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Abstract

Megaherbivores play “outsized” roles in ecosystem functioning but are vulnerable
to human impacts such as overhunting, land-use changes, and climate extremes.
However, such impacts—and combinations of these impacts—on population dynam-
ics are rarely examined using empirical data. To guide effective conservation ac-
tions under increasing global-change pressures, we developed a socially structured
individual-based model (IBM) using long-term demographic data from female giraffes
(Giraffa camelopardalis) in a human-influenced landscape in northern Tanzania, the
Tarangire Ecosystem. This unfenced system includes savanna habitats with a wide
gradient of anthropogenic pressures, from national parks, a wildlife ranch and com-
munity conservation areas, to unprotected village lands. We then simulated and pro-
jected over 50years how realistic environmental and land-use management changes
might affect this metapopulation of female giraffes. Scenarios included: (1) anthropo-
genic land-use changes including roads and agricultural/urban expansion; (2) reduc-
tion or improvement in wildlife law enforcement measures; (3) changes in populations
of natural predators and migratory alternative prey; and (4) increases in rainfall as
predicted for East Africa. The factor causing the greatest risk of rapid declines in fe-
male giraffe abundance in our simulations was a reduction in law enforcement leading
to more poaching. Other threats decreased abundances of giraffes, but improving law
enforcement in both of the study area's protected areas mitigated these impacts: a
0.01 increase in giraffe survival probability from improved law enforcement mitigated
a 25% rise in heavy rainfall events by increasing abundance 19%, and mitigated the
expansion of towns and blockage of dispersal movements by increasing abundance
22%. Our IBM enabled us to further quantify fine-scale abundance changes among
female giraffe social communities, revealing potential source-sink interactions within
the metapopulation. This flexible methodology can be adapted to test additional eco-
logical questions in this landscape, or to model populations of giraffes or other species

in different ecosystems.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

Glob Change Biol. 2023;00:1-20.

wileyonlinelibrary.com/journal/gcb


www.wileyonlinelibrary.com/journal/gcb
https://orcid.org/0000-0001-8500-6564
mailto:
https://orcid.org/0000-0002-1042-9543
https://orcid.org/0000-0002-1949-4448
http://creativecommons.org/licenses/by-nc/4.0/
mailto:derek@wildnatureinstitute.org
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.16970&domain=pdf&date_stamp=2023-10-11

BOND ET AL.

iy

KEYWORDS

demography, Giraffa camelopardalis, global change, individual-based modeling, population
dynamics, population viability analysis

1 | INTRODUCTION

Since the Late Pleistocene and early Holocene eras, human popu-
lation growth and overhunting have led to widespread extinctions,
particularly of megafaunal species (Alroy, 2001; Ripple et al., 2015).
Local extirpations of remaining populations of megafauna will
likely facilitate co-extinctions and drastically alter ecological
systems because of the diversity of interactions and important
functional roles played by large animals (Galetti et al., 2018).
Megaherbivores—plant-feeding animals that can attain an adult
body mass of at least 1000kg (Owen-Smith, 1988)—comprise a
trophic group that dominates the mammal biomass in African sa-
vannas, particularly in ecosystems with high rainfall and nutrient-
poor soils (Fritz et al., 2002). They have “outsized” impacts on
their ecosystems, shaping vegetation characteristics such as
woody plant spinescence and species composition (Augustine &
McNaughton, 2004; Strauss et al., 2015), spreading nutrients and
seeds over vast areas (Bunney et al., 2017; Doughty et al., 2016),
and maintaining mutualisms that improve tree growth and survival
(Palmer et al., 2008). Anthropogenic pressures like overhunting
and habitat destruction as well as recent human-caused climate
changes comprise serious threats to African megaherbivores
(Bond et al., 2023; Boult et al., 2019; Foley et al., 2008; Muller
et al., 2018; Ripple et al., 2015). However, it is not well under-
stood which among those pressures are most important in medi-
ating demographic rates and driving population declines because
such pressures, in particular combinations of pressures that may
further exacerbate extinction risks, are rarely analyzed together
(but see Boult et al., 2019). Understanding the drivers of mega-
herbivore population dynamics and extinction risks in a rapidly
changing world will expedite evidence-based management and
conservation of these ecologically critical animals and their eco-
system services in the 21st century.

