INTRODUCTION TO THE DISSERTATION

Documenting howamporal and spatial environmental variabiiitfluences
demographic parametesach as births, deatrend movements critical to
understanding and affectimfpangs in animal populations (Emlen 1984, Ratcliffe et al.
1998, Caswell 2001Mammalian lerbivore populationareaffected byd t -0 p wn 6
forces such as pr edwd i foanc tparess sluirke afnao d bau ¢
which are subject toaturaltemporal and spatial variabilitCpulsonet al 1997, Coulson
et al 1999, Pettorellet al 2003b, 2005Hopcraft et al. 2010)Spatial variability in
demography also can be strongly influence@bthropogenidactors such asabitat
loss, degradation, and fragmentation (Fahrig et al. 2003, Wiegand et al. 2005), and
hunting (Nilsen et al. 2008 Natural populations often exhibit variation in demographic
parameters, and while the examination of temporal varid@srong been a central
theme in population ecology (Cluttddrock et al. 1988, Newton 1989), spatial variation
among or within populations of the same species has received much less attention
(Fredriksen et al. 2005).

Ungulateghoofed mammalsdre impotant because they shape and maintaen
biodiversity and nutrient cycling @cosystems where they live bgnsuning and
processg vast amounts of vegetatigimerebysometimescting as keystone speciesd
by beingimportant prey for numerous preda@nd scavengerSimberloff 19%,

DuToit and Cumming 199%inger et al. 2003 obson 2009). Although the vast
maj ority of the worl dds un g-trdpiesimest studiesci es |
of ungulate demography have taken place in the teatgpeone, often in single

populations with little or no predation (Gaillard et al. 2000), f@wdstudies have



investigated the demography of large tropical herbivores (Gsverth and Marshall
2010).

The goal of this studwas to fill this knowledge gap by examinimghether
spatial variation in demography of girafi@i(affa camelopardalisexisted ina
fragmented ecosysterandhow key demographic parametersraproduction, adult and
juvenile suvival, and movements of a tropical ungulatevere affected bypatio
temporal variation itand useyegetationpoaching (illegal huntingland predation
Giraffe arean African icon but arbelieved to be declining across their rafigeCN
2010. Demographic analyses are neetlednderstand why the species is in trouble, and
how conservationists can best maintain viable populatiGaswell 2001Sibley and
Hone 2002)Giraffe also provide a tropical case study to examine whether findings
from temperate ungulate demographydgts are broadly applicabie the tropicsSpatial
variation is important itneterogeneous esgstens, such agast African savannaghat
containcontrasting management regimesgetatiorpatternsandpredation pressure.
Temporal variation islsoimportantfor this asynchronous breeder as conditions for
survival and reproduction may vary significantly among seasndsnay be influenced
by longertermclimacticfluctuations
Research questions

My research used data from 1,857 individually idesdifgiraffe in the Tarangire
Ecosystenof northern Tanzanid&ast Africafrom 2012 2014to estimate demographic
parameters of population size, probabilities of reproduction, calf survival, adult survival,
and movements among sitesctinfirm andunderstandhe suspected declining regional

population trend observed in aerial survey data (Ei§tdner et al. 2006, 2007,



TAWIRI, unpublished data My research was organized around three questibich
were addressed sequentially in Chapters 1, 2, and 3

1) How doessurvival, reproduction, and population growth rate vary among
sites? Doespatial variation in land managementgiraffe density, lion density; or
poaching affect adult survival, calf survival, and reproduction? Do patterns of
spatial variation reflect the paradigm of ungulate population dynamics from studies
of temporal variation?

Survival, reproduction, and other demographic traits of a species may be
markedly variable among populations and-pobulations inhabiting heterogeneous
environments (g., Paradis et al. 2000, Frederiksen et al. 2005, Grosbois et al. 2008,
2009, SanAguilar et al. 2009), but this variation has not been well documented for
ungulates. Therefore, obtaining reliable estimates of adult female survival, calf survival,
and reroduction at 5 sites was the logical first step for understanding population
dynamics of this londived ungulate species.

At a landscape scale, demography may be linked to spatial variability in habitat
availability or quality, food resources, weathdisease, parasites, predator pressure,
human activities, and population density (e.g., Jorgenson et al. 1997, Gaillard et al. 1998,
Coulson et al. 1999, Dhondt 2001, Ozgul et al. 2006, -3gurar et al. 2009).
Therefore] ranked spatial covariate modalseking mechanisms of any observed spatial
variationin survival or reproduction according to lande designation, giraffe density,
lion density, and poaching pressure.

Finally, | tested whether the temporal demographic paradigm of stable and high

adultfemale survival with more variable reproduction and calf survival rates can be



applied to giraffe spatial population dynamics at the regional and continental Scale.
large, longiived animalsadult survival has the highest elasticity and therefore
incrementathanges in adult survivétheoreticallyhave the greatest effect on population
growth ratg(Lebreton and Clobert 1990, Saether and Bakke 2Balardet al. 1998,
2000. However long-term ungulate studies from the temperate zone have thend
survival rate of adults, particularly priraged females, tends to bigh andvery stable
over time while juvenile survivaland reproduction amauchmoretemporallyvariable
than adult survivaland thusnayhave greateiinfluenceon realizedpopulation trend
(Gaillard et al1998, 2000 Gaillard and Yoccoz 2003

2) How does movement link the supopulations in this fragmented
landscape? Does land management, predation, or density explain movement rates?
How do differences in demography ananovement among sukpopulations affect the
metapopulation?

Connectivity, the movement of individuals among-paipulations, is essentitd
landscapescale population dynamics (Tischendorf and Fahrig 2000, Lowe and Allendorf
2010), such asourcesink dynamnics, or the rescue effe@rown and KodrieBrown
1977,Holt 1985, Pulliam 1988 Movement among sybopulations in heterogeneous
landscapes is one of the most important, yet least understood, ecological processes related
to the persistence of animal pdgiions (Bowler and Benton 2003)quantified
connectivity movements among spbpulations in a large, presumed contiguous
population of giraffe by estimating sipecific subpopulation sizes, supopulation
growth rates, and perapita movement ratesnong5 sites definedyland management

designationsl also quantied whether and how supopulation growth rates and per



capita movement rates differed according to {aed designation, giraffe density, lion
density, and poaching pressur@ally, | assessed the soursmk structure of the study
area and examined the implications of-@apulation demography and movemefiots
metapopulation dynamics

3) How do reproduction and juvenile survival vary by season®o observed
seasonal patterns in reprduction and survival relative to changes in vegetation
quality and/or predation pressure fit specific theories of synchronous and
asynchronous reproduction?

