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Abstract
With the rapid pace of global warming, there is an urgent need to understand survival 
responses to climate, particularly for large mammals that are already experiencing popula-
tion declines associated with anthropogenic pressures such as poaching and habitat loss. 
We tested hypotheses about the interactive effects of local climatic anomalies (variations 
around a long-term mean) and proximity to edge of protected area boundaries on sea-
sonal adult and juvenile survival in a population of 2,385 individually identified giraffes 
monitored over 8 years in the Tarangire Ecosystem of northern Tanzania. Temperature 
anomalies were positively correlated with seasonal survival of adult giraffes, suggesting 
these megaherbivores are adapted to hot conditions. Higher seasonal rainfall anomalies 
were negatively correlated with both juvenile and adult survival, and greater vegetation 
greenness was associated with lower adult survival. During seasons of anomalously high 
rainfall and vegetation greenness, higher parasite and disease abundance, poorer-quality 
nutrition in forage, and higher predation risk may all play a role in lowering giraffe sur-
vival. Furthermore, climate-associated reduction in survival was most pronounced during 
the short rainy season for adult giraffes living closer to the edge of protected areas, indi-
cating that the influence of climate anomalies may be exacerbated by anthropogenic edge 
effects such as poaching or livestock keeping. Precipitation in East Africa is projected 
to increase substantially, with a greater proportion of rain falling during heavy events in 
the short rainy season, which may threaten persistence of giraffes in one of Earth’s most 
important landscapes for large mammals.

Keywords  Demography · Edge effects · Giraffa camelopardalis tippelskirchi · NDVI · 
Rain · Temperature
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Introduction

Demographic responses to climate are complex and vary among sexes and ages within a 
species (Clutton-Brock et al. 1985; Gaillard et al. 1997; Modafferi and Becker 1997) aris-
ing from differences in life-histories, physiology, developmental stage, and geographical 
area (Isaac 2009; Saether et al. 2013; Paniw et al. 2018, 2021). Vital rates also are affected 
by anthropogenic pressures like hunting (Milner et al. 2007; Wittemyer et al. 2013). An 
expanding body of literature is elucidating ways in which variation in temperature, rainfall, 
and primary productivity are linked to heat or cold stress, disease, changes in food quality, 
and human-wildlife conflicts, thereby interactively influencing demography (e.g., Sauer and 
Boyce 1983; Owen-Smith 1990; Watts and Holekamp 2009; Mumby et al. 2015; Woodroffe 
et al. 2017; Cohen et al. 2020, Rabaiotti et al. 2021; Titcomb et al. 2021; Paniw et al. 2022). 
Such information helps scientists and wildlife managers understand the processes driving 
differential population responses to climate change.

Large mammals are ecosystem engineers and keystone species through their ‘outsized’ 
effects on ecosystems (Fritz et al. 2002; Doughty et al. 2016). They are particularly vulnera-
ble to extirpation and extinction due to their vast land requirements and potential for conflicts 
with humans (Alroy 2001; Galetti et al. 2018). In the face of increasing human presence, the 
additional stressor of extreme fluctuations in climate could push already declining popula-
tions of large mammals closer to extinction, but little is known about the interactive effects 
of climate and anthropogenic pressures on demography of these animals. Very large-bodied 
animals such as megaherbivores, defined as plant-eating animals that can exceed 1,000 kg 
in mass (Owen-Smith 1992), may be especially susceptible to climate anomalies (variations 
from a long-term mean) as witnessed in elephants (e.g., African savanna elephants Lox-
odonta africana: Foley et al. 2008, Asian elephants Elaphus maximum; Mumby et al. 2013). 
Giraffes (Giraffa camelopardalis) are endemic African megaherbivores, and research has 
demonstrated how their demography is influenced by human activities (Strauss et al. 2015; 
Lee 2018) but their survival responses to climate variation have not been studied. Giraffes 
are long-lived (approximately 30 year; Lee et al. 2020) and slow breeding (Lee and Strauss 
2016). Adult female survival makes the greatest contribution to population growth rates 
(Lee et al. 2016a; Strauss et al. 2015), but juvenile survival can also be important to popu-
lation dynamics (Suraud et al. 2012; Lee et al. 2016a). Investigating survival responses to 
seasonal and spatial interactions with climate variation allows us to pinpoint fine-scale tem-
poral climatic processes influencing population dynamics of this megaherbivore.