Wildlife managers are in urgent need of quantitative assess-
ments of the vulnerability of megaherbivore species to global
change; for instance, only 10% of IUCN mammal assessments
used quantitative population biology (Paniw, James, et al., 2021).
There is also a need to improve predictive models with empirically
derived data on key mechanisms like demography (births, deaths,
and movements) and biotic and abiotic interactions to aid in con-
servation management decision-making, but a primary obstacle is
that much of these data are unavailable (Lasky et al., 2020; Urban
et al., 2016). Long-term demographic studies of individually rec-
ognized organisms are rare—especially for long-lived animals with
slow life histories—but invaluable for providing the data to param-
eterize predictive models and realistically project extinction risk
(Beissinger & McCullough, 2002; Clutton-Brock & Sheldon, 2010;
Morris & Doak, 2002).

Structured population models, which are parameterized from
age- or stage-specific demographic rates and then project popula-
tion dynamics in discrete time steps (Legendre, 2020), have been
used for quantitative conservation assessments of populations
(e.g., polar bears Ursus maritimus: Hunter et al., 2010). At the same
time, such models cannot incorporate individual interactions,
especially for populations with complex social structure (Paniw
et al., 2022), including movements among social groups (Bauduin
et al., 2020; Conner et al., 2008). Individual-based models (IBMs)
are able to capture spatial and temporal changes in multiple indi-
vidual traits and interactions and scale such changes to changes
in social-group living and population persistence (Grimm & Rails-
back, 2005). IBMs can also more easily incorporate demographic
stochasticity and its effects on population persistence, which can
be of particular importance in declining populations of conser-
vation concern (Paniw, Cozzi, et al., 2021). Here, we developed a
stochastic, socially structured IBM to simulate population dynam-
ics and explore extinction risks for a megaherbivore, the giraffe
(Giraffa camelopardalis), inhabiting a coupled human-natural Afri-
can savanna landscape. We parameterized the IBM with data on
social structure and individual survival, reproduction, and move-
ment probabilities gleaned from a long-term demographic study
of a metapopulation of thousands of Masai giraffes (G. c. tippel-
skirchi [subspp.] or G. tippelskirchi [spp.]) in the human-influenced
Tarangire Ecosystem of northern Tanzania (Lee & Bond, 2022; Lee
et al., 2022).

Earlier research offered insights about some of the environmen-
tal mechanisms mediating variation in demographic rates of giraffes
in this landscape. These mechanisms included natural factors like
season of birth (Lee et al., 2017), natural predation pressure (Lee,
Kissui, et al., 2016), and rainfall anomalies (Bond et al., 2023). An-
thropogenic factors such as land use (Lee, Bond, et al., 2016) or
proximity to human settlements (Bond, Konig, Ozgul, et al., 2021,
Bond, Lee, Farine, et al., 2021; Bond, Lee, Ozgul, et al., 2021; Knu-
sel et al.,, 2019) also influence demographic rates. These studies
provided robust estimates of components of the demographic pro-
cesses, some ecological and anthropogenic factors driving those
processes, and potential selective forces. However, as yet no study
has examined how changes in these factors—and combinations of
these factors—might affect long-term population persistence of this
endangered megaherbivore (Bolger et al., 2019).

Studies of giraffe demography in other regions of Africa have oc-
curred within protected national parks (Brown et al., 2019; Strauss
et al., 2015) or had very small populations (<200 individuals: Suraud
et al.,, 2012; Muller, 2018), but the unfenced Tarangire study area
supports thousands of giraffes and encompasses savanna habitats
with a wide gradient of anthropogenic pressures, from areas deep in-
side national parks to unprotected village lands. Thus, the Tarangire

95U8217 SUOLULIOD SAIES1D) 3 (el |dde ay) Ag pousenob ale s3ja1Le WO ‘8sN JO S3|NJ oy Alelg1 SUIIUO 8|1 UO (SUONIPUOI-pUe-SWS)W0d" A3 | Alelg 1 BU1|UO//:SA1Y) SUOIIPUOD pue SWie | 84} 89S *[£202/0T/TT] Uo Ariqiqaulluo AS|IM ‘1591 AQ 0269T GOB/TTTT OT/I0P/L0D A8 IM Akeiq 1 jpul|uo//sdny Wwoj pspeoiumod ‘0 ‘9872S9ET



BOND ET AL.

