectivityalso increased
with increasing resistanaistanceand Euclidean distancerdsholds, although less
substantiallyTable 5;Table §. Critical distances, where connectivity did not
increase appreciably with further increases in distance, were at a resistance distance

of 30 and at a Euclidean distance above lkigure 9.
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Table 5. Metrics describing functiwal habitat connectivity fogolderrheaded lion
tamarirsin theregion north of the Rio Pardo Bahig Brazil at varying resistance
distance and Euclidean distance thresholds.

Distance lc Size of Average Component Size Patches in Isolated Patches
Largest (ha) Largest (no links)
Component Component
(ha) With Without
Largest Largest Number % Number %

Component Componertt

Resistance Distance (unitless)

0 0.131 654,256 540 249 1 <1 540 100
1 0.135 674812 1,468 212 1 <1 536 99
S 0.138 694,336 2,471 295 118 22 270 50
10 0.142 731,016 6,206 454 328 61 95 18
20 0.145 772,364 14,596 299 470 87 48 9
30 0.145 772,912 16,771 333 475 88 41 8
40 0.145 776,388 20,743 320 486 920 33 6
50 0.145 776,760 21,895 327 491 91 33 6
60 0.145 776,760 21,895 327 491 91 33 6
70 0.145 776,824 22,521 335 492 91 32 6
80 0.145 776,824 22,521 335 492 91 32 6
90 0.145 776,888 23,183 343 493 91 31 6
100 0.145 776,888 23,183 343 493 91 31 6
200 0.145 776,980 23,885 351 494 o1 30 6
300 0.145 777,044 24,632 361 495 92 29 5

Distance (m)

0 0.131 654,256 1,462 249 1 <1 540 100
50 0.131 654,256 1,462 249 1 <1 538 99.6
100 0.131 654,860 1,507 255 6 1 511 95
500 0.137 688,420 2,699 243 102 19 225 42
1000 0.138 695,416 4,147 490 144 27 124 23
5000 0.145 772,240 24,632 515 495 92 29 5

"Because the area of the largest component was so much larger therttlaegest component (due to
the substantial area of the largest patch in the landsdag@gulated the averagemponent arewith
and without the largest component to eliminate the effect of that component on average area.
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Table 6. Metrics describing functiwal habitat connectivity fagolderrheaded lion
tamarirsin theregion south of the Rio Pardio Bahig Brazil at varying resistance
distance and Euclidean distance thresholds.

Distance IIC Size of Average Component Size Patches in Largest Isolated Patches
Largest (ha) Component (no links)
Component With Without
(ha) Largest Largest Number % Number %

Component Componerft

Resistance Distance (unitless)

0 0.008 44,204 469 277 1 <1 229 100
1 0.009 50,944 471 248 1 <1 227 99
> 0.014 80,648 620 154 43 19 159 69
10 0.014 83,832 1,626 361 77 34 43 19
20 0.016 105,608 9,754 168 212 93 7 3

30" 0.016 107,248 53,646 44 228 99.6 1 <1

Distance (m)

0 0.008 44,204 469 277 1 <1 229 100
50 0.008 44,204 469 277 1 <1 229 100
100 0.008 44,848 479 280 3 1 220 96
500 0.013 78,252 730 199 41 18 115 50
1000 0.014 81,132 1,084 267 51 22 61 27
5000 0.016 107,248 53,646 44 228 99.6 1 <1

'Results same for all resistance distances between 30 and 300.

Because the area of the largest component was so much larger than the next largest component (due to
thesubstantial area of the largest patch in the landscape), | calculated the average component area with
and without the largest component to eliminate the effect of that component on average area.

57



Scenario Two: Dispersers Increase Resistance Distance ThdashResponse to

Attraction

Functional onnectivity increasedor both the north and south regions as resistance
distance threshold was increased for occupied paf€igsre 10. In this scenario
where dispersers crossed more hostile matrix to reaochcupied patch in response
to conspecific/heterospecific attraction, connectivity measurementssuleseantially

highercompared to measements not including attraction

Scenario Three: Dispersers Only Move to Occupied Patches

Connectivity decreased for both the north and south regions as dispersal was limited
to occupied patches (as compared to connectivity when dispersal could occur between
any pair of patches within the resistance distance thredfiglagke 1). In this

scerario, where dispersers limited dispersal decisions in response to
conspecific/heterospecific attraction, connectivity measurements were dramatically

lower than expected as compared to measurements not including attraction.
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Discussion

General Functional Landscape Connectivity

Reaalistic distancehresholds folGHLTSs are most likely between 1 andrBgistance
distance) and between 100 m and 1 km (Euclidean distance). At these thresholds,
rangewide functiond landscape connectivity f@dHLTsis low. Average component

sizes (excluding the area of tbemponenthat contained the very large eastern

patch ranged from 154 ha to 295 ha with 50% to 99% of patches isolated at
resistance distances between 1 and 5. For Euclidean distances between 100 m and 1
km, average component size (not including the largest component) ranged from 255
ha to 490 ha witl23% to 95% of patches isolatedihis low level of connectivity,

and associated low level of consistent irggatch movement, may have important
implications for the survival of the GHLT metapopulatlmnnot allowing access to
multiple habitats and resourc@3unning et al. 1992; Kozakiewicz 18ptherescue

of declining populations through immigratiamd increased genetic heterozygosity
(Brown & Kodric-Brown 1977; Richards 2000and recolonization adxtirpated

patches (Henderson et all985) Local extinctions are expected to occur, ultimately
resulting inarange contraction as populations along the edge of the geographic range
are lostwithout recolonizatiofChannell & Lomolino 2000a, b; Lomolino &

Channell 1995\ A contraction at the southwestern p
where habitat loss and fragmentation have been especidiiywag observed in

recent yeargRaboy et al. 2010; Raboy unpublished dagagloss of connectivity

may be responsible for this pattern. Studies that examine how connectivity has
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changed in that area of range reduction represent possible future directions for
research.

In addition Zeigler et al. (2010) found that only a small percentdderest
patdes(22 out of 15,713; 0.14% the GHLT range are large enough their own
to suprt a viable populatiothat is not reliant on the influx of new immigrantn
even smaller pesntage of forest patches (2 afitl5,713; 0.01%) can support
genetically viable populati@of GHLTs. Even at a Euclidean distance threshold of 1
km, an optimistic distance for how far a GHLT will travel through-fanest matrix,
the averageamponent ge (excludinghe largest component) is 490 ha and 267 ha
north and south of the Rio Pardespectively. Thus, even allowing for resource
acquisition by movement between patches, the combined component area available
for most populations of GHLTSs l&kely much lower than the 1,045 ha required to
support a viable population of GHLTs. Relatively isolated populations restricted to
small patches or components of pat¢chathout the influx of new immigranisr
additional space to allow for populationpaxsionwill quickly becomevulnerable to
extinctionthrough demographic and environmental stochasticity, genetic drift,
inbreeding depression, and Alleé effg@tstrand & Elam 1993; Oostermeijer et al.
2003) Because little opportunity may exist for consistem¢patch movement
over areas large enough to support a viable populd#ioye labitat patcheare of

critical importance for the conservation of the spe(esgler et al. 2010)