Giraffes respond to many of the factors that drive population dynamics in other tropical 
and sub-tropical species, such as changes in vegetation, predation risk, disease prevalence, 
and poaching pressure (Turner et al. 2013; Strauss et al. 2015; Lee et al. 2016b; Muller 
2018), yet giraffes are singular in several respects. Very large animals can overheat (e.g. 
Asian elephants; Mumby et al. 2013), but the giraffe’s body shape and anatomy facilitate 
evaporative heat loss (Langman et al. 1979; Mitchell and Skinner 2004; Mitchell 2021). 
Like other herbivores, seasonality mediates resource use and movements of giraffes because 
their primary forage fluctuates in palatability and nutrient quality across space and time 
(Pellew 1984; Fennessey 2004; Levi et al. 2022), but giraffes can roam across vast areas 
(Knüsel et al. 2019). Like many savanna animals, giraffes are susceptible to mortality from 
diseases such as anthrax (Hampson et al. 2011; Turner et al. 2013) and Rift Valley fever 
virus (Evans et al. 2008; Fischer et al. 2013), with outbreaks influenced by heavy rainfall 
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(Wensman et al. 2015; Mwakapeje et al. 2018). Fecal-oral parasites are transmitted among 
animals aggregated at water sources (Mwakapeje et al. 2018; Titcomb et al. 2021), but 
giraffes are less water dependent than other ruminants (Mitchell 2021) and thus are less apt 
to congregate at water points (Titcomb et al. 2021). Therefore, survival responses of giraffes 
to fluctuations in temperatures, rainfall, or primary productivity may diverge from those 
seen in smaller ungulates or other megaherbivores.

Our aim here was to test hypotheses about how local seasonal climatic anomalies 
influence giraffe survival along a gradient of human presence in an East African savanna 
landscape. The literature suggests several potential mechanisms whereby local climatic 
anomalies might affect survival rates of giraffes. Temperatures may exert direct effects on 
animals via thermoregulation and heat or cold stress (Fuller et al. 2010; Speakman and Król 
2010). Disease transmission is often linked to rainfall or temperature extremes (Altizer et al. 
2006; Cohen et al. 2020) and fluctuations in rainfall levels influence foliage abundance and/
or nutrient availability in leaves (Breman and de Wit 1983; Olff et al. 2002). Each of these 
might affect giraffe health, either independently or synergistically. Other known sources of 
giraffe mortality include natural predation on juveniles (Strauss and Packer 2013; Lee et 
al. 2016a, b) but rarely on adults (B. Kissui, unpubl. data) and poaching of all age classes 
(Kiffner et al. 2015; Strauss et al. 2015) which might vary seasonally and spatially due to 
differential access or availability.

We analyzed a continuous 8-year dataset of 2,385 individually identified Masai giraffes 
(subspecies G. c. tippelskirchi or species G. tippelskirchi, Matschie 1898) inhabiting the 
Tarangire Ecosystem of northern Tanzania (Fig. 1) to investigate how seasonal anomalies 
in temperature, rainfall, and vegetation greenness (an index of primary productivity) were 
correlated with seasonal survival by sex and age class, and in interaction with proximity to 
human-dominated areas. We explored various moving windows of climatic variation (cur-
rent season, previous season, and current plus previous seasons) to account for potential 
lagged or cumulative effects on demography, and tested cohort-like effects of climate dur-
ing conception and early gestation (12 to 16 months prior to birth) on subsequent juvenile 
survival rates. We predicted the following directional effects of climatic anomalies:

H1  Negative temperature effects on survival due to overheating.

H2  Negative rainfall effects on survival due to increased parasite and disease prevalence 
(affecting all age classes) and/or increased predator stalking cover (affecting juveniles).

H3  Positive vegetation greenness effects on survival from increases in forage.

H4  Negative rainfall effects during wet seasons for giraffes roaming closer to the edge of 
protected areas due to increased disease from livestock and/or poaching.
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Fig. 1  Masai giraffe demographic study area in the Tarangire Ecosystem of northern Tanzania. Purple 
points are giraffe locations from mark-resight surveys conducted from 2012‒2020. White lines are survey 
tracks. Gray polygons are protected areas Tarangire National Park, Manyara Ranch, and Burunge and 
Randilen Wildlife Management Areas. Dark gray stars are livestock herder bomas (temporary settle-
ments), black polygons are towns comprising concrete structures, and black lines are tarmac roads. Open 
circle on inset of Africa shows approximate location of the Tarangire Ecosystem
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Materials and methods

Study area

Our study area included the northern portion of Tanzania’s Tarangire National Park, two 
adjacent Wildlife Management Areas, and Manyara Ranch, which together form the core of 
giraffe habitat in the Tarangire Ecosystem (Fig. 1). All parts of our study area were unfenced 
and connected by movements of giraffes (Lee and Bolger 2017). Latitude is 2°S to 5°S, 
longitude is 35°E to 37°E, and elevation ranges from 950 to 1200 m. Vegetation was pre-
dominantly semi-arid savanna composed of open grassland, woodland, riverine forest, and 
dense bushland (Pratt et al. 1966).