The timing and success of reproduction is another important aspect of animal
demography and popuian dynamics. In mammals, the timing of reproduction is
primarily determined by protein availability during late gestation and early lactation, the
most energetically demanding period for reproductive femalede(l 1964, Bunnell
1982,0ftedal 1984)butalsois influenced by other factors such as predation (Aanes and
Anderson 1996)Variation in timing of reproduction and juvenile survival may play
prominent roles itife history evolution angbopulation dynamics and are major issues
for both evolutionay ecologists and wildlife managers (Saether 1997, Gaillard et al. 2000,
Eberhardt 2002)variation in juvenile survival often explains a large part of the variance
in their parentso | i f e4Biocketalrld8B@) ramdctcanbd i ve su
regulaed by bottoraup or topdown selective forces (Cote and FeBtanchet 2001), but
few studies have examined the factors affecting juvenile survival in tropical ungulates.

| determined whether and when pulses in birth synchrony occurred in wild giraffe
by examining timing of 408 births during 3 precipitation seasons over 2 years. | also

estimated juvenile survival according to birth season to discriminate among 3 hypotheses



for birth synchrony and asynchrony. The relative survival of juveniles born duweisgs/
outside any observed birth pulse indicated whelpkenological match fipredator
avoidanced or fitemporal resource partitioniognediated some level of synchrony or
asynchrony in this species.
Study system

The Masai giraffe@. c.tippelskirch) is the most numerous 6fgiraffe
subspecies (Dagg and Foster 1976, Dagg 2014), with the majority residing in Tanzania
Aeri al surveys of the countryd Masaigifaffer e c o s\
populationsmay bedeclining Fig. 1; Stoner eal. 2006, 2007, TAWIRuUnpublished
data).

The Tarangire Ecosystem (TE) isavannavoodland ecosystem andyibal
hotspot of largenammal diversityBourliere and Hadley 197®olger et al. 2008jhat
supports the secortdghest density of giraffe imanzania (Stoner et al. 2006, 2007)
Habitat out si de thasbeeloktdrdegmded hyagriduleuck, ar eas
charcoal making, and other uses (Newmark 2008, Msbfé: 2011). Giraffe habitat
throughout Africahas becomsimilarly lostandfragmented, thus the TE is
representative of much of the remaining landscape for tbesie megaherbivoresvost
scientific studies of giraffe populations to date have occurred entirely within protected
areas (Foster 1966, Leuthold and Leuthold 1978, Bnai®nderson 1982, Pellew 1983,

Straussand Packe2013), but much of the current range of the species lies outside of
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Figurel. Tanzanian giraffpopulation estimates (natural log transformed) from

aerial survey daten six large ecosystems around the country 12861 Stoner et

al. 2006, 2007TAWIRI, unpublished data Inset araneangiraffe population

estimatedrom thefirst and last decades of the time series
protected areas, and is subjectaniation in humandnd usesThus, this study providke
important data on how giraffe demography varies across realistic gradients of human land
use, poaching, natural predation, and vegetaliba.Masai giraffe is the national animal
of Tanzania and a highly visible indicatof the health oAcaciawoodlands, and as such

can serve as a flagship species for the conservatiBastfAfrican savannas.
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The TE is in the eastern branch of the Great Rift Valley and encompasses roughly
30,000 knd (Borner 1985, Prins 1987). The TE is defined by the migratory ranges of
eastern whitdoeardedvildebees{Connochaetes taurinyandB u r ¢ lzebralEguss
guagga from their dryseason refuge along the perennial Tarangire River north to Lake
Natron southeastto the Simanjiro plainsandsouth to thdrangi Hills (Lamprey 1964,
Kahurananga and Silkiluwasha 1997, Foley and Faust 2010). Mean total annual rainfall
was 650 mm for years 198P009, coefficient of variation = 42.6%, range = 312 to 1,398
mm (FoleyandFaust 2010, C. Foleynpublished data There are 3 precipitation seasons
per year (short rains = G¢lan, long rains = FéMay, and dryseasorr Juri Sep).

Average monthly precipitation by seasgas short rains = 63 mm, long rains = 100 mm,
dry = 1 mm (Foley and Faust 2010, C. Foleyublished data

Our study area in the core of the Was 4,400 kmdwherein we samptea 1,700
km? area in 5 geographgites representing different langse management regimésd.

2): TarangireNational Park (TNP), Lake Manyara National Park (LMNP), Manyara
Ranch Conservancy (MRC), Lolkisale Game Controlled Area (LGCA), and Mtowambu
GameControlledArea (MGCA).Since the 1940s, human population and agricultural
development have increased four six-fold throughout the TE (Gamassa 1995), causing
substantial habitat loss, increasing fragmentation, and reducing connectivity (Newmark
2008 Msoffe et al. 2011 The 2 national parks (Tarangire and Lake Manyara) had strong
wildlife protections, antpoaching efforts, and no legal human encroachment. MRC had
livestock grazing and tourism, some human habitation, angbaathing patrols. The 2
Game Controlled Areas (Mtowambu and Lolkisale) had agricultural cultivation,

pastoralism, and permanent settée little or no antpoaching efforts, and wildlife



harvesting via subsistence and trophy hunting, although hunting of giraffe was legally
prohibited (Nelson et al. 2010).

The Rift Valley escarpment fored the western boundary of the study area,
becausdts steep cliff restricts giraffe movements in that direction. The eastern boundary
of the study arewas a rough line betweelakuyuniand Lolkisaleowns, andeastward
from therelarge wild mammalsvere rarely observed due to high humauad déivestock
population densityagriculture and systematic poachin§outhwest of TNP and south of
LMNP were areas of high human population density and intensive agriculture.-Two 2
lane asphalt roads cresthe study area.