Ecosystem is representative of the current mix of anthropogenic
threats and conservation opportunities across the range of giraffes
in Africa. Our first objective was to integrate environmental data
with knowledge of female giraffe metapopulation social structure
and their demographic responses to the main anthropogenic pres-
sures, in order to project population abundances under various real-
istic future land-use and climatic scenarios. We focused on females
because they contribute the most to population dynamics in polyg-
ynous, long-lived mammals (Caswell, 2006). The scenarios included
increased human presence in giraffe habitats, loss of connectivity
among habitats, reduced or increased anti-poaching law enforce-
ment measures, and changes in natural predation pressures and
local rainfall. Our second objective was to explore whether targeted
management actions could mitigate the negative effects of some of
the more severe anthropogenic threats. A deeper understanding of
the mechanisms that exert the strongest influences on abundance,
as well as potential mitigations, will help managers develop targeted
conservation actions to effectively sustain giraffes in this system
under global change. Furthermore, this flexible methodology can be
adapted to test additional scenarios in this landscape, or to model

populations of giraffes or other species in different ecosystems.

2 | MATERIALS AND METHODS
2.1 | Study system

We developed an IBM parameterized with demographic data from
the Masai Giraffe Project (Lee & Bond, 2022; Lee et al.,, 2022;
Table 1), one of the biggest individual-based demographic studies
of a large mammal, with more than 3100 giraffes of all sexes and
age classes reliably identified over 8years in an unfenced 4500 km?
area of the Tarangire Ecosystem in Tanzania (latitude 3.27°-4.08°S
and longitude 35.73°-36.23°E). Like other East African savan-
nas, Tarangire has three distinct precipitation seasons but unpre-
dictable amounts of seasonal rainfall (Foley & Faust, 2010; Prins
& Loth, 1988). Our simulated population represents the socially
structured female giraffe metapopulation within and surrounding
Tarangire National Park and Manyara Ranch, which together con-
stitute the core giraffe habitat in the system (Lee & Bond, 2022).
Tarangire National Park allows tourism but no livestock or land con-
versions and has high levels of law enforcement efforts. Manyara
Ranch and two community wildlife management areas adjacent to
Tarangire National Park permit tourism and livestock but no land
conversions and have intermediate levels of law enforcement. The
remaining areas are unprotected village lands with livestock, land
conversions, human settlements, and low levels of law enforcement
(Lee & Bond, 2022; Figure 1a). Giraffe habitat outside the protected
areas has been conserved by traditional pastoralists, or increasingly
degraded by agriculture, charcoal making, busy tarmac roads, and
other human activities (Msoffe et al., 2011). The entire area is un-
fenced so giraffes can roam freely throughout the landscape (Lee &
Bolger, 2017).

oo, MOEMIE

2.2 | Individual-based model for giraffes

IBMs simulate the fate of individuals interacting with each other
or their environment, and population-level results emerge from
individual-level simulations (Railsback & Grimm, 2012; Revilla, 2020).
These models are built as a series of submodels that represent a
component of the life cycle of the species, such as a survival sub-
model, or an external factor that influences the population struc-
ture (Bauduin et al., 2020). Our model describes giraffe population
dynamics using a stochastic, socially structured IBM and projects
how populations respond to a set of external changes. The IBM al-
lowed us to easily (without parameterizing large, age-specific matrix
meta-population models) account for individual age and association
with a social community in demographic rates. We could also eas-
ily account for demographic stochasticity. It is possible to incorpo-
rate demographic stochasticity into MPMs and IPMs, but this can
jeopardize the analytical tractability of these models (Ovaskainen
& Meerson, 2010). Lastly, the flexible parameterization of IBMs al-
lows us to use this model as a foundation upon which to expand
with more complex parameterizations as data become more readily
available, including tracking how individual social group status af-
fects dispersal success or how individual parent-offspring interac-
tions affect reproductive success.

Our methodological steps involved designing, parameterizing,
and validating a core model that reasonably reflected the observed
short-term dynamics of the Tarangire giraffe metapopulation, and
then testing the effects of environmental changes on extinction
risk by altering demographic parameters in the core model based on
known responses to external influences and examining abundances
over a time frame of 50years. These steps are summarized below,
but we provide additional details in Supporting Information, includ-
ing fuller background on the life history of giraffes (Supporting Infor-
mation 2), the socio-ecological drivers of giraffe demographic rates
in the Tarangire Ecosystem (Supporting Information 3), and a com-
prehensive Overview, Design concepts, and Details (ODD) protocol
(Grimm et al., 2006, 2010) of our individual-based modeling process
(Supporting Information 4).