Field data collection

Pelage patterns can be used for identification of giraffes because they are individually 
unique and unchanging so their ‘marks’ cannot be lost (Foster 1966). We employed active 
photographic encounter surveys, systematically collecting data according to a strict sam-
pling protocol to produce equal sampling effort across time and space. We collected giraffe 
photographic data from January 2012 to February 2020 using the robust design, with two 
replicated (secondary) surveys during each primary sampling occasion, to improve preci-
sion of demographic parameter estimates (Pollock 1982). In northern Tanzania, there are 
three precipitation seasons per year [short rains = Oct–Jan, long rains = Feb–May, and dry 
season = Jun–Sep], so we assigned our sampling occasions to occur at the end of each of the 
three seasons to capture seasonal effects on survival. We conducted a total of six indepen-
dent surveys per year (three primary sampling occasions × two secondary sampling events 
within each primary occasion).

During surveys, we drove the same network of fixed route road transects throughout our 
study area (Fig. 1). We maintained a driving speed between 15 and 20 km/h on all transects, 
and all surveys were conducted by the same two observers (MLB and DEL). We sampled 
each road segment only one time in a given event, and systematically shifted the order and 
direction in which we sampled sites and road transects to reduce sampling biases. Our sam-
pling design of 14 days per primary sampling occasion (driving all roads twice), with 3.5 
months between sampling occasions, proved to be effective in providing precise estimates 
of demographic rates (Lee et al. 2016a, b; Lee and Bolger 2017). The study area size of 
~ 1,010 km2 was large enough to encompass multiple home ranges of giraffes (mean 114 
and 150 km2 for adult females and adult males, respectively; Knüsel et al. 2019), yet small 
enough to survey quickly to meet assumptions of closed populations for robust design. Road 
density throughout our study area was high (0.42 km/km2) relative to giraffe home range 
size, and our capture and recapture probabilities were sufficient (> 0.2). After the first six 
surveys, we had identified 96% of the adult giraffes in our study area (Bond et al. 2021), 
and each subsequent survey was subsampling from the total known population, as well as 
identifying newly born individuals.

When we encountered any giraffes, we ‘marked’ newly observed individuals or resighted 
previously observed animals by slowly approaching and photographing the giraffe’s right 
side. We recorded sex (male, female), GPS location, and age class (newborn 0–3 months, 
subadult 4 months to 3 years, or adult > 3 years) based on a suite of physical characteristics 
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(Strauss et al. 2015). We matched giraffe identification images using WildID, a freely down-
loadable computer program that matches large datasets of giraffe images collected using our 
protocols with low error rates (Bolger et al. 2012).

Local climate covariates

Our climate covariates included seasonal land surface temperature, rainfall, and normalized 
difference vegetation index (NDVI), a measure of vegetation greenness reflecting primary 
productivity. We expected that seasonal giraffe survival rates would respond to deviations in 
the local climate rather than to the raw values, so we used standardized seasonal anomalies 
as covariates. The covariates thus expressed local climate seasonal anomalies specific to 
each of the three annual seasons with a mean equal to zero and a standard deviation of one, 
making it easier to discern ‘normal’ versus ‘unusual’ conditions. Details on data sources and 
raw values and anomalies for climate covariates are provided in Supporting Information 
and Figures S1-S2.

In our demographic modeling we included various moving time windows of the covari-
ates to account for cumulative and lag effects on giraffe survival rates: the climate anomalies 
of the current season; one prior season; the current and one prior season combined; and—for 
juvenile survival—cohort-like effects of local climatic conditions during conception and 
early pregnancy, from 12 to 16 months prior (giraffe gestation period is ~ 15 months; del 
Castillo et al. 2005). In preliminary analysis we found covariates for 1 year prior (three 
seasons combined) poorly fit the data.

