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INTRODUCTION TO THE DISSERTATION  

Documenting how temporal and spatial environmental variability influences 

demographic parameters such as births, deaths, and movements is critical to 

understanding and affecting changes in animal populations (Emlen 1984, Ratcliffe et al. 

1998, Caswell 2001). Mammalian herbivore populations are affected by ótop-downô 

forces such as predation pressure and óbottom-upô factors like food availability, both of 

which are subject to natural temporal and spatial variability (Coulson et al. 1997, Coulson 

et al. 1999, Pettorelli et al. 2003b, 2005, Hopcraft et al. 2010). Spatial variability in 

demography also can be strongly influenced by anthropogenic factors such as habitat 

loss, degradation, and fragmentation (Fahrig et al. 2003, Wiegand et al. 2005), and 

hunting (Nilsen et al. 2003). Natural populations often exhibit variation in demographic 

parameters, and while the examination of temporal variation has long been a central 

theme in population ecology (Clutton-Brock et al. 1988, Newton 1989), spatial variation 

among or within populations of the same species has received much less attention 

(Fredriksen et al. 2005). 

Ungulates (hoofed mammals) are important because they shape and maintain the 

biodiversity and nutrient cycling of ecosystems where they live by consuming and 

processing vast amounts of vegetation, thereby sometimes acting as keystone species, and 

by being important prey for numerous predators and scavengers (Simberloff 1995, 

DuToit and Cumming 1999, Singer et al. 2003, Dobson 2009). Although the vast 

majority of the worldôs ungulate species live in the tropics and sub-tropics, most studies 

of ungulate demography have taken place in the temperate zone, often in single 

populations with little or no predation (Gaillard et al. 2000), and few studies have 
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investigated the demography of large tropical herbivores (Owen-Smith and Marshall 

2010).  

The goal of this study was to fill this knowledge gap by examining whether 

spatial variation in demography of giraffe (Giraffa camelopardalis) existed in a 

fragmented ecosystem, and how key demographic parameters of reproduction, adult and 

juvenile survival, and movements of a large tropical ungulate were affected by spatio-

temporal variation in land use, vegetation, poaching (illegal hunting), and predation. 

Giraffe are an African icon but are believed to be declining across their range (IUCN 

2010). Demographic analyses are needed to understand why the species is in trouble, and 

how conservationists can best maintain viable populations (Caswell 2001, Sibley and 

Hone 2002). Giraffe also provided a tropical case study to examine whether findings 

from temperate ungulate demography studies are broadly applicable to the tropics. Spatial 

variation is important in heterogeneous ecosystems, such as East African savannas, that 

contain contrasting management regimes, vegetation patterns, and predation pressure. 

Temporal variation is also important for this asynchronous breeder as conditions for 

survival and reproduction may vary significantly among seasons and may be influenced 

by longer-term climactic fluctuations.  

Research questions 

My research used data from 1,857 individually identified giraffe in the Tarangire 

Ecosystem of northern Tanzania, East Africa from 2012ï2014 to estimate demographic 

parameters of population size, probabilities of reproduction, calf survival, adult survival, 

and movements among sites to confirm and understand the suspected declining regional 

population trend observed in aerial survey data (Fig. 1; Stoner et al. 2006, 2007, 
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TAWIRI, unpublished data). My research was organized around three questions which 

were addressed sequentially in Chapters 1, 2, and 3:  

1) How does survival, reproduction, and population growth rate vary among 

sites? Does spatial variation in land management, giraffe 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 sub-populations inhabiting heterogeneous 

environments (e.g., Paradis et al. 2000, Frederiksen et al. 2005, Grosbois et al. 2008, 

2009, Sanz-Aguilar et al. 2009), but this variation has not been well documented for 

ungulates. Therefore, obtaining reliable estimates of adult female survival, calf survival, 

and reproduction at 5 sites was the logical first step for understanding population 

dynamics of this long-lived ungulate species.  

At a landscape scale, demography may be linked to spatial variability in habitat 

availability or quality, food resources, weather, disease, 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, Sanz-Aguilar et al. 2009). 

Therefore, I ranked spatial covariate models seeking mechanisms of any observed spatial 

variation in survival or reproduction according to land-use designation, giraffe density, 

lion density, and poaching pressure.  

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

adult female survival with more variable reproduction and calf survival rates can be 
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applied to giraffe spatial population dynamics at the regional and continental scale.  For 

large, long-lived animals, adult survival has the highest elasticity and therefore 

incremental changes in adult survival theoretically have the greatest effect on population 

growth rate (Lebreton and Clobert 1990, Saether and Bakke 2000, Gaillard et al. 1998, 

2000). However, long-term ungulate studies from the temperate zone have found the 

survival rate of adults, particularly prime-aged females, tends to be high and very stable 

over time, while juvenile survival and reproduction are much more temporally variable 

than adult survival, and thus may have greater influence on realized population trends 

(Gaillard et al. 1998, 2000, Gaillard and Yoccoz 2003).  

2) How does movement link the sub-populations in this fragmented 

landscape? Does land management, predation, or density explain movement rates? 

How do differences in demography and movement among sub-populations affect the 

metapopulation?  

Connectivity, the movement of individuals among sub-populations, is essential to 

landscape-scale population dynamics (Tischendorf and Fahrig 2000, Lowe and Allendorf 

2010), such as source-sink dynamics, or the rescue effect (Brown and Kodric-Brown 

1977, Holt 1985, Pulliam 1988). Movement among sub-populations in heterogeneous 

landscapes is one of the most important, yet least understood, ecological processes related 

to the persistence of animal populations (Bowler and Benton 2005). I quantified 

connectivity movements among sub-populations in a large, presumed contiguous 

population of giraffe by estimating site-specific sub-population sizes, sub-population 

growth rates, and per-capita movement rates among 5 sites defined by land management 

designations. I also quantified whether and how sub-population growth rates and per-
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capita movement rates differed according to land-use designation, giraffe density, lion 

density, and poaching pressure. Finally, I assessed the source-sink structure of the study 

area and examined the implications of sub-population demography and movements for 

metapopulation dynamics.  