Study speciesGiraffe

Giraffe are large (83,000 kg), longived, iteroparous, sexually dimorphic,
non-migratory, norterritorial, browsing ruminants that eat leaves, twigs, and fruits of
Acacia Balanites Dichrostachis and many other species of woody vegetation (Dagg and
Foster 1976, Pellew 1984). Their main natural predators are African hamshera led
and spotted hyena€focuta crocuta (Dagg and Foster 1976), but giraffisoare
targeted byoushmeapoachers. Giraffeave beerharacterized as asynchronous
breedes with a yearound breeding cycle, but the Serengeti Ecosystdherewas
some evidence for a small, seasonal birth pulsecthatidedwith peak protein
corcentrationof newAcaciatree leaves during the dry season (Sinclair et al. 2000).
Protein is dimiting nutrient for semiarid herbivoreand therefore hypotheticaligay
mediate some degree of reproductive synchrony in gi(B&# 1971, Sinclair 1975).
Female giraffe attain sexual maturity at ~5 years of age and may breed up to age 20

(Dagg and~oster 1976). Giraffe have a gestation length of 448 £ 5 days (mean * SD),
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resume estrous cycling 103 + 46 days after giving birth (even while still lactating), and
cycle 68 £ 87 days before their next pregnancy (del Castillo et al. 2005). Observed birth
interval is 620 + 49 days (Bmwvich and Berry 2009), so individual females exhibiting

the mean birth interval between sequential births would be out of reynyolith the

annual cycle of peak protein in the majority of reproductive attempts. Young typically are
weaned at 9 months of age, and are independent at 14 months (Langman 1977).

Giraffe demographhas beesurprisingly understudied despite their ecological
importance, their widespread geographic distribution, and the fact that, as the fourth
largest land mammah Africa, they are actively poached in many areas. Most estimates
for giraffe demographic parameters to date have used simple return rates of known
animals (FosteandDagg 1972, LeutholdndLeuthold 1978, Pellew 1983), or ratios of
counts (Sinclair and Arcese 1995, Ow@mithandMason 2005). Wevereaware of only
one study of giraffe demography that used individually identified animals and modern
capturemark-recapture statistics to estimate population parameters while accounting for
imperfect detection probabilities (Strauss 2014), aatstiudy was conducted entirely
within a protected national pa(serengeti)

The giraffe population in the Tgrovided an opportunity to study spattemporal
factors influencing demography of a tropical ungulate in a fragmented, heterogeneous
landscap€Fig. 2)using photographic capturearkrecapture techniques. Girafieere
numerous in the area, bagrial suveys documented apparent recent population deglines
particularly outside protected areas. Giraffe population dynamagsserve as an
informative window into savanna ecosystem processes, as the species likely interacts

with and responds to many of thetiars hypothesized to drive population dynamics seen
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in other ungulate species such as changes in vegetation, predators, and poaching.
Furthermore, giraffe providka tropical, asynchronously breedicase studwith which

to examinefindings from temperatungulate demography studies.

12



CHAPTER 1.
SPATIAL VARIATION IN GIRAFFE ADULT SURVIVAL, CALF

SURVIVAL, AND REPRODUCTION

Natural populations often exhibit variation in demographic parameters, and while
the examination of temporal variation Hasg beena central theme in population
ecology (CluttorBrock et al.1988, Newton 1989), spatial variation among or within
populations of the same species has received much less attention (Fredriksen et al. 2005).
Survival reproductionand other demographic traibf a species may be markedly
variable among populations and sadpulations inhabiting heterogeneous environments
(e.g, Paradis et al. 200G rederiksen et al. 200&rosbois et al. 2008, 200Sanz
Aguilar et al. 2009)but this variatiorhasnot beenwell documented for ungulates

Across the geographical range of a spedpatialvariationis likely to reflect
differential climatic conditions (Frederiksen et al. 208Bosbois et al. 2@&). At a
landscapescale demographynay be linked to spatiaariability in habitat availability or
guality, food resources, weather, disease, parasites, predator pressure, human activities,
and population density (e,dorgenson et al. 199Gaillard et al. 1998Coulson et al.
1999 Dhondt 20010zgul et al. 2006SanzAguilar et al. 2009). Tonore fully
understangbopulation dynamics a given specieslemographic parameters fifferent
populations or supopulations in a large area should be explored and if significant
differences are detected, a mechanistigse should be sought (Bennett and Owens,2002
Kauffman et al. 2004, Frederiksen et al. 2005).

In long-lived animalselasticities from population modedtowthatpopulation

growth ratas most sensitive tehanges iradult female survival (e.gLebreton and
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Clobert 1990Saether and Bakke 200Baillardet al.1998,2000. However several
long-term studies of ungulatésmve found thabecauseemporal variation iradult
survival islow, variability in reproduction and calf survival asgically the most
important determinants of observiemnporalvariation in population growth rates
(Eberhardt 19772002,Gaillard 2000). Therefor@btainingreliable estimates of adult
female survival, calf survival, and reproductisra logical first stefior understanding
population dynamics ofry longlived ungulate species.

In this study, weested whether the paradigm of ungulate population dynamics
from temporal studiés stable and high adult female survival with highly variable
reproduction and calf survival rateslso can be applied to spatial population dynamics.
Specifically, weinvestigded the patterns and mechanisms of spatial demographic
structurefor Masai giraffe Giraffa camelopardalis tippelsighi), at5 sites inthe
Tarangire region of northeffanzaniaEast Africa We quantifiedwhethermreproduction,
calf survival, and adult suival probabilitiesvariedamong sitesandwhetherspatial
variation in demographic parameters was correlatedspiiialdifferences in land
managemengiraffe density, lion predatiomr poachingWe usel our site-specific
estimates to parameterize Leslie madrix po
of population growthgr ( C a s w éNelalso@x@ntingdyariability of demographic
rates fr om acr qgandwhetiheethasvarialligtthes cdntimental srade
supported théemporalparadigm of ungulate population dynamics
Methods