Estimating survival

We summarized the giraffe data into individual encounter histories, analyzed the encoun-
ter histories, and tested hypotheses following general methods of mark-resight data analy-
sis (Burnham and Anderson 2002; Amstrup et al. 2006; Cooch and White 2019) using the 
package RMark (Laake 2013) for R (R Core Development Team 2017). We created two 
encounter history datasets: (1) adults only: a known-sex, unknown-age group composed of 
giraffes first detected as adults (> 3 years), and (2) juveniles only: a known-age, known- and 
unknown-sex group composed of giraffes first detected as newborns (0–3 months). For both 
datasets, we estimated apparent survival probabilities, the probability that an individual 
alive in season t was also alive in season t + 1, given the individual remained on the study 
area. We grouped individuals by sex (for juveniles this included groups for males, females, 
and unknown sex) to test for sex differences in responses to climate conditions. For juve-
niles, we additionally included effects of age and age2 as well as season of birth in all 
models as these were included in top-ranked juvenile survival models in previous analyses 
(Lee et al. 2017).

We utilized the Pradel robust design model (with two secondary sampling events per 
seasonal sampling occasion) to provide estimates of seasonal apparent survival (S), tempo-
rary emigration (γ” and γ’), and detection probabilities (p and c) (Pradel 1996). We assumed 
a random emigration model, where a giraffe is as likely to leave as to enter the population 
(γ” equal to γ’, hereafter γ), and equal detection rates for the first and subsequent detec-
tion in a primary occasion (p equal to c, hereafter p). We also included spatial factors of 
mean distance to the edge of the study area as a covariate to detection, and mean distance 
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to the edge of protected area as a covariate to survival. We tested the fit of our data to a 
fully time-dependent model by calculating median ĉ (Cooch and White 2019). We ranked 
models using Akaike’s Information Criterion corrected for small samples (AICc) and used 
model weights (W) as a metric for strength of evidence supporting a given model as the best 
description of the data (Burnham and Anderson 2002).

Some individual giraffes reside closer to the edge of our study area boundaries, which 
may influence their detection probabilities due to temporary emigration from the study area. 
For each survey, we calculated every giraffe’s distance from the edge of the study area (in 
km), defined as 1 km from the outer edge of each of the outermost roads that we surveyed, 
using the Generate Near Table tool in ArcMap 10.8.1 (ESRI 2020). We included the mean 
distance (MeanDistSA), and a season × MeanDistSA interactive effect, as an individual spa-
tial covariate in γ and p following spatial capture-recapture methods (Royle et al. 2014). 
Additionally, giraffes residing closer to the edges of protected areas may be subjected to 
increased levels of poaching (Lee et al. 2016a), and increased exposure to livestock carry-
ing parasites and diseases (VanderWaal et al. 2014; Aruho et al. 2021), whereas juveniles 
living closer to the edges may evade predation because of lower predator densities outside 
the protected areas (Lichtenfeld 2005). Therefore, we included the mean of each animal’s 
survey-specific distance from the edge of the protected area boundaries (MeanDistPA) as 
an individual spatial covariate to survival, and a season × MeanDistPA interactive effect.

We adopted a multistep approach to build and select the best model structures for our 
analyses, as follows: (1) fixing S at full parameterization and selecting the best model of sex, 
year, and season, as well as age and age2 effects for juveniles, on temporary emigration (γ) 
and detection (p) probabilities; then (2) fixing temporary emigration and detection based on 
results from step 1 and selecting the best model with sex, year, and season, as well as age 
and age2 effects for juveniles, on S; then (3) fixing S, temporary emigration, and detection 
based on results from step 2 and testing for spatial effects on temporary emigration and 
detection; and finally (4) fixing temporary emigration and detection based on results from 
step 3, adding effects of season of birth and adding and testing our climate covariates of 
temperature, rainfall, NDVI, their interactions with sex and season (and age, age2, and sea-
son of birth effects for juveniles), and spatial effects on S. For juveniles, we also added a step 
5: fixing temporary emigration and detection based on results from step 4 and testing for age 
and climate covariate effects during conception (12–16 months prior to survey). This mul-
tistep approach allowed us to gradually increase the complexity of our model components, 
which led to the most parsimonious model structure to test our main hypotheses.