3) How do reproduction and juvenile survival vary by season? Do observed 

seasonal patterns in reproduction 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 population 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 females (Asdell 1964, Bunnell 

1982, Oftedal 1984), but also is influenced by other factors such as predation (Aanes and 

Anderson 1996). Variation in timing of reproduction and juvenile survival may play 

prominent roles in life history evolution and population dynamics and are major issues 

for both evolutionary ecologists and wildlife managers (Sæther 1997, Gaillard et al. 2000, 

Eberhardt 2002). Variation in juvenile survival often explains a large part of the variance 

in their parentsô lifetime reproductive success (Clutton-Brock et al.1988), and can be 

regulated by bottom-up or top-down selective forces (Cote and Festa-Bianchet 2001), but 

few studies have examined the factors affecting juvenile survival in tropical ungulates.  

I 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. I also 

estimated juvenile survival according to birth season to discriminate among 3 hypotheses 
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for birth synchrony and asynchrony. The relative survival of juveniles born during versus 

outside any observed birth pulse indicated whether ñphenological match,ò ñpredator 

avoidance,ò or ñtemporal resource partitioningò mediated some level of synchrony or 

asynchrony in this species. 

Study system 

The Masai giraffe (G. c. tippelskirchi) is the most numerous of 9 giraffe 

subspecies (Dagg and Foster 1976, Dagg 2014), with the majority residing in Tanzania. 

Aerial surveys of the countryôs major ecosystems have indicated that most Masai giraffe 

populations may be declining (Fig. 1; Stoner et al. 2006, 2007, TAWIRI unpublished 

data).   

The Tarangire Ecosystem (TE) is a savanna-woodland ecosystem and a global 

hotspot of large-mammal diversity (Bourliere and Hadley 1970, Bolger et al. 2008) that 

supports the second-highest density of giraffe in Tanzania (Stoner et al. 2006, 2007). 

Habitat outside the TEôs protected areas has been lost or degraded by agriculture, 

charcoal making, and other uses (Newmark 2008, Msoffe et al. 2011). Giraffe habitat 

throughout Africa has become similarly lost and fragmented, thus the TE is 

representative of much of the remaining landscape for these iconic megaherbivores. Most 

scientific studies of giraffe populations to date have occurred entirely within protected 

areas (Foster 1966, Leuthold and Leuthold 1978, Pratt and Anderson 1982, Pellew 1983, 

Strauss and Packer 2013), but much of the current range of the species lies outside of 
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protected areas, and is subject to variation in human land uses. Thus, this study provided 

important data on how giraffe demography varies across realistic gradients of human land 

use, poaching, natural predation, and vegetation. The Masai giraffe is the national animal 

of Tanzania and a highly visible indicator of the health of Acacia woodlands, and as such 

can serve as a flagship species for the conservation of East African savannas.  

 

Figure 1. Tanzanian giraffe population estimates (natural log transformed) from 

aerial survey data in six large ecosystems around the country 1986ï2011 (Stoner et 

al. 2006, 2007, TAWIRI, unpublished data). Inset are mean giraffe population 

estimates from the first and last decades of the time series. 
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Figure 2. Study area in the Tarangire Ecosystem of northern Tanzania. Grey 

polygons are the 5 sites sampled, yellow polygons are areas dominated by 

agriculture, red lines are roads and tracks, blue lines are rivers and watercourses, 

blue areas are lakes. 
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The TE is in the eastern branch of the Great Rift Valley and encompasses roughly 

30,000 km2 (Borner 1985, Prins 1987). The TE is defined by the migratory ranges of 

eastern white-bearded wildebeest (Connochaetes taurinus) and Burchellôs zebra (Equus  

quagga) from their dry-season refuge along the perennial Tarangire River north to Lake 

Natron, southeast to the Simanjiro plains, and south to the Irangi Hills (Lamprey 1964, 

Kahurananga and Silkiluwasha 1997, Foley and Faust 2010). Mean total annual rainfall 

was 650 mm for years 1980ï2009, coefficient of variation = 42.6%, range = 312 to 1,398 

mm (Foley and Faust 2010, C. Foley unpublished data). There are 3 precipitation seasons 

per year (short rains = OctïJan, long rains = FebïMay, and dry season = JunïSep). 

Average monthly precipitation by season was: short rains = 63 mm, long rains = 100 mm, 

dry = 1 mm (Foley and Faust 2010, C. Foley unpublished data).  

Our study area in the core of the TE was 4,400 km2 wherein we sampled a 1,700 

km2 area in 5 geographic sites representing different land-use management regimes (Fig. 

2): Tarangire National Park (TNP), Lake Manyara National Park (LMNP), Manyara 

Ranch Conservancy (MRC), Lolkisale Game Controlled Area (LGCA), and Mtowambu 

Game Controlled Area (MGCA). Since the 1940s, human population and agricultural 

development have increased four- to 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, anti-poaching efforts, and no legal human encroachment. MRC had 

livestock grazing and tourism, some human habitation, and anti-poaching patrols. The 2 

Game Controlled Areas (Mtowambu and Lolkisale) had agricultural cultivation, 

pastoralism, and permanent settlement, little or no anti-poaching efforts, and wildlife 



 
10 

harvesting via subsistence and trophy hunting, although hunting of giraffe was legally 

prohibited (Nelson et al. 2010).  