This study use data from 1857 individually identified, wild, freeranging giraffe

in a system with nebyrthe full suite of natural predatoasd sympatric ungulate species
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across a 1,70km? sampledarea. We examirmkspatial variation in density, survival, and
reproduction among &ites (Fig. 2); Tarangire National Park (TNP), Lake Manyara
National Park (LMNP), ManyarRanch Conservancy (MRC), Lolkisale Game
Contrdled Area (LGCA), and Mtowambu Game Controlled Area (MGCA). Thees
were subject ta3 different management regimessigeswere national parks with striet
enforcemenof antipoaching laws and no perment settlements, ditewas aprivate
ranch/wildlife conservancy with some aptaching activity and a moderate density of
pastoralists and livestock but no permanent settlements, siteb®ere Game
Controlled Areas wvih few antipoaching activitieshigh density of pastoralists and
livestock agriculture angpermanent human settlemergad wildlife harvesting via
subsistence and trophy hunting, although hunting of giraffe was legally prohibited
(Borner 1985, Yanda and Mohamed 1990, Mwalyosi 1@#massa 1995, TCP 1998
Nelson et al. 2010 The ssites alsodifferedalong several axes: tjraffe density 2)
poaching intensityand3) lion density
SAMPLING

We collected data during systematic road transect samplingpddographic
capturemark-recapture (PCMRBolger et al. 2012, Morrison and Bolger 201\2)e
conductedL4 daytime surveys for giraffe PCMR data between Jan 201 Fean2014.
We sampled giraff@ times per yeamear the end aéveryprecipitation seasofury, short
rains, long rainsseeFig 3A) by driving a network of fixedoute road transects in the

study aredFig 3B). We surveyed according to a robust design sampling framework
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data).

(Pollock 1982, Kendall et al. 199Kendall and Bjorkland 20Q1with 3 occasions per
yearwhereineach samplingccasion was composed d6ampling eventésee Fig. 4)
during which we surveyed all road transects in the study(areec./yr 2 events/occ.
2.3years =14 survey events)Road density throughout the study anes high relative
to giraffe homerange siz€~100 kn?f mean female home rang®riving speed was
maintained between 15 and 20 kph on all transects, and all survey teams i@cluded

dedicated observers and a driieéach road segmentassampled only 1 time in a given
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Figure4. Diagram of Bllockb s Robust Design stat.i
paraneters during one calendgear.Each blue circle represents a sampling

event during which all road transects are driven.

event.We systematically shiftedhé orderand directiorin which sites and road transects
were sampled similar to a Latin Square desigrettuce sampling biases.
During PCMR sampling events, the entire study araasurveyed and a sample
of individualswere encountered argitheri mar ked o or dlowgcapt ur edo
approaching anghotographing tha n i nmraght $ice(Canon 40D and Rebel T2i
cameras with Canon Ultrasonic 180-400mm lens, Canon U.S.A., Inc., One Canon

Park, Melville, New York, 11747)Ne photographed and later identified individual
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giraffe using coat patterns thaereunique to each animal and uactyed througbut
their lives (Foster 1966YVe attempted to photograph every giraffe encountered for
individual identificationfrom a distance of approximately 100(mean = 90, SD = 39)
and recorded sex (male, female), GPS locaton age clas®Ve categorized giraffe into
4 age classes: newborn cali @months old), older cal#f 11 months old), subadult (B
years old), or adult (>3 years for females, >6 years for maseg) a suite of physical
characteristics, including body shape, relativgtirof the neck and legs, ossieon
characteristics, and heigf8trauss 2014)

ASSIGNING AGE CLASSES WITH PHOTOGRAMMETRY

Giraffe age classifications were confirmed using photogrammetric measurements
of neck lengthPhotogrammetrythe science of making rasurements on photographs
(Baker 1960)is now a welestablished technique used in a wide range of fields
including geology, agriculture, medicine, and mapping (Atkinson 1980)isaaaseful,
noninvasive method for measuring traits of individarsimak (e.g., elephants
Loxondonta africanaSchrader et al. 2006; gorill&orilla gorilla, Breuer et al. 2006)
For objects oriented parallel with the cam
camera optics and the distance between the camera avlgjeébeare known,
photographs can be accurately scaled for linear measurements of the object.

For mostgiraffe wephotographed for identification, we measured the distance
from the camera to the animal using a laser range finder (Bushnell Scout Arc1000,
Bushnell Outdoor Products, 8500 Marshall Drive, Lenexa, Kansas, 662ib4).length
was automatically recorded in the EXIF data stored in every digital photogh&h.

followed the methods of Shrader et al. (2006) to calibrate our equipment and calculate
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formulas for linear photogrammetry measurements. We took 4 digital images (as JPEG
files) of a meter stick at 25 meter intervals out to 150 m from the camera. The 4 images
were taken with the lens focal length at 100, 200, 300, and 400 mm, respectively. The
images comprised 24 different combinations of distance and focal length settings. We
downloaded the images onto a personal computer and used GIMP 2.6.11 (GNU Image
Manipulation Program, GIMP Development Team, http://www.gimp.org) to count the
number of pxelsin the length of the meter stick on each of the images. We used simple
linear regression analyses to describe the relationship between pixels/m and focal length
for each distance to the meter stick. With
length(m) from thetop of theoccipital (posterior) horn® the bottom of C7 vertebra,
visible as a chest concavity

To validate our photogrammetric methods, we photographed 3 objects of known
length (1.0, 1.7, and 2.1 m) at 6 distances (38, 52, 74, 90, 123, and 134 m) and 2 focal
lengths (300 and 400 mm), and measured them photogrammetrically. Photogrammetric
measuremds were very close to actual lengths (mean differencd& e, SD = 4.1)To
determine repeatability of measurements, we used these methods to measure neck length
from 16 adult and 11 calf giraffes that were photographed >1 time in TNP during 2
months inspring 2011. Mean difference @D) between measurements taken from
different images of the same animal was adults: 0.6 co4(t+ and calves: 4.8 cm (£
20.3).We measured and assignagde class at first capture fb223 giraffes with
observed neck lenigs using allometric equatiof@r neck length and total heigint
Mitchell et al. (2009) and Van Sittert et al. (201&lpng with total height at age data

from Pellew (1983).
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ENCOUNTER HISTORIES AND PARAMETER ESTIMATION

We matcled giraffe identificationimagesusingWildID, a computer program that
matcled alarge dataset of giraffienages collected using our protocols with a low false
rejection rate (0.007) and zero false acceptancéBatger et al. 2012)We created
individual encounter histories fatl adults and newborealves foranalysis in program
MARK 7.1 (White and Burnham 1999)Ve modeled and estimated parameters using
Pol | o c k Gabustdésiystatigticalmodels For eachsite, wewere interested in
estimaing adult male and femajgopulation size(N), adult female and caffurvival
probabilities §), as well aswuisance parameters cdpture probabilities, recapture
probabilities €), and temporary emigration paramete® a0) fdr adults and calves
(Fig. 4).