Results

We recorded substantial variation in seasonal anomalies of temperature, rainfall, and NDVI 
during the period beginning approximately one decade prior to and through to the end of 
our study (Supporting Information Fig. S2). No pair of local climate covariates were signifi-
cantly correlated (Pearson’s product-moment correlation = rainfall and temperature: -0.36, 
95% CI = -0.67 to 0.05, t = -1.81, df = 22, P = 0.08; rainfall and NDVI: 0.05, 95% CI = -0.365 
to 0.44, t = 0.23, df = 22, P = 0.82; temperature and NDVI: -0.33, 95% CI = -0.64 to 0.089, 
t = -1.62, df = 22, P = 0.12, Supporting Information Fig. S3), therefore our models included 
various combinations of the covariates.
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We used encounter histories for 1,248 adult giraffes (757 females, 491 males) and 1,137 
juveniles first observed as newborns (387 females, 427 males, 323 unknown sex) to estimate 
the sex-specific influence of local climate anomalies on seasonal survival rates. We found 
no evidence for lack-of-fit in the encounter history data, as estimated median ĉ was close 
to 1 for both datasets (adults = 1.19 with sampling SE = 412; juveniles = 1.02 with sampling 
SE = 391). Therefore, we retained ĉ = 1.0 for all model selection (Burnham and Anderson 
2002).

Temporary emigration and detection models that included mean distance to the edge of 
the study area ranked substantially higher (Supporting Information Table S1-2, Figs. S4-S5), 
so all climate covariate modeling included this spatial effect. Males showed higher tempo-
rary emigration rates than females (Supporting Information Figs. S4-S5), and unknown-sex 
juveniles showed higher temporary emigration and lower survival rates than known-sex 
juveniles (Supporting Information Fig. S5). Neonatal giraffes are difficult to determine sex, 
so it is likely that many unknown-sexed calves experienced mortality before we were able 
to assign sex.

Adult survival

The three top-ranked climate covariate models of apparent survival for the adult dataset 
all included a negative effect of higher NDVI anomalies in the season of survey (H3): the 
most parsimonious model carried more than four times the weight of the first model in the 
set without this covariate (Table 1). Weighted models (W > 0.01) included a negative effect 
of distance from the edge of the protected areas (MeanDistPA) and an interaction between 
season and MeanDistPA. The most pronounced adverse effect of higher NDVI anomalies 
was during the short rains for adults living closer to the edge of the protected areas (Table 1; 
Fig.  2). Weighted models also included a negative influence on adult survival of higher 
rainfall anomalies in the current survey (H2) with similar directional effects and seasonal 
interactions with MeanDistPA as NDVI (H4), as well as positive seasonally variable effects 
of higher temperature anomalies in the current season (H1) (Table 1; Fig. 2). No cumulative 
and lag effects of climate anomalies were evident. Adult males always had lower survival 
than females (Fig. 2).

Juvenile survival

The most parsimonious juvenile survival model included positive effects of age, and a nega-
tive influence of higher rainfall anomalies in the season of survey (H2) which varied by 
season and by MeanDistPA (H4). This model indicated positive effects of more rainfall dur-
ing the short rains for juveniles living farther from the edge of the protected areas (Table 1) 
but the effect size was slight (Fig. 3). All weighted climate covariate models for juvenile 
survival included a negative effect of rainfall anomaly during the current season (Table 1). 
Climate conditions during gestation did not significantly influence juvenile survival, and we 
found little support for models that included temperature (H1) or NDVI anomalies (H3), or 
cumulative and lag effects.
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Discussion

We documented biologically significant effects of local climate anomalies on survival rates 
of Masai giraffes in the Tarangire Ecosystem—climatic factors that are projected to fluctu-
ate more frequently and intensely in the future in East Africa (McSweeney et al. 2010; Cook 
et al. 2020). Our study demonstrated that adult—but not juvenile—survival was positively 
correlated with higher temperatures. We also showed significant negative effects of anoma-
lously high rainfall on both adult and juvenile survival rates, except for juvenile survival 
during the short rains. Contrary to our expectations, greener vegetation was correlated with 
lower adult survival, but had no detectable influence on juveniles. Our results also revealed 
seasonal spatial effects on giraffe survival related to proximity to the edge of protected area 
boundaries during the short rains. Animals roaming closer to the edge (where poaching and 
livestock-mediated disease risk is greater) had lower survival than animals roaming farther 
from human-dominated areas, and this was especially pronounced for adults (but not juve-
niles) when rainfall was anomalously high during the short rainy season. These complex 
and varied interactive effects of seasonal climatic variation and spatial factors on giraffe 
vital rates demonstrate how investigating correlations between climate and demography 
across both space and time can help illuminate some of the processes underlying population 
persistence in an era of rapid climate change.

Temperature

High ambient temperatures constrain dissipation of body heat (Speakman and Król 2010), 
which may be especially apparent in hot, arid environments (Fuller et al. 2010; Shrestha 
et al. 2014). We had predicted that being megaherbivores, both juvenile and adult giraffes 
would suffer from overheating and increased mortality during higher temperature anomalies 
(H1) but found that warmer seasons were correlated with higher adult survival.