The Rift Valley escarpment formed the western boundary of the study area, 

because its steep cliff restricts giraffe movements in that direction. The eastern boundary 

of the study area was a rough line between Makuyuni and Lolkisale towns, and eastward 

from there large wild mammals were rarely observed due to high human and livestock 

population density, agriculture, and systematic poaching. Southwest of TNP and south of 

LMNP were areas of high human population density and intensive agriculture. Two 2-

lane asphalt roads crossed the study area.  

 Study species: Giraffe 

Giraffe are large (830ï1,000 kg), long-lived, iteroparous, sexually dimorphic, 

non-migratory, non-territorial, 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 lions (Panthera leo) 

and spotted hyenas (Crocuta crocuta) (Dagg and Foster 1976), but giraffe also are 

targeted by bushmeat poachers. Giraffe have been characterized as asynchronous 

breeders with a year-round breeding cycle, but in the Serengeti Ecosystem there was 

some evidence for a small, seasonal birth pulse that coincided with peak protein 

concentration of new Acacia tree leaves during the dry season (Sinclair et al. 2000). 

Protein is a limiting nutrient for semiarid herbivores, and therefore hypothetically may 

mediate some degree of reproductive synchrony in giraffe (Bell 1971, Sinclair 1975). 

Female giraffe attain sexual maturity at ~5 years of age and may breed up to age 20 

(Dagg and Foster 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 (Bercovich and Berry 2009), so individual females exhibiting 

the mean birth interval between sequential births would be out of synchrony with 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 demography has been surprisingly understudied despite their ecological 

importance, their widespread geographic distribution, and the fact that, as the fourth 

largest land mammal in Africa, they are actively poached in many areas. Most estimates 

for giraffe demographic parameters to date have used simple return rates of known 

animals (Foster and Dagg 1972, Leuthold and Leuthold 1978, Pellew 1983), or ratios of 

counts (Sinclair and Arcese 1995, Owen-Smith and Mason 2005). We were aware of only 

one study of giraffe demography that used individually identified animals and modern 

capture-mark-recapture statistics to estimate population parameters while accounting for 

imperfect detection probabilities (Strauss 2014), and that study was conducted entirely 

within a protected national park (Serengeti).  

The giraffe population in the TE provided an opportunity to study spatio-temporal 

factors influencing demography of a tropical ungulate in a fragmented, heterogeneous 

landscape (Fig. 2) using photographic capture-mark-recapture techniques. Giraffe were 

numerous in the area, but aerial surveys documented apparent recent population declines, 

particularly outside protected areas. Giraffe population dynamics may serve as an 

informative window into savanna ecosystem processes, as the species likely interacts 

with and responds to many of the factors hypothesized to drive population dynamics seen 
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in other ungulate species such as changes in vegetation, predators, and poaching. 

Furthermore, giraffe provided a tropical, asynchronously breeding case study with which 

to examine findings from temperate ungulate demography studies.  
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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 has long been a central theme in population 

ecology (Clutton-Brock 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, reproduction, and other demographic traits of a species may be markedly 

variable among populations and sub-populations inhabiting heterogeneous environments 

(e.g., Paradis et al. 2000, Frederiksen et al. 2005, Grosbois et al. 2008, 2009, Sanz-

Aguilar et al. 2009), but this variation has not been well documented for ungulates.  

Across the geographical range of a species, spatial variation is likely to reflect 

differential climatic conditions (Frederiksen et al. 2005, Grosbois et al. 2008). At a 

landscape scale, demography may be linked to spatial variability in habitat availability or 

quality, food resources, weather, disease, 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, Sanz-Aguilar et al. 2009). To more fully 

understand population dynamics of a given species, demographic parameters for different 

populations or sub-populations in a large area should be explored and if significant 

differences are detected, a mechanistic cause should be sought (Bennett and Owens 2002, 

Kauffman et al. 2004, Frederiksen et al. 2005).  

In long-lived animals, elasticities from population models show that population 

growth rate is most sensitive to changes in adult female survival (e.g., Lebreton and 
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Clobert 1990, Saether and Bakke 2000, Gaillard et al. 1998, 2000). However, several 

long-term studies of ungulates have found that because temporal variation in adult 

survival is low, variability in reproduction and calf survival are typically the most 

important determinants of observed temporal variation in population growth rates 

(Eberhardt 1977, 2002, Gaillard 2000). Therefore, obtaining reliable estimates of adult 

female survival, calf survival, and reproduction is a logical first step for understanding 

population dynamics of any long-lived ungulate species.  

In this study, we tested whether the paradigm of ungulate population dynamics 

from temporal studiesðstable and high adult female survival with highly variable 

reproduction and calf survival ratesðalso can be applied to spatial population dynamics. 

Specifically, we investigated the patterns and mechanisms of spatial demographic 

structure for Masai giraffe (Giraffa camelopardalis tippelskirchi), at 5 sites in the 

Tarangire region of northern Tanzania, East Africa. We quantified whether reproduction, 

calf survival, and adult survival probabilities varied among sites, and whether spatial 

variation in demographic parameters was correlated with spatial differences in land 

management, giraffe density, lion predation, or poaching. We used our site-specific 

estimates to parameterize Leslie matrix population models and calculate each siteôs rate 

of population growth, ɚ (Caswell 2001). We also examined variability of demographic 

rates from across the speciesô range, and whether that variability at the continental scale 

supported the temporal paradigm of ungulate population dynamics.   