Social Behavior in Measures of Connectivity

Predictedconnectivity patterns changedlaacorporated conspecific/texospecific

attraction into my analysi If, as in scenario two, dispersers change their behavior by
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traveling across more hostile matrix to reach occupied patches, functionabla@dsc
connetivity would increaseelative to scenario one where social behavior was not
considered.Conversely, if dispersers onlyave between occupied patches (scenario
three), functionatonnectivity would be lower thaaxpected, especially in landscapes
where mly a small percentage of all patches are occupied. Neighboring patches
sepaated by short distances and mildly hostile matigijtuation where some
connectivity mg be expected, may hame exchange of individuals if one of those
patches is unoccupie@ver longer time frames, as individuals preferentially choose
to settle in occupied habitat patches, metapopulation extinction/colonization
dynamics will be strikingly different as welbmith & Peacock 1990)For example,
new individuals dispersing into already occupied patchag provide a rescue effect
for those populations while vacant patches with otherwigalde habitat remain
vacant. Populations would quickly become aggregated in response to
conspecific/heterospecific attractiBeppanemt al. 2007)resulting in the
distributional patters that havdeen observed for the Columbian ground squirrel
(Weddell 1991)bobolink, and savanna sparr@Mocera et al. 2006 Jltimately,
extinction rates for existing populations and colonization rates envdabitat
patches will be lower than expected with random dispéRaayf et al. 1991; Smith &
Peacock 1990) Such tvanges in metapopulation dynamics and distributional
patterns may have severe consequefarabe extinction risk oGHLTs and other
organismsvhere conspecific/heterospeciittractioninfluences movement

decisions As fragmentation and the distance between habitat patches in the

landscape increases, the distance between patches may become tandarge
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potential dispersers may not be able to perceive the social stimuli that indicates a
neighboring patch is occupied, thereby further depressing dispersal and colonization
rates(Ray et al. 1991) Over timejndividuals would eventually be found in a few
populations and habitat patches, increasing the probability of simultaneous extinction

dueto stochasticity(Gilpin 1990)

Study Limitations: Perceptual Range

One important consideration not explicitly incorporated mtoanalysis of fuctional
connectivityis the perceptuabnge of the species. Apeci es 6 perceptual r
defines the Afraction of the | andscape tha
movement, and therefore defines the spatial scale at which an individual interacts
wi t h t he (Adametlat 2084pMost studies of perceptual range focus on a
species6 ability to vi JaigaMechy& Zoplleer20@) ve | and
however, in the case of conspecific/heterospecific attraction, perceptual range would
refertoa di sper ser 6 s a b iotherindividials in thelangdscapbee ar or s
Long-range communication amorgllitrichid primates occurthroughvocal signals
c al lormydd b $dngcalls areused to defend territories against other groups, to
maintain group cohesion, and to attract métegewed in Snowdon et al. 198an
addition, a number of studies have found th#ierentcallitrichid specieshare vocal
signals(Epple 1969a nd respond to each otherdés vocal.
respond to conspecific vocalizatiofesg. Porter 2001 facilitating coordination
between heterospecific groups.

In my study system, auditory stimuli would most likely influence long

distance attraction of dispersers to otG¢lLTs or marmosets (and occupied habitat
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patches). Attraction will only occur, and can only impact connectivity patterns,
within the auditory perceptual range of the spectkéswe\er, it is not clear how
close a dispersing GHLT would need to be to ezupied habitat patdio hear other
monkeys and to perceive that the pagcim fact occupied. This uncertainty ligimy
ability to understand the degree to which conspecific or heterospecific attraction
impacts movement decisions and overaflirgectivty patternsn this landscape
Perceptual range is alsontextdependen(Zollner & Lima 1997) For
example, the olfactorpased perceptual range of cactus b@ise(inidea vittigey
was dependent on the size of the target habitat patch, matrix structure, and the
direction of the habitat patch relative to prevailing wibdsause ofiow scent travels
in thesystem(Schooley & Wiens 2003)In the case of GHLTSs, conspecific or
heterospecific vocalizations may travel farther in open pasture than they would in
dense forest canopy, and the perceptual range of the species maydsarging

on surranding landcover type.

Conclusions

Traditional measurements of functional connectivity considering only patch size,
location, and surrounding matrix do not capture the movement dynamics and
distributional patterns seen in real systékivinfree et al. 2005) Like Fletcher and
Sieving(2010) | suggest that social behaviors and the transfer of information
between conspecifics and/or heterospecifics interact with structuragéctivity to
influence functional connectivity for certain species. In cases where dispersers cross

more hostile matrix to reach occupied patches or travel only to occupied patches,
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measurements of functional connectivity would be different than eegh@cicases of
random dispersal, as explored w@hiLTs in this chapter | recommend that
conspecific/heterospecific attraction be further researched in the context of
connectivity in future field studies and that attraction be explored in measurements of

connectivity for social species and species that utilize public information.
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Chapter 4: AssessingRangeWide Deforestation Vulnerability and
Extinction Risk of Small GoldenHeaded Lion Tamarin
(Leontopithecus chrysomela$/ etapopulations

Introductio n

Population declines and species extinctions are dfftemesult otomplex
combinatiors of ultimate and proximate force$n most examples afpecies
extinctions, a ultimatedeterministic agent of declirfeest forces a contraction in
range size, number of populations, and number of individ(filmberloff 1986)
Agents of decline are tyflbs8®adelviyl ogeafbet ino
overkill, habitat destruction and fragmentation, invasive species, or chains of
extingions. Afte the ultimate driversramatically reduce the numberdasize of
populationsproximatedriversof extinction(Simberloff 1986)liminate the last
remaining individualshroughdemographic stochasticity, genetic deterioration,
catastrophic extrinsic forces, or social dystiot(Caughley 1994; Simberloff 1986)
In addition, @ascading effectsaused by synergi@snong ultimate and proximate
drivers of extinction can radically eeleratgpopulation declines and time to
extinction(i.e. the extinction vortex; Brook et al. 2008; Fagan & Holmes 2GUfin
& Soulé 1986)
For theEndangeredlUCN 2010)goldenheaded lion tamarin (GHLT;
Leontopithecus chrysome)ashe ultimate cause @bpulation declindas been the
loss and fragmentation of habitat. This speciengemictaasmallar ea of Br azi | 0
Atlantic Forest{Figure 12), dhreatenedbiome that currently retairmnly 11.73% of
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its original forestcover inprimarily small (< 50 ha) and often degraded fragments
(Ribeiro et al. 2009) Withinthe GHLT geographic rangé&eigler et al(2010)found
that the region experienced a net forest loss of 13% as well as a decrease in th
number and mean size of forest patches between 1987 and 2007. flindgnal
connectivity among remainirfgrest patchessilow (Chapter 3) and few of these
patchesare large enough to support a viable population of GHLTs with high genetic
diversity(Zeigler et al. 2010)Deforestt i on t hr oughout Brazil 6s A
been attributed primarilio clear cutting foreconomicactivities liketimber harvest,
charcoal production, cattle ranching, andnoculture plantationdorellato &
Haddad 2000; Pinto & Wey de Brito 20G8)d has beelmked towidespread
extinctions and population declines for a varietptbferspeciegChiarello 1999;
Pardini et al. 2005; &kzu et al. 2005)