Mitchell and Skinner (2004), Mitchell et al. (2017), and Mitchell (2021) provided com-
prehensive overviews of thermoregulation in giraffes and suggested that giraffes are more 
adapted to tolerate hotter rather than colder temperatures through an array of physiological 
and behavioral mechanisms (Fuller et al. 2010). At higher ambient temperatures, giraffes 
in Namibia sought shade or stood longitudinally to the sun which decreases radiant heat 
gain (Kuntsch and Nel 1990) and their locomotor activity was lower during hotter daytime 
periods (Hart et al. 2020). Mitchell et al. (2017) proposed that the giraffes’ unique narrow 
physique with long necks and legs enables convective and evaporative heat loss, and the 
structure of their nasal cavities and the carotid rete (Mitchell and Lust 2008) contribute 
to cooling. Giraffes also dissipate heat at their pelage spot patches, and have sweat glands 
(Mitchell et al. 2017; Mitchell 2021). In contrast, elephants lack sweat glands (Hiley 1975) 
and Asian elephants showed significantly lower survival during the hottest months in a 
35-year demography study in Myanmar (Mumby et al. 2013). Overall, Mitchell et al. (2017) 
posited that giraffes are more likely to have difficulty retaining rather than dissipating heat 
and our results generally support this supposition, at least for adults. Heat tolerance, or 
conversely cold intolerance, of giraffes may increase with developmental growth, as we 
found no effects of temperature on juvenile survival. The higher temperature anomalies 
experienced by giraffes during our study period appeared to be within their physiologically 
tolerable envelope. However, temperatures are expected to continue rising in the Tarangire 
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Fig. 3  Rainfall anomaly effects on Masai giraffe juvenile seasonal survival from the Tarangire Ecosystem, 
Tanzania 2012‒2019. PA distance is mean distance from the edge of the protected area (km). M = male; 
F = female, and U = unknown sex

 

Fig. 2  Climate anomaly effects on seasonal survival of adult Masai giraffes in Tarangire Ecosystem, Tan-
zania 2012‒2019. PA distance is mean distance from the edge of the protected area (km). M = male; 
F = female
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Ecosystem and elsewhere in the species’ range (IPCC 2022), and should extreme heat waves 
occur in the future, research may reveal threshold temperatures above which adverse effects 
on giraffes become evident.

Rainfall and NDVI

Bartzke et al. (2018) asserted that rainfall is the principal driver of the population dynamics 
of savanna herbivores by mediating plant biomass production and nutrient concentration, as 
well as diseases. In our analysis, we separated the influences of rainfall and NDVI anoma-
lies, which were not correlated in our study area. We had predicted that anomalously high 
rainfall might increase giraffe mortality, by contributing to higher predator stalking cover 
and/or higher rates of infectious disease (H2), and our results supported our prediction for 
both juveniles and adults.

Predator stalking cover  —Our juvenile survival results agree with a study of a Masai giraffe 
population in the Masai Mara of Kenya where road-based counts showed the number of 
newborns seen per adult female was highest in birth years preceded by low wet-season 
rainfall, and lowest in years preceded by high wet-season rainfall (Ogutu et al. 2013). Some 
rainfall during dry seasons was correlated with higher giraffe calf counts in Kruger National 
Park, South Africa (Owen-Smith et al. 2005), as well as higher calf densities in the Masai 
Mara (Ogutu et al. 2008). However, densities of calves in the Masai Mara declined dur-
ing excessive dry-season rainfall (Ogutu et al. 2008), indicating similar negative effects on 
calves of anomalously high rainfall as we found in our Tarangire population. Adult giraffes 
in the Tarangire Ecosystem are rarely killed by predators (B. Kissui, unpubl. data) but calves 
are vulnerable, thus higher than normal rainfall could impact juvenile giraffe survival either 
by increasing vegetative cover for stalking predators (Hopcraft et al. 2005) or by facilitating 
infectious disease (see below). We detected the strongest adverse effects of high rainfall on 
juvenile survival during the long rains, suggesting that stalking cover height as mediated by 
increased rainfall may indeed play a role in predation risk.