Methods  

This study used data from 1,857 individually identified, wild, free-ranging giraffe 

in a system with nearly the full suite of natural predators and sympatric ungulate species 
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across a 1,700 km2 sampled area. We examined spatial variation in density, survival, and 

reproduction among 5 sites (Fig. 2); Tarangire National Park (TNP), Lake Manyara 

National Park (LMNP), Manyara Ranch Conservancy (MRC), Lolkisale Game 

Controlled Area (LGCA), and Mtowambu Game Controlled Area (MGCA). The 5 sites 

were subject to 3 different management regimes: 2 sites were national parks with stricter 

enforcement of anti-poaching laws and no permanent settlements, 1 site was a private 

ranch/wildlife conservancy with some anti-poaching activity and a moderate density of 

pastoralists and livestock but no permanent settlements, and 2 sites were Game 

Controlled Areas with few anti-poaching activities, high density of pastoralists and 

livestock, agriculture and permanent human settlements, and wildlife harvesting via 

subsistence and trophy hunting, although hunting of giraffe was legally prohibited 

(Borner 1985, Yanda and Mohamed 1990, Mwalyosi 1991, Gamassa 1995, TCP 1998, 

Nelson et al. 2010). The sites also differed along several axes: 1) giraffe density, 2) 

poaching intensity, and 3) lion density.   

SAMPLING 

We collected data during systematic road transect sampling for photographic 

capture-mark-recapture (PCMR; Bolger et al. 2012, Morrison and Bolger 2012). We 

conducted 14 daytime surveys for giraffe PCMR data between Jan 2012 and Feb 2014.  

We sampled giraffe 3 times per year near the end of every precipitation season (dry, short 

rains, long rains; see Fig 3A) by driving a network of fixed-route road transects in the 

study area (Fig 3B). We surveyed according to a robust design sampling framework 
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(Pollock 1982, Kendall et al. 1995, Kendall and Bjorkland 2001) with 3 occasions per 

year wherein each sampling occasion was composed of 2 sampling events (see Fig. 4) 

during which we surveyed all road transects in the study area (3 occ./yr  2 events/occ.  

2.3 years = 14 survey events). Road density throughout the study area was high relative 

to giraffe home-range size (~100 km2 mean female home range). Driving speed was 

maintained between 15 and 20 kph on all transects, and all survey teams included 2 

dedicated observers and a driver. Each road segment was sampled only 1 time in a given 

Figure 3. A. sampling occasions (orange arrows) relative to monthly rainfall and 

precipitation seasons. B. fixed-route road transects (red lines) driven during every 

sampling event. Rainfall data from Foley and Faust (2010) and C. Foley (unpublished 

data). 
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event. We systematically shifted the order and direction in which sites and road transects 

were sampled similar to a Latin Square design to reduce sampling biases.  

During PCMR sampling events, the entire study area was surveyed and a sample 

of individuals were encountered and either ñmarkedò or ñrecapturedò by slowly 

approaching and photographing the animalôs right side (Canon 40D and Rebel T2i 

cameras with Canon Ultrasonic IS 100-400 mm lens, Canon U.S.A., Inc., One Canon 

Park, Melville, New York, 11747). We photographed and later identified individual 
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Figure 4. Diagram of Pollockôs Robust Design statistical model and associated 

parameters during one calendar year. Each blue circle represents a sampling 

event during which all road transects are driven. 
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giraffe using coat patterns that were unique to each animal and unchanged throughout 

their lives (Foster 1966). We attempted to photograph every giraffe encountered for 

individual identification from a distance of approximately 100 m (mean = 90, SD = 39), 

and recorded sex (male, female), GPS location, and age class. We categorized giraffe into 

4 age classes: newborn calf (0ï3 months old), older calf (4ï11 months old), subadult (1ï3 

years old), or adult (>3 years for females, >6 years for males) using a suite of physical 

characteristics, including body shape, relative length of the neck and legs, ossicone 

characteristics, and height (Strauss 2014).  

ASSIGNING AGE CLASSES WITH PHOTOGRAMMETRY 

Giraffe age classifications were confirmed using photogrammetric measurements 

of neck length. Photogrammetry, the science of making measurements on photographs 

(Baker 1960), is now a well-established technique used in a wide range of fields 

including geology, agriculture, medicine, and mapping (Atkinson 1980), and is a useful, 

noninvasive method for measuring traits of individual animals (e.g., elephants 

Loxondonta africana, Schrader et al. 2006; gorillas Gorilla gorilla , Breuer et al. 2006). 

For objects oriented parallel with the cameraôs image sensor, if the focal length of the 

camera optics and the distance between the camera and the object are known, 

photographs can be accurately scaled for linear measurements of the object.   

For most giraffe we photographed 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, 66214). Focal length 

was automatically recorded in the EXIF data stored in every digital photograph. We 

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 pixels in 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 these functions we computed individualsô neck 

length (m) from the top of the occipital (posterior) horns to 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 

measurements were very close to actual lengths (mean difference = 4.1 cm, 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 in spring 2011. Mean difference (± SD) between measurements taken from 

different images of the same animal was adults: 0.6 cm (± 9.4), and calves: 4.8 cm (± 

20.3). We measured and assigned age class at first capture for 1,223 giraffes with 

observed neck lengths using allometric equations for neck length and total height in 

Mitchell et al. (2009) and Van Sittert et al. (2010), along with total height at age data 

from Pellew (1983).  
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ENCOUNTER HISTORIES AND PARAMETER ESTIMATION 

We matched giraffe identification images using WildID, a computer program that 

matched a large dataset of giraffe images collected using our protocols with a low false 

rejection rate (0.007) and zero false acceptance rate (Bolger et al. 2012). We created 

individual encounter histories for all adults and newborn calves for analysis in program 

MARK 7.1 (White and Burnham 1999). We modeled and estimated parameters using 

Pollockôs (1982) robust design statistical models. For each site, we were interested in 

estimating adult male and female population sizes (N), adult female and calf survival 

probabilities (S), as well as nuisance parameters of capture probabilities (p), recapture 

probabilities (c), and temporary emigration parameters (ɔô and ɔò) for adults and calves 

(Fig. 4).  