Despite intense threats to GHLT survival, this species is considered the least
threatened of the four lion tamarin species of the geaastopithecugndemic to
the Atlantic Forest; GHLTs have an estimated population size of-49G00
individuals spanning a range of 14,962%ancording to a 1991993survey(Pinto
& Rylands 1997) T h e {tABrdd.congeners have been driven precariously close
to extinction by habitat loss and fragmentatidhe glden lion tamarinl(. rosalia)
was recently upgraded to Endangered status after over 30 years of intensive
conservatia effort, and today only an estimated 1,000 individuals remain in 104.5
kmof forest. Because of extensive defores:
little opportunity exists for population expansion, and the population would remain

below the mitmum viable size even if all currently available habitat becomes
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occupiedKierulff et al. 2008a) The black lion tamarin( chrysopygusis listed as
Endangered with an estimated 1,000 individuatsiging in 11 isolated populations,
10 of which are not considered viable in the madlongterm (Kierulff et al. 2008c)
Finally, the blackfaced lion tamarinl(. caissara has an estimate260 individuals in
3 populations and is listed as Critically Endangdékadrulff et al. 2008b) The
hi story and current status of the GHLTOs t
for whatcan be expected if habitat and populations are not immediately protected.
The Bahia biogeographical suégion, of which the GHLT range is a part, is
considered the most welreserved subegion in the Atlantic ForegRibeiro et al.
2009; Silva & Casteleti 2003)The slower rate of deforestation, and uétiely the
higher abundance of GHLTs compared to other lion tamarins, has been attributed to
the fact that cocoa production is a major economic activity in this region. In southern
Bahia, cocoa is producdtirough an agroforestry system knowrbas a b thatc a 6
maintains a tall native tree canopy to shade cacao trees planted in the understory.
Because a native tree canopy persists, cabruca is of high biodiversityMakse
1990; Faria et al. 200@)nd is conslered important habitat f@HLTs (Oliveira
2010; Raboy et al. 2004)Cabruca agroforestsover ed 18 % of the spec
1995 (Landau et al. 2003nd are estimated to support egaportion of the
remaining wild GHLT populatioiRylands & Pinto 1991)
Despite thdormerrelativesecurityof the speciesompared to other lion
tamarins persistencef cabruca agroforest andwmaining native forest cover in
southern Bahia is uncertain, as is the fate of GHLTSs reliant on this forest. Because

the price of cocoa has fallen dramatically
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which can only be controlled through costly manual trimming and burning, is
destroying helthy cacao trees, it is becoming increasingly more profitable for
farmers to clear cut their land for timber sgddger & Caldas 1994dr for conversion
to cattle pasture or other agricultural systems of low biodiversity 8lkcleroth &
Harvey 2007)

Given the uncertain future of remaining habitat for GHLTSs, understanding
which currently forested areas are particularly vulnerable to future deforestation is of
conservation priority.In addition, while the ramifications of hahi loss and
fragmentation asltimate agergof decline are fairly clear,ulnerabilityof GHLT
populdions dueto proximate threatselatedto small population sizare not.
Understanding risk as a resulthadth ultimate and proximate drivers of extinction
and to the synergistic interplay of these forisasspecially important to proactively
protect eisting habitaiand populations, preventifgHLTs from succumbing to the
same fate as the three other lion tamapecies. The objectives of this chaptertare
(1) understand landscape characteristice@aged with recerdeforestatiorpatterns
througlout the GHLT rangg(2) identify forested aredabat arevulnerableto
deforestation in the futurend(3) determine the local extinctiaisk for small,

otherwisesolatedmetgopulations ofSHLTSs.

Methods

Vulnerability to Future Deforestation

I used | DRI SI 6s Land Change Modeler (LCM;

ver9.3 (ESRIYo understand patterns of forestverandto predictvulnerability of
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currentcover to future deforestatio.he extension integrates historitahdcover
change patterns between two uspecified time perids and landscape
characteristics associated with those patterns to project pdttesnsof (and
vulnerability to)change (se@ppendix 1l for a detailed description of LCM).

| analyzed historical derestation patterns between 1987 and 2007 using
binary forest/nofforest landcover maps created through a supervised aassif of
Landsat 5TM remotehlgensed imagery from 198698 8 (61987 f orest manp
2004-2008('2007 forest map'; see Zeigler et al. 2010 for further details on how maps
were created)These maps served as base landcover maps for analysis in LCM.

In LCM, | investigated the explanatory power of landscape characteristics for
elevation(0 - 1,171 m; Farr et al. 200/Human population densif® - 449 people
per square km; CIESIN et al. 2008)stance from citief) - 24,809 m; Prado et al.
2003) distance from major roadqe - 10,859 m; Prado et al. 2003nd distance from
previously cleared area8{ 2,603 m;according to the 1 forest cover map) on
past deforestation trends wusing the Cramer
degree to which each landscape characteristic is associated with the distribution of
forest. Only elevation, human population density, anéucs from previously
cleared areas had Cramerds V values greate
by Clark LabgClark Labs 2007and were used in my subsequent model of
vulnerability to deforestation. These | aye
in LCM.

| then calculated a transition potential matrix using a riajgr perceptron

(MLP) neuralnetwork(Atkinson & Tatrall 1997)in LCM. The MLP chose a
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random sample afells that transitioned from forest to nfwrest as welasa sample
of cells that persisted as forest between the 1987 and 2007 forest maps. It used half
of these samples as training data to devalapiltivariate function that predicted
each forest cell 6s-fpoeesnt i balsedoonchahmagected
associated landcover characteristics (distance from previously cleared areas,
elevation, and human population density) while nasgrthe second half of the
samples for validation. The MLP assigned weights to each landcover characteristic
(representing the strength of that charact
forest) and adjusted those weights following eachitecan as t he model ol e
minimizing error between the training and validation samples. | used a sample size of
10,000 cells, a learning rate of 0.001, and a momentum factor of 0.5 in the MLP
model. The resulting multivariate function, following 1@MAterations, had an
accuracy of 75% and was then applied to the remaining cells to produce a transition
potential matrix for every forest cell in the 2007 forest map.
Finally, I used the transition potential matrix in LCM to create a map
depicting the reltive vulnerability of forest cells in 2007 to conversion to-funest
in the future. In this map, each 30 m cell that was classified as forest in 2007 was
given a relative vulnerability index value ranging from 0 (no vulnerability to
deforestation) to@0 (highest vulnerability to deforestation) based on underlying
landcover characteristics (elevation, human population density, distance from
previously cleared areas) at that locaticiurther processed this map such that cells
with a vulnerability ind& ranging from @ 33 had low relative deforestation

vulnerability, cells with an index ranging from 8466 had medium relative
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deforestation vulnerability, and cells with an index ranging from 6@0 had high

relative deforestation vulnerability.

GHLT Population Viability

Because Was interested ithevulnerabilityof GHLTsto bothultimate and
proximae threatsl also examined the viability ahetgpopulations on small,
relatively isolated habitat patchésnodekdthe viability of GHLT metgopulations
inhabiting a subset of forest patches known to be occupied according to prior surveys
and landscape analyse&ccording to Zeigler et a{2010) 21 forest patches in the
2007 foresmap were occupied based the most recent GHLT surveys by Raboy et
al. (2010)and Nevegq2008; Figure 12)Oneof thesepatcleswasthe largest forest
patch in the GHLT range at 741,973 hdnichis large enough to support a
genetically viable population of GHLT&ver100 yeargZeigler et al. 2010)An
additional teroccupied patches were functionally connected to this extremeby larg
habitat patch within a Euclidean distz threshold of 1 km (Chaptey, and GHLT
populationson these occupied patchadl likely persist with continuing immigration
from stablesourcepopulations inhabitinghe large patch. The remaining ten
occupiedpatches were relatively isolated and small, characteristic of the majority of
forest patches in the GHLRNnge(Zeigler et al. 2010; Chapter,3nd | focused
population modelingn this chapter on populatis inhabitinghose forest patches
(Figure 13.

To delineate areas for population modelihgalculated the Euclidean
distance between every pair of forest patarethe 2007 forest map ArcGIS and

used the graph theory program Conefor Sensinodea&aura & Torne 2009p
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identify components gbatches functionally connected withirkth. Components
containing 1 of the 16ccupied patches of interest were subset from the main
landcover map in ArcGIS fapatially-explicit population modelingRigure 13 Table

7).
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Figure 12. Forest patches occupied by golderaded lion tamarins (GHLT; shown in blac
according to surveys between 262808 by Raboy et al. (2010) and NevesOD&0 |
modeled the viability of small metapopulations (circled in black) not connected to popt
on the large eastern patch. Populations on occupied patches not circled in black are
functionally connected to the large eastern patch and are likpgrscst with continued
immigration fromsourcepopulations on that large patch.
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Table 7. Physical characteristics of components used to definéoanddelmetapopulationsf golderheaded
lion tamarins iNRAMAS GIS ver5.0 and Vortex ver38B.