Infectious diseases  —Higher rainfall conditions may have increased parasite transition 
in both juvenile and adult giraffes, impairing health or causing mortality of already less-
healthy individuals (Titcomb et al. 2021). More rainfall was associated with increased rates 
of infectious diseases in other African ungulates: months of higher rainfall were correlated 
with greater lungworm intensity and Coccidia infection in Grant’s gazelles (Nanger granti) 
in East Africa (Williams et al. 2017). Internal parasites found in giraffes include flatworms, 
nematodes, and bacteria, some of which are transmitted through tick bites (Shorrocks 2016). 
Tick abundance tends to increase with above-average rainfall (Keesing et al. 2018). Mos-
quito-borne diseases that infect giraffes, like Rift Valley fever virus (Fischer et al. 2013), can 
be triggered by extreme or prolonged rains (Evans et al. 2008) during which large numbers 
of floodwater mosquitos emerge (Wensman et al. 2015; de Glanville et al. 2022). In Kenya, 
giraffes did not carry detectable Rift Valley fever virus antibodies except during a severe 
outbreak caused by heavy flooding (Evans et al. 2008). Rift Valley fever virus induces abor-
tion in pregnant animals and high mortality rates of neonates (Fischer et al. 2013). Giraffes 
are also susceptible to mortality from anthrax, caused by Bacillus anthracis (Hampson et 
al. 2011; Turner et al. 2013), and outbreaks often occur during wetter-than-average condi-
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tions for a system, when flooding unearths spores (Hampson et al. 2011; Huang et al. 2022). 
Huang et al. (2022) noted that the positive relationship between rainfall and anthrax cases 
occurs after short time intervals on the order of 1–2 weeks, consistent with water aggrega-
tion and transport of spores that would directly and immediately affect giraffe survival. Both 
Rift Valley fever virus (Wensman et al. 2015; de Glanville et al. 2022) and B. anthracis 
(Mwakapeje et al. 2018) were detected in humans, livestock, and wildlife in Arusha and 
Manyara regions of northern Tanzania during our study period, and anthrax was found in 
giraffe in the nearby Serengeti Ecosystem (Mwakapeje et al. 2018; Hampson et al. 2011), 
although no targeted research has been conducted on disease-caused mortality of giraffes in 
the Tarangire Ecosystem, with the exception of a study of skin disease on giraffe forelegs 
(Bond et al. 2016). However, gastro-intestinal parasites in giraffe dung in the Tarangire 
Ecosystem were elevated during the rainy seasons compared with the dry (Mkessa 2022). 
Titcomb et al. (2021) showed that eggs of ungulate fecal-oral parasites in central Kenya 
were more abundant in wetter locations during higher rainfall, and these conditions may 
have contributed to elevated giraffe mortality we documented in our study.

In contrast to adult giraffes, juvenile survival was not adversely affected by higher rainfall 
during the short rains. However, similar to adults, survival of young giraffes during the short 
rains was lower closer to the edges of the protected areas. This result suggests that some fac-
tor other than rainfall is associated with reduced juvenile survival at the edges of protected 
areas in the short rains (see seasonal spatial effects below). It may be that livestock-medi-
ated parasites emerge in the short rains that follow the dry season (Mkessa 2022), which 
negatively affects all age classes even during average local climate conditions, but that this 
negative effect is exacerbated only in adults during heavier rains.

Plant nutrient concentration  —Anomalously high vegetation greenness was significantly 
correlated with lower adult giraffe survival, which differed from our expectations (H3). 
Adverse effects of vegetation greenness might be explained by excessive plant growth 
that dilutes plant nutrient concentration (Olff et al. 2002). Experimental evidence showed 
that providing African savanna tree seedlings with supplemental water reduced the mean 
nitrogen, phosphorus, and potassium concentrations in leaves (Barbosa et al. 2014). Thus, 
plant growth that increases foliage biomass (reflected in higher values of NDVI) actually 
decreases leaf nutrient concentration, which may reduce forage quality for selective brows-
ers such as giraffes (Shorrocks 2016), potentially impacting survival of individuals in sub-
optimal health conditions.

The lack of this effect detected in juvenile giraffes could be because nursing calves are buff-
ered against variations in food resources (Fryxell 1987). In Southern Sudan, mortality of 
white-eared kob (Kobus kob leucotis) calves did not differ between a year of substantial pre-
cipitation and a year of drought (Fryxell 1987). In our case, browse quality may have been 
reduced during seasons of anomalously high NDVI but mother giraffes may still have been 
able to transfer needed nutrients to their offspring via their milk—this may have enabled 
their calves to survive at the expense of their own health.
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Seasonal spatial effects

Spatial effects can synergistically interact with climate to influence vital rates. One of our 
objectives was to determine whether seasonal survival of giraffe adults and juveniles was 
affected by distance to the edge of the protected areas where poaching pressure and live-
stock-mediated disease risk is higher (H4). We had expected that survival as a function of 
distance to the edge of protected areas would be lower during rainy seasons because mud 
can hamper vehicular anti-poaching patrols and human-dominated areas have high densities 
of livestock that are disease and parasite reservoirs (VanderWaal et al. 2014). We indeed 
found lower survival close to protected area edges during the short rains (Figs. 2 and 3). 
Natural predator densities, which primarily affect juveniles, are lower outside the protected 
areas (Lichtenfeld 2005). However, the interactive effects of protected area and season indi-
cated lower survival for juveniles closer to people during the short rains and a slightly posi-
tive effect of more rain on survival of all juveniles in the short rains, regardless of location.