The robust design model is a combination of the Cormack-Jolly-Seber live 

recapture models (Cormack 1964, Jolly 1965, Seber 1965) and closed capture models. 

These models are superior to standard Cormack-Jolly-Seber models, which assume all 

emigration is permanent, because robust design models include estimators for temporary 

emigration. The emigration probabilities estimated by the robust design models in this 

study were strictly temporary: in these models, permanent emigration was confounded 

with mortality. Thus, all temporary emigration probabilities were estimated only for 

animals that eventually returned to the surveyed area. Temporary emigration movements 

outside the surveyed area would be primarily associated with animals whose home range 

was only partially within the surveyed area. The robust design model was described in 

detail by Kendall et al. (1995, 1997, 2001). For each survey event, we estimated the 

probability of first capture (pij) and the probability of recapture (cij) (where j indexes the 
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events within the i th occasion). For the intervals between survey occasions, we estimated 

the probability of survival (Si), the probability of emigration from the surveyed area (ɔǌi), 

and the probability of staying away from the surveyed area given that the animal has left 

the surveyed area (ɔǋi). This last parameter is the complement of the probability of an 

absent animal returning to the study area (1- ɔǋi). 

CALCULATING DENSITY AND REPRODUCTION 

Density and reproduction within each site also were estimated using PCMR data. 

Density was computed as adult ὔ / surveyed area (km2) of each site, with surveyed area 

calculated as the minimum convex polygon enclosing our surveyed road network in each 

site. We computed a site-specific index of seasonal reproduction as the ratio of newborn 

calves (aged 0ï3 months) over the site-specific ὔ of adult females. The proportion of 

females seen with a calf often has been used as a proxy of birth rate (e.g., elk Cervus 

canadensis, Eberhardt et al. 1996; white-eared kob Kobus kob leucotis, Fryxell 1987; 

moose Alces alces, Laurian 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 to observation (Nichols 1992, McCorquodale 2001, Bonenfant 2005). 

Our neck length measurements indicated that we were encountering very few newborn 

calves less than 1 mo old, likely due to the solitary hiding strategy employed by mothers 

of newborn giraffe calves (Langman 1977). Therefore, we corrected our calf counts for 

detectability by dividing the count by site- and season-specific capture probabilities, and 

for survival from birth to observation by dividing by the square root of site- and season-

specific survival estimates for the first interval after birth. Thus, corrected count = raw 
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count / p / ЍὛ. For comparisons of reproduction among sites we used the mean seasonal 

reproduction index across all occasions.  

COVARIATES 

 We developed a priori hypotheses about factors that might explain spatial 

variation in giraffe survival and reproduction, and devised a set of spatial covariate 

models based on the hypotheses. In addition to the 3 basic models of site-specific 

parameters (denoted: site), constant parameters across all sites (constant), and parameter 

variation according to management authority with 3 levels (management), we also 

constructed 7 spatial covariate models: lion predation (lion density), human poaching 

(human density, anti-poaching, distance to paved roads, distance to Mtowambu, and 

poaching pressure), and giraffe density (giraffe density), that might explain the observed 

spatial patterns in survival and reproduction.   

Lion predation 

Natural predation probability varies across the landscape. Lion population data 

have been collected by the Tarangire Lion Project since 2003 (B. Kissui, unpublished 

data), but we had no data on hyena or other non-lion predator densities. The Tarangire 

Lion Project attempted to collect year-round location data for all lion prides every 2 

weeks beginning in 2003 (B. Kissui unpublished data). Most lion prides in the study area 

included at least one radio-collared individual, and other prides were located using 

knowledge of their habitual use areas and information from park rangers and tourism 

operators. From these data, we created a continuous covariate model of site-specific lion 

density by using pride location and composition data for each site. We averaged across all 
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seasons by dividing lion population size by the area enclosed by a minimum convex 

polygon of our surveyed road network in each site.   

Density of natural predators like lions was higher in national parks, and lower in 

areas where trophy hunting removes numerous individual predators from the population 

and where pastoralists disrupt predator behavior. We expected survival of giraffe calves 

or reproduction could be negatively correlated with local lion density because lions can 

randomly encounter giraffe calves and kill them (Hayward and Kerley 2005), but adult 

giraffe in the TE are rarely predated upon by lions (B. Kissui unpublished data) so we did 

not expect lion density to affect adult survival.  

Poaching 

Poaching also varies across the landscape, and poachers have the capacity to 

greatly reduce populations of resident herbivores (Campbell and Hofer 1995, Ogutu et al. 

2009), particularly in less-protected lands (Stoner et al. 2007). The town of Mtowambu is 

the main market for poached meat in the area (C. Kiffner unpublished data), and animals 

of all age classes can be targeted. We created 5 spatial covariate models related to 

poaching: human density; anti-poaching efforts; distance to paved roads; distance to 

Mtowambu; and poaching pressure. Human density was set to 2 levels based on census 

data: 45 per km2 in GCAs, and 0.1 in NPs and MRC (2012 Population and Housing 

Statistics, United Republic of Tanzania, National Bureau of Statistics, Ministry of 

Finance, Dar es Salaam). Anti-poaching effort was an index score with 3 levels based on 

the number of encounters we had with anti-poaching patrols during giraffe surveys. Anti-

poaching was 1 in GCAs, 5 in MRC, and 10 in NPs. Distance to paved roads was 

calculated as the distance from the geographic center of each site directly to the nearest 
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paved road. Distance to Mtowambu was calculated as the distance from the geographic 

center of each site directly to Mtowambu town. Poaching pressure was an integrated 

metric computed as the product of the 3 latter models (poaching pressure = anti-

poaching  distance to paved roads  distance to Mtowambu).   