Component Total Forest Number of  Number of Area of Number of Carrying Capacity (#
(ha) Patches  Patches > 3€ Largest Patch Populations of GHLTSs)
hat (ha)
1 471 10 1 394 4 45
2 1007 34 3 423 6 98
3 610 18 2 440 4 60
4 293 20 1 159 6 26
5 1211 21 4 924 7 118
6 991 52 7 244 10 85
7 153 4 1 134 2 14
8 564 13 2 478 4 56
9 1307 15 3 896 5 128
10 1424 28 4 579 7 134

136 ha is the smallest recorded GHLT territory size (Rylands 1989) and the smallest patch size likely to support a pbpulation
GHLTs for any length of time.
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| then conducte@opulation viability analysis (PVANodelingfor each
metapopulation on theomponerg of interestusing a combination of the programs
RAMAS GIS ver5.0(Akcakaya & Root 2005and Vortex ve9.98(Figure 14; Miller
& Lacy 2005) RAMAS GIS is a spatify-explicit PVA program designed to link
GlS-generated spatial datademographic metapopulation mosi&r extinction risk
assessment and operates through interactions between fipeogmamgAkcakaya
2005) Vortex is an individuabased PVA prograrthat simulategffects of both
deterministic forces and demographic, environmental, and genetic stochastic events to
assess extinction rigMiller & Lacy 2005) Both programs have been used to model

a wide variety of species and validated for prede accuracyBrook et al. 2000)

RAMAS GIS ver5.0

Spatial Sub-Program Figure 14. Schematic of methodology
Calculates Spatial Structure: used to mod_el the extinction risk c_)f sma
«Aggregation of patches metapopulations of goldemeaded lion
* Assignment of populations tamarins in RAMAS GIS ver5.0 and
" Carrying capacity Vortex ver9.98

« Distance between patches
+ Distance-dependent dispersal rates

Vortex ver9.98

Increases Population Size:

Reproduction / births Deforestation Models
» Immigration s Lo Results:
) . + Final population size
P - No future deforestation = =3 L
« Risk of extinction
* 0.65% forest loss per year

* Genetic di it
* 1.3% forest loss per year enetic diversity

Reduces Population Size or
Rate of Population Growth:
= Stage-specific mortality

» Mortality in dispersal

* Emigration

* Alleé effects

* Density dependence

« Inbreeding depression
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In RAMAS GIS, | usedthe spatial suprogramto calculate spatialkgxplicit
parameters thatthen used in Vortex tstructure populations. aPametergalculated
in RAMAS GISincludedthenumber of populationfr size of metapopulatio)
component could suppodarrying capacty of individual patchesdistance between
patcheswithin a componentand distancelependent probabilityf dispersal among
patcheswithin a component After definingGHLT breeding habitat as forest below
500m elevation, hggregated adjacehbreeding habitat cells {8eighborrule) into
distinct habitat patches and assigned a population to each patch with a carrying
capacityof at least onéendividual. | assumed that the carrying capacity of eachipat
wasbased on a density 6f1 GHLTs/ha the highest density observed in the fiaial
the most likely density of small, degraded patches typical of the western GHLT range
(Holst et al. 2006; Rylands 198%inally, the edgdo-edge distance beeen pathes
was calculateth RAMAS GIS and used to determine the probability of dispersal
between populations according hetnegative exponential functi¢wolfenbarger

1946)

whereb , js the proportion of individuals that disperse between patthasi, Dis

thedistance between patcheanda, andwis the average dispersal distance GHLTs
typically travel between patche3his function wasised to calculate dispersal
probability up to some maximum dispersal distalsg,. | assumed that GHLTs
could disperse as far as 1 km between habitat patbhgg, the longest documented

distance a lion tamarin has traveled over open {@ldtivol et al. 2001 )but that
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most GHLTs only move up to 100 m between patche3. Mickelberg personal
communicatioi

| thencombined information about the spatial structure of components and
their GHLT metapopulabnswith demographic information in Vortex to assess
population viability(see Appendix Idr program algorithm and Appendixfibr full
modelparameterizationSHLT survival and reproductive ratesed in Vortexvere
based on field observations thre number of deaths, emigrations, immigrations,
births, and reproducing females by Bali®oy as part of a lorgrmmonitoring
project in Una Biological Reser(see Zeigler et al. 2010 for detailed demographic
calculations) | assuned that density dependence aatader a ceiling model to
reduce populationize near carrying capacignd that Alleéeffects(Alleé et al. 1949)
further reducd population size at very low population sizés.Vortex, ceiling
density dependence is automatically modeled by truncating populations greater than
carryingcapacity at the end of eagbar whileAlleé effects are modeled by reducing
the percentage of females breeding at low population densitesrporated
inbreeding depression, which increases the probability that inbred offspring will die
within theirfirst year. | also assumed that both demographic and environmental
stochasticity act on populatian®etapopulations were initialized in a stable stage
distribution and an initial population size at carrying capacity.

| useddistancedependent dispeaabrates calculated in RAMAS Glt® inform
dispersal in Vortex. In the five instancesetapopulations ooomponents 2, 3, 4, 5,
and 9) where the percentage wekrsers leaving a single populativas greater than

25% of the total population sizecordingto the distance&lependent dispersal
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equation | reduced emigration rates from that population to 25%. This prevented the
majority of individuals in the population from emigrating, an unlikely situation in the
wild. In addition, | multiplied dispersal t@sby the ratio of population size to
carrying capacity so that dispersal rates were highest as the population size
approached carrying capacity. A higher mortality ra@/4{pwas imposed on
dispersers, anbrestrictal dispersal to individuals age twears and oldgiRaboy
2002; Raboy unpublished data)

| modeledmetgpopulationdynamics for each component under tHeelscape
scenarios in Vorteto explore the ramificationsf varying levels of continued forest
loss

1. Forest cover does not change in the future.

2. Forest continues the lost at the receniforestation rate of (686 per year

(Zeigler et al. 2010)

3. Forest continues to be loat twice the recent deforestation rpes year

Forest loss was modeled by decreasing carrying capacity by either 0.65% or 1.3% per
year for every populatiowithin eachmetapopulatiorover the course of the 100 year
simulation

| modeled stochastic population dynamics¥0€ yearsvith 1,000 iterations
| notedthe deterministic rate of population growth as wellhesstochastiaverage
probability of local extinctionmedian time to local extinctippercentage genetic

heterozygosityemaining and averagénal population abndancefter 100 years
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Sensitivity Analysis

| conductedsensitivity amlyss in Vortex to explore the importance of @eént
parametersmestimates of extinction riskBy identifyingmodel parameterthat

have a disproportionately strong impact on population traject¢eies specific life
histary stages), sensitivity analysis can direct management actions and research
efforts(Crouse et al. 1987; Mills & Lindlbg 2002) It can also highlighthe inpact

of parameter uncertainty on estimates of extinction risk and other model.results
Uncertainty is inherently part of any predictive demographic madedlcan occur for
a number of reasons. Model parameters haase been calculated from limited field
data over short time periods with large sampéngr or from field data that aret
representative of loaterm averages or future conditions. In addition, data necessary
to cakulate parameters may never haeen measured ali,2and modelers must use
values based on expert opinion or anecdotal evid@iidler & Lacy 2005)
Sensitivity analysis can quantify tirapact ofparameter uncertaingn modeling
results.