The robustlesign model is a combination of the Cormadoky-Seber live
recapture models (Cormad64 Jolly 1965 Seberl965 and closed capture models.
These models are superior to standaodmackJolly-Sebemodels, which assume all
emigration is permanent, saese robust design models include estimators for temporary
emigration. The emigration probabilities estimated by the robust design models in this
study were strictly temporarin these models, permanent emigration was confounded
with mortality. Thus, altemporary emigratioprobabilities were estimated only for
animals that eventually returned to weveyed areal emporary emigration movements
outside the surveyed aremuld be primarily associated with animals whose home range
was only partially withirthe surveyed aredhe robust design modebs described in
detail by Kendall et al.1095 1997,2001]). For eaclsurvey eventwe estimated the

probability of first capturepy;) and the probability of recapture; (wherej indexes the
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eventswithin thei th occasioi. For the intervals betweesurvey occasionsve estimated
the probability of survival%), the probability of emigration from theurveyed areéon),
and the probability of staying away from therveyed aregiven that the amal has left
thesurveyedarea ¢Nj This last parameter is the complement of the probability of an
absent animal returning to the study areallj
CALCULATING DENSITY AND REPRODUCTION

Density and reproduction within each silsowere estimated using PCMR data.
Density was computed as adilt surveyed area (kfnof each sitewith surveyed area
calculated as the minimum convex polygon enclosing our surveyed road network in each
site We computed aite-specificindex ofseasonateproduction as theatio of newborn
calves (agedi® months)over the sitespecificO of adult femalesThe proportion of
females seen with a calftenhas been used as a proxy of birth ratg.(elk Cervus
canadensisEberhardet al. 1996; whiteeared kotiKobus kob leucotjgryxell 1987;
mooseAlces alcesLaurian et al. 2000). However, this method is biased unless spatial
and temporal variation in the probability of detection is accounted for, along with
survival from birth b observation (Nichols 1992, Mo@juodale 2001, Bonenfant 2005).
Our neck length measurements indicated that we were encountering very few newborn
calves less than 1 mo olikely due to thesolitary hiding strategy employed by mothers
of newborn giraffecalves (Langman 1977)herefore, we corrected our calf counts for
detectabilityby dividing the count bgite- and seasospecific capture probabilities, and
for survival from birth to observatidoy dividing by the square root eite- and season

specifc survival estimates fothe first interval after birthThus, corrected count = raw
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count /p/ 'Y For comparisons of reproduction amongssite used the mean seasonal
reproductionindexacross all occasions.
COVARIATES

We developed a priohypothesesboutfactorsthat might explairspatial
variation in giraffe survivahnd reproductioranddevised a set ofpatial covariate
models based on the hypothedasaddition to the8 basic models of sitepecific
parameters (denotesite), constant parameters across all sitemgtany, and parameter
variation according to management authowtth 3 levels(managementwe also
constructed spatial covariate modelson predation(lion density, humanpoaching
(human densityanti-poaching distance to paved roagdistance to Mtowamband
poaching pressudeand giraffe densitygiraffe density, that mightexplain the observed
spatial patterns in survival and reproduction.
Lion predation

Natural predation probabilityaries across the landscap&n population data
have been collected by the Tarangire Lion Project since 2003 (B. Kisguiblished
data), but we had no data on hyena or other-inmm predator densitieg.he Tarangire
Lion Project attempted to collegearround location data for all lion prides every 2
weeks beginning in 2003 (B. Kissumpublished data Most lion prides in the study area
included at least one radioollared individual, and other prides were located using
knowledge of their habitual use areas and information from park rangers and tourism
operators. From these data wreated a continuous covariate model ofgecificlion

densty by using pride location and composition data for each\8lesaveraged across all
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seasondy dividing lion population size bihe area enclosed by a minimum convex
polygon of our surveyed road network in each. site

Density of natural predators likehswas higher in national parks, and lower in
areas where trophy hunting removes numerous individual predators from the population
and where pastoralists disrupt predator behaW@ expected survival of giraffe calves
or reproduction could be negatiyedorrelated with locdion densitybecausdions can
randomly encounter giraffe calves and kill th@dayward and Kerley 2005putadult
giraffe in the TE are rarely predated upon by liiBsKissuiunpublished dafgeso wedid
not expection densityto affect adult survival.
Poaching

Poachingalso varies across the landscaged pachers have the capacity to
greatly reduce populations of resident herbivores (Campbell and Hofer 1995 ,eDgltu
2009), particularly in lesprotected lands (Stoner et al. 200he town of Mtevambu is
the main market for poached meat in the &&&iffner unpublished datg and animals
of all age classes can tegeed.We created Spatialcovariate modisrelated to
poachinghuman densityanti-poachingefforts; distance to paved roagdistance to
Mtowambu;andpoaching pressurdduman densityvas set t@® levels based on census
data:45 per knf in GCAs and 0.1 in NPs and MRQ@12 Population and Housing
Statistics, United Republic of Tanzania, National Bureau of Statistics, Ministry of
Finance, Dar es Salaaminti-poachingeffort was a index scoravith 3 levelsbased on
the number oéncountersve hadwith antrpoachingpatrolsduring giraffe surveysAnti-
poachingwas 1 in GCAs, 5 in MRC, and 10 in NP¥stance to paved roadgas

calculated as the distance from the geographic center of eadirestity to the nearest
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paved roadDistance to Mtowambwas calculated ake distance from the geographic
center of each sitirectly to Mtowambu townPoaching pressurezasan integrated
metric computed ae product of th& lattermodels poaching pressure anti-
poaching distance to paved roadsdistance to Mtowamiu