As in other Tanzanian ecosystems (Arcese et al. 1995, Loibooki et al. 2002, 

Martin et al. 2012), most poachers in the TE are low-income subsistence farmers seeking 

protein and income (C. Kiffner unpublished data). Poaching of giraffe in our study area 

occurred mainly in GCAs where 2 main methods were employed: (1) wire or rope snares 

set at ground or neck level that poachers checked regularly; or (2) using vehicles to 

quickly locate, dispatch, butcher, and remove giraffe (Wildlife Division pers. comm., C. 

Kiffner unpublished data). We expected adult giraffe survival, calf survival, and 

reproduction could all be positively correlated with anti-poaching, distance to paved 

roads, distance to Mtowambu, and poaching pressure. 

Giraffe density 

We created a continuous covariate model of site-specific giraffe density computed 

from our estimates of site-specific giraffe population size divided by the area enclosed by 

a minimum convex polygon of our surveyed road network in each site. Optimal 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). Fitness-maximizing animals are expected to aggregate within the ómost favorableô 

habitat patches (Bailey et al. 1996). In non-territorial 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, density-dependent effects may 
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reduce giraffe fitness in areas with either higher giraffe density or of lower habitat 

quality. Thus, we expected adult giraffe survival, calf survival, and reproduction could 

either be negatively correlated with giraffe density if 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-of-fit of encounter histories using U-CARE (Choquet et al. 

2009), and adjusted for lack of fit by adjusting ὧǶ = … / df (Choquet et al. 2009, Cooch 

and White, unpublished). Throughout model ranking and selection procedures, we ranked 

models using qAICc and used model qAICc Weights (W) as a metric for strength of 

evidence supporting a given model as the best description of the data (Burnham and 

Anderson 2002). During survival model selection, we began with the most fully 
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parameterized model in our set with constraints (site effects) on the main parameters of 

interest, and with both temporal and site effects in capture (p), recapture (c), and 

temporary emigration (ɔô and ɔò) rates. We first ranked competing models with reduced 

temporal complexity 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 model, and a site-specific model. 

We ranked models of reproduction using generalized linear models (glm) with a 

binomial error structure and logit link function in program R (R Core Development Team 

2013) with AICc as our metric of model rank and AICc Weights (W) as strength of 

evidence for a given model in the set. Number of neonate calves observed in each survey 

was corrected for detectability and pre-observation survival using the detection and 

survival probabilities for the site and season of the observations from survival modeling. 

Corrected number of neonates in each season-site combination was the numerator 

(successes) for reproduction analyses, and number of adult females in each site was the 

denominator (number of trials). Results are reported as mean ±1 SE unless otherwise 

noted.   

SPATIAL VARIATION 

We calculated the spatial variability in demographic parameters among sites using 

the coefficient of variation (CV = SD / mean) of site-specific demographic rates. For 

comparison with previously published studies, we also calculated spatial variability for 

the subset of sites with wildlife protection (NPs and MRC). We examined spatial 

variability at the regional scale and the continental scale by comparing our estimates and 
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their spatial variability with those from all published demographic studies conducted 

throughout the speciesô geographic range in Africa. 

LESLIE MATRIX POPULATION MODEL 

We constructed a female-based, age-structured, matrix population model for each 

site (Caswell 2001). The matrix population model has 5 ages, 1-year time steps, and birth 

flow reproduction (Fig. 6). For each site, we parameterized a matrix population model 

with fecundity and survival rate estimates from our data and the published literature. 

Annual calf survival from birth to age class 2 (S1), and adult female survival (SA) were 

computed from our site-specific seasonal survival rates. Subadult survival rates (S2-4) 

were calculated by increasing survival each year based on our age-specific survival curve 

from photogrammetrically measured animals (Fig. 6) until it was equal to local adult 

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

(c/AF)  Ὓ  Ὓ  0.5 (to represent birth flow reproduction and include only female 

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 fit in adult female (…  = 358, P < 0.001), adult 

male (…  = 221, P < 0.001), and calf (…  = 97, P = 0.006) encounter history data. 

Goodness-of-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 Cormack-Jolly-

Seber or Arnason-Schwarz model. The lack of fit we observed is typical of large datasets 

where individual differences inherent in any animal population are inevitably detected  
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Figure 6. Top: Life cycle graph of female giraffe used to create Leslie matrix 

population model with vital rates including fecundity (F), calf survival (S1), sub-adult 

survival (S2-4), and adult survival (SA). Middle: Leslie matrix population model. 

Bottom: Age-specific survival curve. 
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(Choquet et al. 2009), but we applied ὧǶȟ a variance inflation factor, that has no effect on 

parameter estimates, but increases variances to make the model selection process more 

conservative. We adjusted adult female ὧǶ = 2.0, adult male ὧǶ = 2.9, and calf ὧǶ = 1.5.  