To test model sensitivity,independentlyaried values for thalleé
parameter, percentage of females breediagglation inenvironmental variation
among populations, maximum age of reproduction, déggesurvival rateminimum
disperser ageaind dispersal rates within a range adfres realistic for the species.
These parameters were specifically chosen for sensitivity testing because of
uncertainty in the values used in the baseline modelsed logistiaegression to
examine if changes ithe values for each parametegre significantly correlated with

changs in extinction risCross & Beissinger 2001; McCarthy et al. 1995, 1996)
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Results

Vulnerability to Deforestation

| found that elevation, human population density, and distance from previously
cleared areas were strongly associated with the distribution of foresidicover

maps while distance from roads and distance from cities werdalole(§. Distance
from previously cleared areas had a substantially greater association with forest cover
than all other landscape characteristics. Accordingly, forested anesgans with

low elevation, high human population density, and short distances from previously
cleared areas were particularly vulnerable to defatien in the future (Figure 13;
Figure 15. The majority of forest (65% of forest area) had a iomedrelaive
deforestation vulnerability index ranging between 88, although a large

percentage of forest (34% of foreatea) had a high relative deforestation
vulnerability index ranging between 67100 (Figure 16).

Table 8. Landscape characteristics explored in Land Change Modeler (LCM; Clark
Labs) as potential drivers of change.
(greater than 0.18s recommended lfylark Labs(2007) were strongly associated

with the distribution 6forest cover in 2007 and were subsequently used to model
future deforestation vulnerabiit

Variable Cramer 6s V Includedin Transition
(Forest) Model?
Distance from previously cleared areas 0.7248 Y
Distance from cities 0.1245 N
Distancefrom roads 0.0754 N
Elevation 0.3957 Y
Human population density 0.3662 Y
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Relative Deforestation Vulnerability

[ Low
- Medium
. i

Figure 15. Index of relative vulnerability to future deforestation as determined in
Land Change Modeler (LCM). According to the LCM model, forest cellsar2007
landcover map are highlyulnerable to future deforestation (vulneralgiindex
approaching 100; shown in black) if they are at low elevations, in areas of high
human population density, or close to previously cleared areas.
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GHLT Population Viability on Small Habitat Patches

According to the deterministic analysis of stapecific vital rates used in Vortex,
populations modeled here should be growing slightly or remaining stable with
1.0467. However, this value does not consider the impacts of processes like density
dependence or environmental/demographic stochasticity, and stochastic simulations
suggest that populationsean fact declining (Figures 17; Figufies).

In the basehe stoclastic model, which assumed additional forest loss, all
metgopulations had less than 30#%k of local extinctionwithin 20 years. However,
the risk of local extinctioincreased over longer time persodith metapopulatios
on 4 and tomponats having a greater than 80% probability of extinction within 50
and 100 years, respectively. Onlgtapopulations onomponents 3, 5 and 10 had
less than 80% probability of local extinction kit 100 years (Figure 1.7 No
metapopulations met the poptibn viability criterion 0f2% probability of local
extinction in 100 yearfHolst et al. 2006; Zeigler et al. 2010Metapopulations on all
components experienced substantial declines in abundance through time with the
metapopulation on component 5 having the highest abundance divi@ualsby
year 100 (Figure 18 Genetic heterozygity also declinethrough time for
metapopulatins on all components (Figure)18nd no metapopulation maintained
over 98% of its original genetic heterozygosity by year 100.

In models where continuing defotagon was incorporated by reducing
carrying capacity by 0.65% or 1.3% per year, metapopulation abundance and genetic
heterozygosity decreased while local extinction risk increased substantially as

comparedd the baseline model (Figure 17; Figure 18; FejflB). Metapopulations
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on all but two components had a risk of extinction greater than 80% in the model of
current deforestation rate (0.65% per year) by year 100, and metapopulations on all
components had a 100% probability of extinction by year 1@@emodel of double

the current deforestation rate (1.3% per year). No metapopulation had more than
three individuals remaining by year 100 under the deforestation models. Finally, the
highest level of genetic heterozygosity was for the metapopulatiooroponent 5

with only 62% of its original genetic diversity remaining by year a60er the most

optimistic model of no future deforestation.

Sensitivity Analyses

Parameter sensitivity varied by metgplation(Table 10). Mdels for
metapopulations onladtomponents were significantly sensitive to only one
parameter, thpercentage of females breedemgdwerenever sensitive to correlation
of environmental variation among populations. In additsmmemodels were
sensitive to the Alleé parameter, maximage of reproduction, disperser survival

rate, and dispersal rate depending on the metapopulation/component.
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Table 9. Model sensitivity to select parameters for metapopulatbong subset of the components modeled here according to logistic
regression. Coefficientsere significant ap-values < 0.001 (*).

Component Description Parameter Minimum Value Maximum Value Standardized Coefficient

3 Moderate abundance, low Alleé Parameter 0 25 0.292 *
dispersal rate, lowxtinction risk  Percentage Females Breedin¢ 0.5(%Breeding) 1.5(%Breeding) -8.294*

Population Correlation 0 1 -0.022

Max Reproductive Age 10 17 -0.493*

Disperser Survival Rate 1% 100 -0.001

Min Disperser Age 2 4 -0.012

Dispersal Rate 0.5(D) 2(D) 0.049

5 High abundance, high disperse Alleé Parameter 0 25 0.003
rate, low extinction risk Percentage Females Breedint 0.5(%Breeding) 1.5(%Breeding) -11.65*

Population Correlation 0 1 -0.101

Max Reproductive Age 10 17 -0.565*

Disperser Survival Rate 1% 100 -0.005*

Min Disperser Age 2 4 -0.529*

Dispersal Rate 0.5(D) 2(D) 3.208*

7 Low abundance, low dispersal Alleé Parameter 0 25 0.068
rate, high extinction risk Percentag&emales Breeding  0.5(%Breeding) 1.5(%Breeding) -7.372*

Population Correlation 0 1 0.002
Max Reproductive Age 10 17 -5.45E10

Disperser Survival Rate 1% 100 -0.013
Min Disperser Age 2 4 -1.47E15

Dispersal Rate 0.5(D) 2(D) -4.53E9

10 High abundance, moderate Alleé Parameter 0 25 0.369*
dispersal rate, moderate/high  Percentage Females Breedin¢ 0.5(%Breeding) 1.5(%Breeding) -9.789*

extinction risk Population Correlation 0 1 -0.025

Max Reproductive Age 10 17 -0.573*

DisperseiSurvival Rate 1% 100 -0.030*

Min Disperser Age 2 4 -0.405*

Dispersal Rate 0.5(D) 2(D) 3.384*
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Discussion

Ultimate Threats: Vulnerability from Habitat Loss

GHLTs are at risk due to both ultimatedgoroximate threatsThroughout the GHLT
range recent forest loss occurred in areas at low elevation, with high human
population density, anat short distances from previously cleared areas. These
landscape characteristics are associated with areaes wineh of the remaining
forest cover still occurs, and the majority of hablitetGHLTSs (651 34%)is highly
threatened if recent deforestation patterns continue. In addition, metapopulation
models show that, at the current rate of forest tf).65%per year, 7 out of 10
metap@ulationsl examinechave a 80% or higher probabtly of going extinct over
100 years. If deforestation is accelerated to double the current rate of loss (1.3% per
year), all metapopulatiorisave a 100% probability of local extinction.
The loss of forest in areagth medium or high relative vulnerabilityould
leave theGHLT landscapeaslacking in contiguous forest covas that of the three
other |l ion tamarin sigareresaistedtoexirdtnmely<dllL Té6s co
habitat patches, and little hope exists for future population expansion given current
forest cover and configuratioho protect GHLTs from the same fate, forest within
the GHLT range must be protected now while it sikists. Currently, there is only
one federally protectedreasey e wi t hi n t WUpaBwolpgcal Resesv@ r ange.
and Wildlife Refuge (IUCN Category) was created in 1980 explicifigr the
protection of GHLTs and is closed to public use with theepkon of scientific
research and environmental educa(i@glands & Brandor2002) Despite

successflefforts to enlarge¢he reserve over the last 30 years, previous modeling
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studies suggest that it is not large enough to support a genetically vighlatfm of
GHLTSs over the longrm (Holst et al. 2006) An additional three state
environmentaprotection areas and one statekpaso exist in the northeagtiadrant

of the GHLT rang€lUCN & UNEP 2009) although recent surveys have been unable
to locate GHLTSs in that regiafRaboy et al. 2010) Continued efforts for additional
federally protected areaiurther expansion of Una Biological Reserve, and
promotion of pvate reserves (RPPNs) will be criti¢af the protection of the

species and its vulnerable habitat.