As inother Tanzaniaecosystera(Arcese et al. 1995, Loibooki et al. 2002
Martin et al. 2012, most poachers in thEE are lowincome subsistence farmers seeking
protein and incoméC. Kiffner unpublished dafa Poaching of giraffe in our study area
occuredmainly in GCAs wher@ main methodsvere employed: (1) wire or rope snares
set at ground or neck level that poachers ab@cggularly; or (2using vehicles to
quickly locate, dispatch, butcher, and remove gir@iédlife Division pers. commC.
Kiffner unpublished data We expected adult giraffe survival, calf survival, and
reproduction could all bpositively correlated witlanti-poaching distance to paved
roads distance to Mtowamhuwandpoaching pressute
Giraffe density

We created a continuous covariate model of-sfiecificgiraffe densitycomputed
from our estimates of sigpecific giraffe population size divided by theea enclosed by
aminimum convex polygon of our surveyed road network in eachGjitmal foraging
theory predicts animal distribution is influenced by spatial distribution of resources in
order to maximize individual fitness (Fretwell and Lucas 1970, Stephens and Krebs
1986). Fitnessna x i mi zi ng ani mal s are expectleddd t o a
habitat patches (Bailey et al. 199B).nonterritorial species such as giraffe, individuals
may distribute themselves according to the ideal free distribution such that fitness is the

same in all areas where they are present. Alternatively, dafepgndent effects may
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Figure5. Adult giraffe density (+SE) & sites in the Tarangirécosystem 2012

2014.

reduce giraffe fitness in areas with either higher giraffe density or of lower habitat
quality. Thus, we expected adult giraffe survival, Glfvival, and reproduction could
either be negatively correlated wiiraffe densityf density dependence is in effect, or
not correlated if an ideal free distribution results in equal fitness across a range of
densities.
MODEL SELECTION

We tested goodness-fit of encounter historiessing UCARE (Choquet et al.
2009), and adjusted for lack of fit by adjustidlp ... / df (Choquet et al. 200&0och
and White unpublishd). Throughout model ranking and selection procedures, we ranked
models usingjAlICc and used modejAICc Weights(W) as a metric for strength of
evidence supporting a given model as the best description of the data (Burnham and

Anderson 2002). Duringurvivalmodel selection, we began with the most fully
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parameterized madi in our set with constraints (site effects) on the main parameters of
interestandwith both temporal and site effects in capture (p), recapture (c), and
temporary emigration (296 and 20) rates. We
temporal comfexity of temporary emigration, then detectability parameters. Once the

most parsimonious form of temporary emigration and detectability parameters was

obtained, we ranked all models of survival, including spatial covariate models, a constant

or null mode] and a sitespecific model.

We ranked models of reproduction using geneedlinear modelgglm) with a
binomial error structur@nd logit link functionin program RR Core Development Team
2013)with AICc as our metric of modednk andAICc Weights(W) as strength of
evidence for a given model in the 9¢timber of neonate calves observed in each survey
was corrected for detectabilignd preobservation survivalsing the detectioand
survival probabilitesfor the site and season of the observatiwom survival modeling.
Corrected number of neonates in each seagercombination was theumerator
(successgdor reproduction analyseand number of adult females in each site was the
denominato{number of trials)Results are reported as meanSH unless otherwise
noted.

SPATIAL VARIATION

We calculated thepatialvariability in demographic parameters among sites using
the coefficient of variation (CV = SDmean)of site-specific demographic rateSor
comparison with previously publishetudies, we also calculated spatial variabfiay
the subset of sites with wildlife protection (NPs and MR&g. examined spatial

variability at the regional scale and the continental scale by comparing our estimates and
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their spatial variability with tbse from all published demographic studies conducted
throughout the speciesd geographic range |
LESLIE MATRIX POPULATION MODEL

We constructed femalebasedagestructuredmatrix population moddbr each
site(Caswell 2001)Thematrix populatbn modehas5 ages 1-year time stepsand birth
flow reproductionFig. 6). For each site, we parameterized a matrix population model
with fecundity and survival rate estimates from our daiz the published literature.
Annualcalf survival from birth to agelass 2AS:), and adult female survival {pwere
computed from our sitepecific seasonal survival rates. Subadult survival rateg (S
were calculatetby increasing survivadachyearbased omour agespecific survival curve
from photogrammetrically measured anim@g. 6) until it was equal tdocal adult

survival (S). Fecundity(F) was calculated as annual estimates of calves/adult female

(c/AF) Y "Y 0.5 (torepresent birth flow reproduction aimtlude onlyfemale
calves, assuming equal offspring sex ratio).
Results

We analyzed encounter histories for 907 adult females, 542 adult males, and 408
calves We found evidence for lack of filh adult femalg... =358, P < 0.001)adult
male (.. =221, P <(@®01),and calf(... =97, P=0.006) encounter history data
Goodnesof-fit tests are designed to detect departures from model assumptions for (1)
independence among individuals, and (2) independence between successive encounters of
every individual by measuring how well observational data fit a simple Corriadig-
Seber or Arnasechwarz model. The lack of fite observed is typical of large datasets

where individual differences inherent in any animal population are inevitably detected
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Figure6. Top: Life cycle graph diemalegiraffe used to create Leslie matrix
population model with vital rates including fecundity (F), calf surviva),(&ubadult
survival (S-4), and adult survival (§. Middle: Leslie matrix population model.

Bottom: Agespecific survival curve.
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(Choquet et al. 2009), bute applieddia variance inflation factothat has no effect on
parameter estimates, but increases variatacagke the model selection process more
conservativeWe adjustedadultfemalech 2.0, adult maleidb 2.9,and calfch 1 5.

We documented significaaimongsite spatial variation irgiraffe density(Fig. 5),
adult female swival (Table landFig. 7), and reproduction (Table 4 and Fig. Aylult
male survivalndcalf survivaldid not vary gnificantly among sitesevidenced byhe
sitemodel not outrankinghe constantmode| and no significant spatial covariates

(Tables 2, 3, and 4. Meanvaluesacross all sitewere:adult female annual survival=

1.0 B Adult female survival O Calf survival
O Reproduction B Adult male survival

0.9 _} ‘} .