We documented significant among-site spatial variation in giraffe density (Fig. 5), 

adult female survival (Table 1 and Fig. 7), and reproduction (Table 4 and Fig. 7). Adult 

male survival and calf survival did not vary significantly among sites, evidenced by the 

site model not outranking the constant model, and no significant spatial covariates 

(Tables 2, 3, and 4). Mean values across all sites were: adult female annual survival ὼӶ = 

Figure 7. Adult male, female, and calf annual apparent survival probabilities, and 

annual reproduction index (calves/adult female) at 5 sites in the Tarangire 

Ecosystem 2012ï2014. Error bars are ±1 SE. 
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0.847 ± 0.016; adult male annual survival ὼӶ = 0.841 ± 0.045; calf survival to age 1 year ὼӶ 

= 0.588 ± 0.054; and reproduction (calves/adult female/year) ὼӶ = 0.22 ± 0.03.   

Spatial covariate models indicated that adult female survival was positively 

correlated with anti-poaching efforts (Table 1; ɓ = 1.31, 95% CI = 0.73 to 1.89). Four 

adult male spatial covariate models were ranked above the constant model (Table 2), but 

none of the covariates were statistically significant as the 95% confidence intervals all 

included zero. Calf survival was positively correlated with distance from Mtowambu, the 

main bushmeat market town (Table 3; ɓ = 0.017, 95% CI = -0.002 to 0.036), but the 

effect was not statistically significant. No covariate models of reproduction explained the 

data better than the site-specific model (Table 4). 

Matrix population models revealed all populations are likely declining with finite 

rates of population growth (ɚ) < 1.0. The values of ɚ in NPs and MRC were much higher 

than in GCAs. Elasticities in each of the site-specific matrix population models indicated 

adult survival (SA) was by far the highest elasticity parameter (Table 5). Population 

growth rate was significantly correlated with adult female survival (r2 = 0.81, P = 0.04), 

but not reproduction (r2 = 0.02, P = 0.81) nor calf survival (r2 = 0.17, P = 0.48).  

  The spatial variability of site-specific demographic rates across all sites in our 

regional study area was moderate for adult female survival (CV = 0.21) and calf survival 

(CV = 0.26), and high for reproduction (CV = 0.48). When spatial variability was 

calculated only using estimates from the 2 national parks and MRC, variability in adult 

female survival was much lower (CV = 0.05), while variability in calf survival was 

largely unchanged (CV = 0.29), and variability in reproduction was much higher (CV = 

0.63). Estimates of adult survival, calf survival, and reproduction rates were available 
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from national parks across Africa, including the southern, eastern, and western extents of 

the speciesô range (Table 6 and Fig. 8). Adult female survival rates from protected areas 

across the range of giraffe were similar (ὼӶ = 0.90, SD = 0.03, CV = 0.03), but there was 

large range-wide variability in estimates of calf survival to age 1 year (ὼӶ = 0.45, SD = 

0.14, CV = 0.30), and reproduction (ὼӶ = 0.31, SD = 0.10, CV = 0.32).   

Discussion 

The spatial distributions of individuals and environmental conditions are often 

heterogeneous, which leads to variation in local population dynamics within larger 

regional populations. An understanding of these local population dynamics may help 

explain the dynamics of the larger population (Taylor 1961, OôNeill 1989, Sugihara et al. 

1990, Coulson et al. 1997). In our investigation of spatial variation in giraffe fitness 

components across a 4,400 km2 area, we found significant spatial variation in adult 

female survival and reproduction. Spatial variation in adult female survival was 

positively correlated with the spatial covariate of anti-poaching efforts.  

SPATIAL VARIATION IN DEMOGRAPHY AND THE TEMPORAL PARADIGM 

Adult female survival is typically the highest-elasticity parameter in ungulate 

population growth models, including our matrix population model for giraffe. The 

dominant paradigm for ungulate population dynamics over time holds that adult female 

survival has the highest elasticity, but its low variation causes it to contribute relatively 

little to changes in the population growth rate compared to juvenile survival or 

reproduction, which have low elasticities but high temporal variation, making them the 

primary determinant of realized population change (Gaillard et al. 1998, 2000, Gaillard 

and Yoccoz 2003, Raithel et al. 2007). We 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 the temporal demographic paradigm. In contrast 

to this paradigm, in the TE region we found giraffe adult female survival was highly 

spatially variable and significantly correlated with population growth rate. Similarly, 

Johnson et al. (2010) found that in 4 of 6 populations of bighorn sheep (Ovis canadensis 

sierra), adult survival explained the highest proportion of variation in population growth. 

Likewise, Nilsen et al. (2009) examined 8 populations of roe deer (Capreolus capreolus) 

and found variance in population growth rate was mostly driven by low and variable 

adult survival in declining populations. To date, few ungulate studies have observed such 

divergence from the temporal paradigm in the importance of different vital rates within or 

among populations (Albon et al. 2000, Coulson et al. 2005), but the implications of such 

variation for conservation and management purposes are critical.  

Pfister (1998) suggested that demographic rates were unlikely to be both highly 

variable and have a large effect on the growth rate of a population. However, this 

observation may be relevant only to stable or increasing populations. In declining 

populations it might be common for vital rates with the greatest elasticity also to be 

highly variable and have a large impact on population change, particularly when hunting 

or predation effects are present (Wisdom et al. 2000, Schmidt et al. 2005, Coulson et al. 

2005, Nilsen et al. 2009, Johnson et al. 2010). Our data support other studies on long-

lived species that documented population declines associated with decreases in adult 

survival (Wehausen 1996, Flint et al. 2000, Rubin et al. 2002, Pistorius et al. 2004, 

Wittmer et al. 2005, Nilsen et al. 2009, Johnson et al. 2010).  
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The relative contribution of different demographic rates to population growth may 

vary among populations of the same species, and within the same geographic region, and 

may not follow expectations from life-history theory (Johnson et al. 2010). Owen-Smith 

and Mason (2005) found that decreases in adult survival were responsible for African 

ungulate populations that transitioned from stable trajectories to declining ones. That this 

pattern was contrary to most other studies of ungulate dynamics was attributed to the fact 

that most investigations have been conducted in temperate zones with few or no natural 

predators, not tropical areas with a large suite of predators.  