Proximate Threats: Vulnerability Inherent to Small Populations

GHLTSs arealsoat risk due to proximate threats associated with small population size.
According to deterministic analysis of the vital rates used in Vortex, GHLT
popul ati ons s ho WD4b7).bHoweven, tfouedahdtie majority of =
stochastienetapopulion modés simulated heré@ad an 80% or higher probability of
local extinction within the next 100 years even when no further deforestation
occurred. Many taxonomic groups and species exhibitlag®in their responses to
reductions in forest area and connetyiyTilman et al. 1994)particularly when

those redutbions occur quickly as seen in the Atlantic Fo(@boks & Balmford

1996; Fahrig 2005; Metzger et @D09) The current presence of the GHLT
metapopulations modeled here despite high probabilities of extinction may simply
reflect extinctiondebt(Tilman et al. 1994)and continuing local popation

extinctions like those already observed for the species may be ex(feabexy et al.

2010)
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Even when ultimate agents of decline are removed, GHLTSs still have a high
probability of extinction from proximate drivers like demographic and environmental
stochasticity genetic deterioration, and social dysfunction. Genetic deterioration may
be of particular concern for small populations of GHLTs. Although it is unclear
whether low levels of polymorphism and heterozygosity are the result of founder
effects or a naturalondition, lion tamarins have the lowest levels of genetic diversity
reported for any primat@=orman etl. 1986) Low diversity is expected from this
species even atlegively large populations becauseh e s peci esd propensi |
monogamous mating systeand social structure (small family groups with a single
breeding pair) reduce the numbéipossible allelic combinationgorman et al.

1986) In addition, moderate levels of inbreeding larked to significantly higher
juvenile mortality rate¢Ballou 1985; Ralls & Ballou 1982a, b; Ralls et al. 1988)
Thus, genetic drift and inbreeding depression may catesguction in already low
genetic diversity for GHLTSs, ultimately reducing survival of offspring and
reproductive success.

In addition to genetic deterioration, small GHLT metapopulationalace
vulnerable to Alleé effectilleé et al. 1949)which describe the reduction in per
capita growth rate at low population densitiédleé effects can occur when a sj@sc
population sizéalls belowa critical number of individualsequiredfor antipredator
vigilance or defense, social thermoregulation, collective modification of the
environment, inbreeding avoidance, mate attractorconspecific enhancement of
reproductionStephens & Sutherland 1999FBHLTs and other cooperatively

breeding species are predicted to be especialhevable to Alleé effects because
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offspring survival is dependent on the presence of hetexritical group size
(Courchamp et al. 199®0bson & Lyles 1989) Thus, when the number of

individuals in a patch or metapopulation falls below some critical value, GHLTs may
be unable to (1) find mates or (2) successfully rear offspring, collectively reducing
reproductive success. Sensitivétyalysis showed that Alleé effects have a major
impact on population persistence for small GHLT metapopulations (Table 10).
Extinction risk significantly increased with Alleé parameter (i.e. the critical
population size below which Alleé effects impawt population) for two of the four
metapopulations tested and with the percentage of females breeding (which was

reduced at low population sizes due to Alleé effects) for all metapopulations tested.

Metapopulation Characteristics and Probability of Extioat

Metapopulations that had the lowest probability of local extinction in 100 years were
located in some of the largest composgitable 7). Component 5, with a
metapopulatiothathad a 35% probability of extinction, wasraposed of 1,211 ha
of forest(largest patch = 440 ha). Component 10, whose metapopulation had a 70%
chance of extinction in 100 years, was composed of 1,424 haest {targest patch =
579 ha). Both offtese components had enough forest cover to support a minimum
viable populabn (MVP) of GHLTs (Zeigler et al. 2010), yetetapopulations had a
substantially higher probability of extinction than a population on a single patch
meeting MVP size regqrements (Zeigler et al. 2010) because of the additional
mortality imposed on individus as they move through the matrix.

However the amount of forest within a component was not a clear predictor

of metapopulation extinction risk. For example, component 3 had a relatively small
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amount of total forest area (610 ha) compared to many athgvanents but one of
the lowest metapopulation extinction risks at 39%. In comparison, components 2 and
6 had much larger areas of forest (1,007 ha and 991 ha, respectively) but 100%
probabilities & extinction within 100 years. Most surprisinglyyrmaponet 9 had a
combined forest area of 1,307 ha and one patch that should have been large enough at
896 ha to support a viable population on its own (Zeigler et al. 2010) yet had a
metapopulation extinction risk of 88%.

Metapopulation persistence seemseodt least in part, associated with
dispersal rates. Components 2, 6, and 9, which should have been large enough to
support viable metapopulations, had high risks of extinction and rates of dispersal
among patches. Components 3 and 10, which had ediatow probabilities of local
extinction, also had low dispersal rates. In addition, models of components with high
dispersal rates were significantly sensitive to the values of those dispersal rates (Tabl
10). In PVA models simulatdtere, dispersabte was distanedependent such that
more dispersers entered the matrix, where taglyhigher mortality risks, in
components with patches separated by short gaps. The result was a decline in
metapopulation size as a higher proportion of the total popalaad a high
mortality rate as compared to metapopulations where patches were separated by
larger gaps, fewer dispersers entered the matrix, and a smaller propbttierasal
population had higimortality rates. Because few observations on GHL Tedtssgd
behavior have been made, it is unclear whether this is a biological phenomenon or
merely a function of model parameterization. Finally, it should be noted that

metapopulations on components 1, 7, and 8 had high extinction risks and low
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dispersal rate while component 5 had a low extinction risk and a high dispersal rate.
Thus, extinction risk is not solely associated with dispersal rate in my models.

In summary, because low rates of extinction were not always correlated with
metapopulations on thergest components or with the lowest dispersal rates, the
amount and configuration of habitat for metapopulation persistence is unclear.
Further modeling will be required to determine the suite of characteristics required for

metapopulation persistence.

Model Limitations and Parameter Uncertainty

Sensitivity analysis showed thegrtainPVA models were significantly impacted by
variation in parameters for maximum reproductive age, Alleé parameter, percentage
females breeding, and dispersal age, rate, anivetship. These results are

important becaustere is uncertainty surrounding the values used for these
parameters in the PVAodels simulatethiere. The maximum age of reproduction is
known from captive golden lion tamari(tdolst et al. 2006)and the maximum age

may be lowefor individuals in the wild, which would increase extinction risk. Alleé
effects (and their impact on the percentage of females breeding and other aspects of
reproductive success) have yet to be explicitly observed for GHLTSs, and the critical
populationsize under which population decline is expected to accelerate is unknown.
Finally, very little is known about GHLT dispersal behavior, including how far and
how often individuals are willing to travel over what types of matrix. Further
research on thesgeas of GHLT ecology and behavior will improve the predictive
accuracy of PVA models in the futurelowever, despite the uncertainty in these

parameters, metapopulations had a moderate to high risk of extinction across the
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entire range of parameter valj and model results should not be discounted because
of this uncertainty.