LGCA LMNP MRC MGCA TNP
Site

Figure7. Adult male,female and calf annuahpparensurvival probabilies, and
annual reproduction index (calves/adult femals sites in the Tarangire

Ecosystem 2012014.Error bars are +1 SE.
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0.847 +0.016; adult male annual survival= 0.841 + 0.045; calf survival to age 1 yead
=0.588+ 0.064; and reproduction (calves/adult female/yadn) 0.22 + 0.03.

Spatialcovariate models indicated that adult female survivalpesdively
correlated withanti-poachingefforts Tabletb = 1. 31, 95%.Four = 0. 73
adult male spatial covariate models were ranked above the constant Taddel3, but
noneof the covariates were statistically significastthe 95%onfidence interval all
included zeroCalf survival was positively correlated withistancefrom Mtowambuy the
main bushmeat market towhable3;b = 0. 0 1 7-0.00Dt& 036k ut the
effect was not statistically significant. No covariate modelepfoduction explained the
data better thathe site-specificmodel Table 4.

Matrix population models revealatl populations are likely declining with finite
rates of population growth)e< 1.0 Thevalusof & i n NPs and MRC wer
than in GCAsElasticitiesin each of the sitspecific matrix population modeisdicated
adult survival (2) was by far the highest elasticity paramégieble 5) Population
growth rate was significantly correlated with adult female survivat 0.81,P = 0.04),
but not reproductionrf = 0.02,P = 0.81) nor calf survival (2= 0.17,P = 0.48.

Thespatialvariability of site-specific demographic ratesrossall sitesin our
regional study areaas moderate for adult female survival (CV = Q.@ddcalf survival
(CV = 0.26),andhigh for reproduction (CV = @8). When spatial variability was
calculated only using estimates frahe 2 national parks and MRC, xiability in adult
female survival was much lower (CV = 0.0&}ile variability in calf survivalwas
largely unchanged (CV = 0.29ndvariability in reproductionvas much highefCV =

0.63). Estimates oadult survival, calf survival, and reproducticates were available
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from national parks across Africa, including the southern, eastern, and western extents of
t he s p e cTables6andFiga8h Adelt fdmale survival rates from protected areas
across the rang#f giraffewere similar (4= 0.90, SD = 0.03, CV = 0.03), but there was
large rangewide variability in estimates of calf survival to age 1 yedr 0.45, SD =
0.14, CV = 0.30)and reproductiono§= 0.3L, SD = 0.10, CV = 03.
Discussion

The spatial distributianof individualsand environmentaionditionsareoften
heterogeneous, which leads to variation in Ipcgdulationdynamics withinarger
regionalpopulations. An understanding of these Iqogbulationdynamicsmay help
explain the dynamics ahelargerpopulatonTay |l or 1961, OO6Nei | | 19 ¢
1990, Coulson et al. 19971h ourinvestigaion of spatial variation irgiraffe fitness
componentsicross a 4,400 kharea, ve found significant spatial variation adult
female survivablnd reproductiorSpatial variation in adult female survivahs/
positivdy correlaedwith the spatial covariate of argipaching efforts.
SPATIAL VARIATION IDEMOGRAPHY AND THE TEMPORAL PARADIGM

Adult femalesurvival istypically the highesklasticity parameter inngulate
population growth modelsncluding our matrix population modfr giraffe. The
dominant paradigm for ungulap@pulation dynamicsver timeholdsthat adult female
survival has the highest elasticity, but its low variation causes it to coetridiatively
little to changes in the population growth rate compared to juvenile suorival
reproductionwhich hae low elasticitesbut hightemporalvariation, makinghemthe
primary determinant afealizedpopulation change (Gaillard et al. 1998020Gaillard

and Yoccoz 2003, Raithel et al. 200Wje found that spatial variation of demographic
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estimates from generally stable giraffe populations in National Parks across the
continental range of the species followed tdraporal demographic paradigin.contrast

to this paradigmin the TE regiorwe found giraffe adult female survival was highly
spatiallyvariable and significantly correlated with population growth rate. Similarly,
Johnson et al. (2010) found that4 of 6 populationsof bighorn shee (Ovis canadensis
sierra), adult survival explained the highest proportion of variation in population growth.
Likewise, Nilsen et al. (2009) examined 8 populations of roe @gréolus capreolys
andfound variance in population growth rate was mostiyesh by low and variable

adult survival in declining population$o date, few ungulate studies have observed such
divergencdrom the temporal paradigin the importance of different vital rates within or
among populations (Albon et al. 2000, Coulsoalef005) butthe implications of such
variation for conservation and management purpasasitical.

Pfister (1998) suggested that demographic rates were unlikely to be both highly
variable and have a large effect on the growth rate of a populbittevever, this
observatiormay be relevarnly to gableor increasing populations. In declining
populations it might be common for vital rates with the greatest elasdlsiiyo be
highly variable and have a large impact on population chaagaculaty when hunting
or predation effects are pres¢Wlisdom et al. 2000, Schmidt et al. 20@®gulson et al.
2005, Nilsen et al. 2009Johnson et al. 20).00ur data support othstudies on long
lived specieshatdocumentegbopulation declineassociatedavith decreases in adult
survival (Wehausen 1996, Flint et al. 2000, Rubin et al. 2002, Pistorius et al. 2004,

Wittmer et al. 2005Nilsen et al.2009,Johnson et al. 20).0
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The relative contribution of differelemographicates to population growth may
vary among populations of the same species, and within the same geographiareion,
may notfollow expectations from liféhistory theory (Johnson et al. 201QwenSmith
and Mason (2005) found that decreases in adultalwere responsible for African
ungulate populations that transitioned framaodetrajectories to declining ones. That this
pattern was contrary tmostother studies of ungulate dynamics was attributed to the fact
that most investigations have beemdocted in temperate zonegh few or no natural
predatorsnot tropicalareaswith a large suite of predators.