Spatial variability in demography has been related to variability in resource 

quality (Fretwell and Lucas 1970), and anthropogenic factors have emerged as critically 

important influences on resource quality and thus animal populations worldwide (Foley 

et al. 2005). Spatial variation in demographic rates of ungulates has been previously 

documented for bighorn sheep (Johnson et al. 2010), roe deer (Focari et al. 2002, Nilsen 

et al. 2009), Soay sheep (Ovis aries; Coulson et al. 1999), red deer (Cervus elaphus; 

Coulson et al. 1997), caribou (Rangifer tarandus; Wittmer et al. 2007), and wildebeest 

(Connochaetes taurinus; Ndibalema 2009). Our work adds giraffe to the roster of species 

with documented spatial variation in demographic rates and points to poaching of adult 

females as a likely mechanism for observed population declines.   

SPATIAL VARIATION IN REPRODUCTION 

We found reproduction 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 other 4 sites due to abundant water supply from the 

adjacent highlands, and is composed of denser, shrubbier habitat compared with the other 



 
34 

sites (Greenway and Vesey-Fitzgerald 1969, Loth and Prins 1986, van de Vijver et al. 

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

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

sites, leading to greater fecundity. Vegetation differences may be contributing to spatial 

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

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

differences in reproductive rates. The high variability of reproduction also may play a 

role in spatial population dynamics of giraffe, but the observed pattern of reproduction 

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. 

DEMOGRAPHIC COMPARISONS ACROSS THE SPECIESô 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 ungulatesðhigh adult female survival with low variability, and low but 

variable reproduction and calf survival (Gaillard et al. 2000). This study examined spatial 

variation in demographic rates of adult female survival, calf survival, and reproduction 

among 5 sub-populations within a large, continuous, regional population. Our estimates 

of adult female survival in the TE were much more variable across sub-populations than 

estimates from protected areas across giraffeôs range in Africa. However, when we 

excluded GCAs from our study and computed variability only across local protected 

areas, the CV of survival became similar to the range-wide value. Estimates from across 

giraffeôs range were available only from protected areas, such as national parks, so the 

inclusion of non-protected GCAs could make the resultant regional spatial CV  
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Figure 8.  Summary of existing demographic estimates for giraffe in national parks 

across the speciesô range (ÑSE), data from this study are at far right. Top: adult female 

annual survival probability. Middle: calf survival probability to age 1 year. Bottom: 

reproduction as number of calves per adult female per year. Location definitions are 

given in Table 6. 
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values incomparable to values from protected areas. However, our estimates likely 

reflected more realistic conditions faced by most giraffe, as much of their remaining 

habitat lies outside protected areas, where anthropogenic factors such as poaching and 

habitat alteration are prevalent. Indeed, even in the Serengeti National Park, adult giraffe 

survival was believed to be affected by poaching (Strauss 2014). Local and range-wide 

spatial variability in other regions with increasing habitat fragmentation and human 

populations actually may be as high as we calculated when we included non-protected 

areas, because giraffe outside protected areas likely experienced a wider spectrum of 

environmental and anthropogenic factors that inevitably affected their demographic rates.  

The only continent-wide geographic pattern in demographic rates that emerged 

was that calf survival was significantly greater in East Africa relative to southern and 

western studies (Fig. 8). This could be due to differences in climate, vegetation, poaching 

style, or sampling methodology. We recommend the use of standardized PCMR survey 

and analysis protocols in sites across giraffeôs range, along with quantification of 

climatic, vegetation, and predation factors to clarify this discrepancy.  

CONCLUSIONS 

 This study documented significant spatial variation in giraffe demographic 

parameters of density, adult female survival, and reproduction. Point estimates of adult 

male survival and calf survival were also highly variable among sites, but not 

significantly so due to low precision of those estimates. We caution that data from this 

study encompassed a short time span and our estimates and conclusions may reflect 

transient dynamics that do not accurately characterize the longer-term population 

dynamics of giraffe in the TE. Continued monitoring is required to validate our findings. 
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Our matrix population models indicated that all sub-populations where we 

sampled are likely declining in the fragmented Tarangire Ecosystem, with spatial 

covariate models implicating poaching of adult females as the most likely proximate 

mechanism of this decline. Thus, 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 

Table 1. Selection results for spatial covariate models of apparent survival of adult female 

giraffe in 5 sites in the Tarangire Ecosystem, Tanzania, 2012ï2014. ȹqAICc is the 

difference in qAICc values between a model and the top-ranked model. W is model 

qAICc Weight, a metric for strength of evidence supporting a given model as the best 

description of the data. K is the number of parameters in a model. Anti-poaching is the 

only statistically significant covariate (ɓ = 1.31, 95% CI = 0.73 to 1.89). 

 

Apparent Survival Model ȹqAICc W 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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Table 2. Selection results for spatial covariate models of apparent survival of adult male 

giraffe in 5 sites in the Tarangire Ecosystem, Tanzania, 2012ï2014. ȹqAICc is the 

difference in qAICc values between a model and the top-ranked model. W is model 

qAICc Weight, a metric for strength of evidence supporting a given model as the best 

description of the data. K is the number of parameters in a model. No covariate was 

significant. 

 

Apparent Survival Model ȹqAICc 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 

 

  