PVA models conducted here may also offer optimistic predictions of
extinction risk. At the time of analysis, the only available survival and reproductive
rates for GHLTs were bad on studies of populations by B. Raboy in Una Biological
Reserve, an area of optimal habitat for GHLTs. No published data on the
demographic rates and group dynamics of GHLTSs in small, degraded forest patches
characteristic of the western portonofthgp eci es 6 range (and the c
explored in this study) are currently available. In addition, for many of the-stage
specific survival and reproductive rates, variability was attributed entirely to
demographic variability and sampling er{@eigler et al. 201Q)and little variation
attributedto environmental variability was incorporated into PVA models. If survival
and reproductive rates are depressed or have high levels of variability in small,
degraded forest patches, then extorcrisk for the metapopulations modeled here
may actually be higher. In addition, | did not incorporate the effects of catastrophes.
Fire and disease are both major threats to GHLTs and would increase extinction risk,
particularly for populations in thwest that are surrounded by pasture that is routinely

burned(Ballou et al. 1998; Holst et al. 2006)

Conclusions

GHLTs are threatened by both ultimate and proximate drivers of egtincthe
majority of current forest cover within the GHLT rangenederately to highly

vulnerable to deforestation, and metapopulations have a high probability of local
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extinction if forest continues to be lost at its current rate. Even without carginui
deforestation, small metapopulations are likely to go locally extinct due to the
impacts of stochasticity, genetic deterioration, and Alleé effects. Immediate
protection of large tracts of forest and the GHLT populations they support is of

critical importance
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Chapter 5: Conclusions

Major Findings from Dissertation Research

The objectives of my dissertation research were to assess the vulnerability of golden
headed lion tamarins (GHLTeontopithecus chrysome)a®s habitat loss,

fragmentation, anthe threats related to small population size given past, current, and

likely future trendsinrangevi de f orest cover in Brazil s

Specifically, | answered the following questions:

How didforest covertiroughout the GHLT range changetween 1987 and 20077

In Chapter 1, | found that forest cover decreased by 13% (0.65% per year assuming
constant rate of loss) between 1987 and 2007. During that time, the total number of
forest patches decreased by 1,419 patches, and the mean Baseqgidtches

contracted by 10 ha.

How much forestemains currenthas habitat for GHLTs?

Currently, 965,861 ha of forest (880,179 ha at elevations below 500 m) remain in
15,713 patches throughout the GHLT range. However, the majority of these patches
are too small to support a group of GHLTs with any permanence; only 5% of patches
were greater than 36 ha (the smallest recorded GHLT territory size at the time of

analysis).

How vulnerable is current forest cover to future deforestation?
In Chapter 4, | fand that much of the deforestation between 1987 and 2007 occurred

in areas of low elevation, high human population density, and short distances from
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previously cleared areas. These characteristics describe much of the landscape where
forest still occursand thus the majority of foreeis a medium (65% of forest area)

or high (34% of forest areaglativevulnerability to future deforestation.

How many forest patches currently exigbughout the species rangeat are large
enough to support a minimunakle population of GHLTs under varying levels of

risk?

Population viability analysis (PVA) in Chapter 1 showed that a stablesisstiining
minimum viable population of GHLTs would require 70 to 250 individuals,
depending omlensity andhe consideratio of additional risks like disease and fire.

A genetically viable population would require 780 to 960 individuals. Assuming a
medium GHLT density, populations at these sizes would require 1,045 to 3,731 ha
(for viable populations) and 11,642 to 14,328floa genetically viable populations).
Currently, there are betweén 22 forest patches meeting these size requirements and

able to support a viable or genetically viable population of GHLTSs.

What is the current level of functional connectivity betwesitat patches for

GHLTSs?

Functional habitat connectivity throughout
Chapter 3, was low at small Euclidean distance and movement cost thresholds, the

likely necessary conditions for this arboreal primate to travel througfiomest

matrix separating forest patches. Many forest patches were isolated at dispersal

distances less than 100 m (9596% of patches) or 1 km (232¥% of patches).

The average component size (not including the component containing the largest
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patch on tk landscap) ranged from 255267 ha at dispersal distances up to 100 m
andfrom 277- 490 ha at dispersal distances up to 1 km. Thus, even allowing for
resource acquisition by movement between patches, the combined forest area
available for most populations of GHs is likely much lower than the 1,045 ha

required to support a viable population of GHLTSs.

Could conspecific or heterospecific attraction alter measurements of functional

connectivity patterns for this social species?

Social species lik&HLTs may usecues from conspecifics or heterospecifics to
motivate dispersal decisions, and measurements of connectivity change when social
behaviors are incorporated into analyses of functional connectivity according to the
results of Chapter 3. Within the GHLT rangvhere only a small fraction of patches
are known to be occupied, | found that functional connectivity would substantially
increase if dispersers travel over more hostile matrix to reach an occupied patch and

would decrease if dispersers only travel toupied patches.

How viable are GHLT metapopulations on small, relatively isolated habitat patches?

According to the results of Chapter 4, the majority of metapopulations modeled (7 out
of 10) had a greater than 80% probability of local extinction witbid years, and no
metapopulation was considered viable under the standard of less than 2% extinction
risk set by Holst et al. (2006). The metapopulations that did persist to 100 years had
very low final abundances (less than 20 individuals) and genegcsitiy.

Metapopulation declines and extinction risks increased substantially when continuing

forest loss was also considered; only two populations had a less than 80% probability
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of local extinction under current deforestation rates (0.65% loss perayeball
populations had a 100% probability of extinction under double the current rate of

deforestation (1.3% loss per year).

In summary, with an estimated population size over 6,000 individuals and a
large percetage of habitat remaining, GHLT haleen considered relatively secure
from a conservation standpoint, especially compared to the three other lion tamarin
species endemic to the Atlantic Forest of Brazil. However, my dissertation research
illustrates that forest cover has declined throughatdhge of the species over the
last 20 years. Functional landscape connectivity, which is important for the
acquisition of resources and gene flow, is low at the distance and movement cost
thresholds likely associated with this arboreal species thaely seen in notforest
matrix, and only one habitat patch is large enough on its own to support a genetically
viable GHLT population able to recover from extrinsic threats such as fire and
disease. The majority of remaining forest cover throughoutthespe s 6 r ange
found in patches that are either (1) too small to support even a single group of GHLTs
or (2) found at low elevations, in areas of high human population density, and close to
previously cleared aredsconditions that are associated with pdefiorestation
patterns and that make current habitat vulnerable to loss in the future. Finally, many
of the known GHLT populations (10 examined here out of 21 known occupied
patches) have a moderate to high risk of local extinei@massuming no furir

forest loss, and their presence may represent extinction debt. Continued deforestation

will accelerate population declines and local extinction events. The results of my
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dissetation research suggdbtit GHLTs and their habitat face significant thsesnd

low viability in the future due to both ultimate and proximate drivers of extinction.