Spatial variability in demography has been related to variability in resource
quality (Fretwell and Lucas 197@nd athropogenic factors hawvemerged as critically
important influences oresource quality and thasmimal populations worldwide (Foley
et al. 2005)Spatial variation in demographic rates of ungulates has been previously
documented for bighorn sheep (Johnson et al. 2010), ro€¢raezari et al. 2002, Nilsen
et al. 2009)Soay sheepQyvis aries Coulson et al. 1999), red de€gfvus elaphus
Coulson et al. 1997), cariboRdngifer tarandusWittmer et al. 2007), and wildebeest
(Connochaetes taurinusldibalema2009). Our work adds giraffe to the roster of species
with documented spial variation in demographic ratesd points to poaching of adult
females as bBkely mechanism for observed population declines
SPATIAL VARIATION IN REPRODUCTION

We found reprduction was significantly greater in MRC and lower in LMNP
compared with the other sites. Vegetation structure and composition in LMNP are
substantially different from that in the othksites due to abundant water supply from the

adjacent highlandsindis composed of denser, shrubbier habitat compared with the other
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sites Greenway and Vesdyitzgerald 1969, Loth and Prins 198@&n de Vijver et al.

1999. We were uncertain why reproduction was significantly greater at MRC than other

sites, but it is coreivable that vegetation at this site is of higher quality than the other

sites, leading to greater fecundity. Vegetation differences may be contribusipgtial

variation inreproductive rates at LMNP and MRC: future research might compare forage

speces composition and leaf protein levels among sites as potential covariates explaining

differences in reproductive ratéhe high variability of reproductioalsomay play a

role in spatial population dynamics of giraffe, but the observed patteep@duction

during this study was not correlated with population growth rates. Perhaps over longer

time spans the role of reproduction in local population dynamics will become clearer.

DEMOGRAPHICCOMPARISOBACROSS THE SPECI ESO6 RANGE
Overall, spatial variability of demographic rates from protected areas across the

range of giraffe showed a pattern similar to that seen in annual temporal variation for

temperate ungulatdshigh adult female survival with low variability, and low but

variable reproduction and calf survival (Gaillard et al. 200B)s study examinesdpatial

variation in demographic rates of adult female survival, calf survivalreprdduction

amongb sub-populations within a largeontinuousregional populationOur esimates

of adult female survivah the TEwere much more variabbcross sulpopulationghan

estimategrom protected areas c r 0 s s ¢ i in Affich. Eldwsvery visen \gee

excluded GCAdrom our studyand computed variability only across logabtected

areasthe CV ofsurvivalbecamesimilar to the rangavide value. Estimates from across

gi r af f evéesavarlahle anlg from protected areas, such as national partke so

inclusion of norprotected GCAsould make the resultarggional spaal CV
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Figure 8. Summary of existing demographic estimates for giraffe in national parl
across t he s p,dataifrenstidis study arg a far(rigfisE adult female
annual survival probabilityMiddle: calf survival probability to age ylear Bottom:
reproduction as number of calves per adult female per year. Location definitions are

given inTable 6
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values incomparableo values from protected are&fowever, our estimasdikely
reflecedmorerealistic conditions faced by most giraffe,rasch of th& remaining
habitatlies outside protected areas, where anthropogenic factors such as p@axching
habitat alteratiomre prevalentindeedeven in the SerengetidtionalPark, adultgiraffe
survival was believed to baffected by poaching (Strauss 2014)cal and rangsvide
spatialvariability in other regions with increasing habitat fragmentation and human
populationsactuallymaybe as high as we calculated wivea includedhon-protected
areasbecause giraffe outside protected areas likely expedemegder spectrum of
environmental and anthropogenic factors that inevitably &fbeir demographic rates.

The onlycontinentwide geographic pattern in demographic rates that emerged
was thatalf survivalwas significantly greater ikast Africarelative to southern and
western studie@Fig. 8). This could be due to differences in climate, vegetapoagching
style,or samplingmethodology. We recommend the use of standardized PCMR survey
and analysis protocols in sites across
climatic, vegetation, and predation factors to clarify this discrepancy.
CONCLUSIONS

This study documented significant spatial variation in giraffe demographic
parametes of density, adult female survival, and reproductiReint estimates of adult
male survival and calf survival were also highly variable among sites, but not
significantly so due to low precision of those estimafés.caution that data from this
study ewompassed a short time span and our estimates and conclusions may reflect

transient dynamics that do not accurately characterize the lwrgepopulation

dynamics of giraffe in the TE. Continued monitoring is required to validate our findings.
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Our matrixpopulation models indicated that all spbpulationsvhere we
sampledare likely declimng in thefragmentedrarangireEcosystem, with spatial
covariate models implicating poaching of adult females as the most likely proximate
mechanism of this declin&hus, the population management actions with highest
expected effectiveness would be those aimed at increasing adult female survival, such as

anti-poaching patrols and efforts to disrupt bushmeat distribution networks and markets.
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Tables

Tablel. Selection results for spatial covariate models of apparent survival of adult female
giraffe in 5 sites in the Tarangire Ecosystem, Tanzania,iZ22. qpq A |isGhe

difference ingAlCcvalues between a model and the-tapked modelWis model
gAICcWeight, a metric for strength of evidence supporting a given model dsshe
description of the dat& is the number of parameters in a modeiti-poachingis the

only statistically significant covariaté( = 1. 31, 95%. Cl = 0. 73 t

Apparent Swival Model quAlCc wW K
Anti-Poaching 0 0.66 127
Management 2.06 0.24 128
Site 4.52 0.07 130
Human Density 6.61 0.02 127
Poaching Pressure 9.39 0.01 127
Constant 13.88 0.00 126
Distance to Mtowambu 14.69 0.00 127
Distance to Paved Road 14.77 0.00 127
Giraffe Density 15.32 0.00 127
Lion Density 15.42 0.00 127
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Table2. Selection results for spatial covariate models of apparent survival ofaaieilt
giraffe in 5 sites in the Tarangire Ecosystem, Tanza0h2 2014 qpq A lisGhe
difference ingAlCcvalues between a model and the-tapked modelWis model
gAICcWeight, a metric for strength of evidence supporting a given modeé de#t

description of the dat& is the number of parameters in a modi&.covariate was

significant.
Apparent Survival Model g Al W K
Giraffe Density 0 0.22 67
Anti-Poaching 0.07 0.22 67
Distance to Mtowambu 0.08 0.22 67
Distance to Paved Road 0.13 0.21 67
Constant 2.83 0.05 66
Human Density 4.48 0.02 67
Poaching Pressure 4.57 0.02 67
Lion Density 4.65 0.02 67
Management 6.64 0.01 68
Site 10.42 0 70
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