Increased poaching of giraffes—especially of adults—during the short rains might coin-
cide with the beginning of the rainy season when ranger patrols are hampered by wet condi-
tions, or giraffe survival might be impacted when livestock-transmitted parasites emerge 
after the dry season. Indeed, giraffe gastrointestinal parasite intensity was significantly 
higher during the rainy seasons than the dry season in the Tarangire Ecosystem, with the 
highest parasite egg counts in giraffe dung samples recorded during the short rains (Mkessa 
2022). Targeted research on seasonal patterns of bushmeat poaching and parasite emer-
gence, and whether the parasites that emerge during the short rains are associated with 
livestock as well as lethal to giraffes, might elucidate specific mechanisms affecting sea-
sonal survival during local climate anomalies. Nevertheless, accounting for seasonal spatial 
effects revealed potential climate-correlated anthropogenic sources of mortality for adults 
and juveniles that warrants further investigation.

Climatic variation exacerbates existing anthropogenic threats in other regions of Africa 
(Watts and Holekamp 2009; Rabaiotti et al. 2021). Rabaiotti et al. (2021) showed that high 
ambient temperatures were associated with increased risks of African wild dogs (Lycaon 
pictus) being killed by people. A negative effect of rainfall on recruitment of spotted hyenas 
(Crocuta crocuta; Watts and Holekamp 2009) was attributed to retaliatory killing by pasto-
ralists in response to livestock depredation during wetter periods when natural prey became 
more dispersed. In the Tarangire Ecosystem, increasingly wet and muddy conditions may 
facilitate poachers along the boundaries of protected areas, or boundaries represent live-
stock-mediated disease and parasite reservoirs, contributing to further losses in this giraffe 
population.

Across East and southern Africa, the range of most subspecies of giraffes, mean annual 
temperatures have generally increased over the past several decades, and cold extremes 
have decreased in Southern Africa; these projections are expected to continue (IPCC 2022). 
Despite increasingly frequent droughts, mean annual rainfall also has increased across many 
areas of southern and East Africa, and this trend also is projected to continue. Demography 
studies of the southern giraffe populations should test the effects of local climate anomalies 
on survival rates to determine whether the patterns we detected in Tarangire are similar 
across the latitudinal range of the species.
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Conclusions

Species-specific responses to climate variation are expected to vary by life-history (Isaac 
2009; Paniw et al. 2021), as large, long-lived, slow-reproducing mammals with delayed 
maturity are theoretically more buffered from environmental variation than short-lived, fast-
reproducing species (Saether et al. 2013; Paniw et al. 2018). Survival of adult giraffes in 
the Tarangire Ecosystem was positively affected by higher seasonal temperature anomalies, 
possibly because their physical architecture is well-suited to heat dissipation, but adversely 
affected by higher rainfall anomalies and vegetation greenness, demonstrating that climate 
change could indeed act as a mechanism for population declines of this megaherbivore. Like 
other long-lived, slow-reproducing mammals, adult female giraffes are especially important 
to population growth and sustainability (Lee et al. 2016a). Climate anomalies that cause 
higher mortality of this critical segment of the population could reduce giraffe numbers if 
such anomalies occur more frequently. Extreme weather events in East Africa are becoming 
more common: annual and wet season severe droughts and floods in the Masai Mara have 
doubled since 1990 compared to the previous 30 years (Bartzke et al. 2018). Both rainfall 
and temperatures are projected to rise in Tanzania over the coming decades (Cook et al. 
2020), with a greater proportion of rain falling in heavy events during the short rainy sea-
sons (McSweeney et al. 2010; Cook et al. 2020) which is likely to threaten the sustainability 
of giraffe populations in this region. Some causes of adult giraffe mortality, such as poach-
ing for meat and body parts, can be more readily ameliorated than climatic conditions, by 
expanding anti-poaching measures and developing alternative livelihoods for people (Lee 
2018). Such management actions will become increasingly important for conservation of 
giraffes and other imperiled species as the many stressors of climate change intensify in the 
coming years.
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