Priorities for Conservation

Because the majority of available habitat is vulnerable to deforestatidreaadse
metapopulations on small forest patches havederate to high risk of local

extinction, implementing strong protective measures as part of a proactive
conservation program is of immediate importance. To synthesize the results of the
dissertation research described in this volume, | provided deshamking scheme to
prioritize forest patches throughout tfaage of the species (Figure)20 gave each
forest patch a point if it was (1) large enough to support a minimum viable
population, (2) large enough to support a genetically viable populé§Bpmdicated

as important for maintaining functional connectivity in Conefor Sensinode, or (4)
known to be occupied based on positive survey re@Ritboy et al. 2010)Under

this ranking, forest patches could have a value ranging from zero (not meeting any of
the above conditions) to four (meeting all of the above ¢mmdi). Forest patches

with the highest values are critical to the persistence of GHLTs and dshetitie
prioritized for surveys and research to determine habitat quality and GHLT
occupancy (if not already known). Patches that are of high qualitydsbedurther
prioritized for praection either through federal stateprotectionor through private
reserves. Because no protected areas currentlyirexiit west wherdeforestation

and relative deforestation vulnerability were high&sgge patchemeeting one or

more of these criteriga the westrn portion of the GHLT rangghould be of
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particular interest for formal protection to ensure that redundant populatiotizadnd
the full spectrum of the speciesbO genetic
Forestpatches of high quality that memte or more of the fouariteria should
also be prioritized as potential reintroduction sites for captivedd GHLT
populations. A large and wathanaged captive breeding program currently exists for
GHLTs (Ballou et al. 2002)yetthese captive populations have getcontributed to
wild populations. Reintroductions of captive golden lion tamatiesiftopithecus
rosalia) have significantly improved the status of the wild population, contributing to
the speciesdo downlisting fr onecebtryeatsi cal |y E
(Ballou et al. 2002; Kierulff et al. 2008aA similar program for GHLTSs, where
captive individuals are reintroduced inéwge forest patches highlighted in Figure 20
(particularly in the western portion of th
substantial conservation benefits for this species.
Finally, only one patch meets all four criteria and is of highest priority for
protection (Figure 20). However, this patch was primarily composed of cabruca as of
1995(Landau et al. 2003nd is vulnerable to forest loss and fragmentation as the
low price of cocoa and fungapidemicsmake it moe profitable for farmers to clear
cut their land for timber sal@lger & Caldas 19949r for conversion to cattle
pasturgSchroth & Harvey 2007)Government subsidies, price premiums for
fishadeo-toradi@foa icro c,ara otper iocdntivestfar maintaining
cabruca plantantions over cattle pasture will be criticalHerpersistence of GHLTs
and their habitaind should be promotedsuch mechanisms will allow farmers to be

profitable while supportingoiodiversity conservation.
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Figure 20. Priority forest patches for the conservation ofdgotheaded lion
tamarins (GHLT). Each patch was given a point if it was (1) large enough to
sustain a minimum viable population, (2) large enough to support a genetica
viable population, (3) important for promoting functional landscape connectiv
(4) occupied based on positive survey results (Raboy et al. 2010). Patches |
all of these requirements (patch ranking = 4; shown in black) may be
disproportionately important for GHLTs and should be prioritized for further
research and protection.
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Recommendations for Ecological Research

In the course of parameteriziRyA models in Chapters 2 and 4, | determined areas
of GHLT behavior and ecology for which information is lacking. Models were
parameterized with survival and reproductive rates collected by B. Raboy in Una
Biological Reserve, an area of optimal habitat&GHLTs. Trends were assessed
based on a relatively small sample sizef the groups were followed fd 2 years, 1
group was followed for 9 years, 1 group was followed for 7 years, and 2 groups were
followed for 5 years.No published data on the demmaghic rates and group
dynamics of GHLTs in small, degraded forest patches characteristic of the western
portion of t heurenfyawiad@ednbadditiennfa manyaf te
survival and reproductive rates, | found that variability wasbatied entirely to
demographic variability osampling error due to small sample sizes/short observation
time scaleglittle variation due to environmental variability was incorporated in my
PVA models. Other studies have found that at lea0lears bpopulatiorlevel
data are necessary to capture natural variability in a system and to correctly estimate
population growth rate@€he Castaldo & Inouye In Prep; Doak et al. 2005; Fagan et
al. 1999; Holmes et al. 20Q7Yhus, because | used survival and reproductive data
with little variability and that may correspond teetupper range for the species, the
risk of local extinction for small populations as determined in my dissertation
research may actually be optimistic.

| also found that information on dispersal behaviors for any lion tamarin

species is lacking. Asideom occasional anecdotal evidence and expert opinion, no
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statistically supported data currently exist on the survival rate of GHLTS Hionest
matrix or on how often or far GHLTs move between forest patches. Sensitivity
analysis of my PVA models shed that disperser survival rate and dispersal rate
significantly impacted estimates of extinction risk for some metapopulations. A
stronger body of evidence on dispersal behavior for the species would increase the
predictive ability of PVA models for mgtapulations in this fragmented landscape.

Finally, sensitivity analysis of PVA models also showed that extinction risk
was significantly impacted by the Alleé parameter used. Alleé effects have been
highlighted as a key factor in population dynamics extehction risk for a variety of
species, particularly primatéBobson &Lyles 1989; Stephens & Sutherland 1999)
While | was unable to detect a reduction in survival or fecundity with decreasing
group size in the data available for the species, it is reasonable to believe that
reproduction and survival may decrease wehrdasing population size for this
social, cooperativelpreeding species. Understanding the population size threshold
at which this occurs is particularly relevant for populations of GHLTs on small,
isolated forest patches.

In general, an open and impamt niche exists for the study of small GHLT
populations on degraded habitat patches in the western portion of the species range.
Observations of demographic rates, dispersal behaviors, and Alleé thresholds would
fill major knowledge gaps and help consaionists to better understand extinction

risk for this species.
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Future Directions

The work presented here as part of my dissertation is just the beginning for assessing
risks, prioritizing habitat for protection, informing conservation decisions (e.g.
translocation and reintroduction locations), and planning habitat restoration for
GHLTSs. Future directions for research could include the following:

1. Previous studies have found that predictive models of GHLT
presence/absence on forest patches were atetiecorrelated with landscape
metrics for the amount of core area and overall patch althaugh these
models could notompletely explain conditions required for GHLT presence
or the distribution observed for the spedi@aboy et al. 2010) Their analysis
could be repeatedsingtheupdated forest cover mapeeated inmy
dissertation resear@nd additional metrics for distance from the largest patch
and distance from other occupied patches in order to explain the structural and
social requirements for GHLT occupancy. This information is important for
habitat restor&n and prioritization for GHLTSs.

2. A substantial range reduction has been observed in the southwestern portion
of the GHLT distributional range. Reasons for this reduction have not been
thoroughly addressed, and an analysib@i changes in forest covenc
connectivity specific to this sutegion may be driving local extinctiomsan
important avenue of future researchhis information can be used to assess
the risk of local extinctions in similar areas that may still be occupied.

3. PVA modeling in Chamr 4 showed that some metapopulations had a higher

risk of extinction than others but that the conditions for why one
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metapopulation may persist as comparedriother are unclear.o@tinuel

use ofPVA to explore the hypothetical conditions (e.g. requirablitat

amount and configuration) under which metapopulations have the lowest
extinction riskcould be used for prioritizing habitat for GHLT conservation.

| examined the population viability of metapopulations on only a subset of
forest patches that akeown to be occupied in Chapter 4. | made the
assumption that populations on other small occupied patches were secure
because they were functionally connected to the large eastern patch that is
able to support a genetically viable population of GHLTstioaed

immigration from individuals on the large patch would provide a demographic
and genetic rescue effect that would prevent the local extinction of
populations on thessmall patchesPVA could be usetb explore the validity

of this assumption and t;nderstand what levels of immigration would have
to occur to prevent the local extinction of these populations.

. Finally, PVA models conducted through my dissertation resestrohld be
updatedas new observations of GHLT demography, ecology, and behavior
are released in order to improve the predictive accuracy of models of GHLT

risk assessment.
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Appendices

Appendix I. Program algorithm for Vortex ver9.72.

The population viability analysis program Vortex ver9.72 was used to simulate
demographic processes in Chapters 2 and 4. The program models population
dynamics as discrete, sequential events that occur based apesitied

probabilities. Events takdgre according to the following timeline and algorithm

(adaptedrom Miller & Lacy 2005)

Breeding Immigration

N\

Population Size Age 1 Year > Census

N
.\.mrml\ Emigmtk‘ \

Truncation if N
>K

=
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