2.3 | Core model design and parameterization

For the design phase (Revilla, 2020), we first constructed a life-
cycle graph to describe female giraffes in equatorial Africa with a
discrete time interval of 4 months to match the three precipitation
seasons (Figure 2a; Figure S1). Giraffes in the life-cycle graph exist
in 4-month age classes where survival and reproductive rates vary
according to age class.

Female giraffes in the Tarangire Ecosystem exhibit social
structure, with preferred and avoided relationships that scale up
to nine spatially overlapping yet modular social communities of
ca. 60-90 individuals in our study area (Figure 1b) in which mem-
bership is stable over time (Bond, Konig, Lee, et al., 2021; Bond,
Lee, Ozgul, et al., 2021) and that exhibit different demographic
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TABLE 1 Parameters used in the giraffe IBM survival and dispersal submodels, showing linear coefficients (underlined) or change to
coefficient (bold) used to predict survival and dispersal rates and adjustments to predicted survival rates estimated in 4-month times steps,

and literature references.

Parameter Submodel  Variable

Calf (seasons 1-3) and subadults (seasons 4-12)

Age Survival Survival by each 4-month time step

2

Age Survival Survival increases with age

Season of birth

Linear coefficient (or change to coefficient) used in
submodels applied to all social communities (SE)

03
(0.072)

-0.005
(0.004)

Dry Survival Survival highest for calves born in dry season, lowest in long rains 0.26
(0.04)

Short rains 0.13
(0.04)

Long rains 0

Predation pressure Survival

Predation higher in TNP in long and short rains

(calves only)
Predation lower in TNP in dry season
Social community Survival Survival of calves varies by Adult Female Community
effect

Population density Survival
indiscriminate population growth

Rainfall Survival Higher rainfall anomalies reduce survival

Dispersal (subadult, Movement Probability of socially dispersing
13 seasons)

Adult (seasons 13-87)

Social community Survival
effect

Population density Survival
indiscriminate population growth

Rainfall Survival Higher rainfall anomalies reduce survival

Lower survival when community density reaches 150 to prevent

Lower survival when community density reaches 150 to prevent

When density >150 then add -1.0 to intercept
(calves) and-0.7 (subadult)

-0.061
(0.03)

0.13

Survival of adults varies by Adult Female Community

When density >150 then add -0.5 to intercept

-0.466
(0.107)

Note: SE (italics) is standard error used for analysis of parameter uncertainty. Values were either applied to all communities or differed among social
communities. Blank cells indicated no change to linear coefficients or adjustments to predicted survival rates.

Abbreviations: Social communities; Central TNP, central Tarangire National Park; N MR, northern Manyara Ranch; NNE TNP-LGCA,
north-northeastern Tarangire National Park and Lolkisale Game Controlled Area; NNW TNP, north-northwestern Tarangire National Park; SE MR,
southeastern Manyara Ranch; SSE TNP-LGCA, south-southeastern Tarangire National Park and Lolkisale Game Controlled Area; SW MR,
southwestern Manyara Ranch; SW TNP, southwestern Tarangire National Park; W TNP, western Tarangire National Park.

Super-communities: MR, Manyara Ranch; N TNP, northern Tarangire National Park; S TNP, southern Tarangire National Park.

rates (Bond, Konig, Ozgul, et al., 2021). Adult males moving among
groups connect female communities into three mixed-sex super-
communities, each incorporating three female social communities
(Lavisa Ferres et al., 2021 and Figure 1b). Thus, our IBM was so-
cially structured, with survival varying among the social commu-
nities. Females sometimes disperse from their natal community
when they reach 4years of age (Bond, Lee, Ozgul, et al., 2021),
which we incorporated into our core model. We chose not to make
our model spatially explicit because individual movements of gi-
raffes within each of the communities across seasons is not well

known, while the location of the communities which determines
the demographic rates is relatively stable. However, spatial vari-
ation is implicitly represented by dispersal and social community
membership, as some communities are located relatively closer to
the edge of the protected area boundary, human settlements, busy
tarmac roads, or proposed railway and pipeline routes, affecting
demographic rates of female giraffes in our model (Figure 1a,b).
Temporal variation in demographic rates is incorporated as sea-
sonal rainfall anomalies affecting all social communities equally,

and spatiotemporal variation is included in the influence of natural
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Adjustments to predicted survival rates used in submodels (SE) for each social community and super-community

ST v -

References

W TNP SW MR N MR SE MR NNW TNP SW TNP Central TNP SSE TNP-LGCA NNE
TNP-LGCA
1red 2 light 3 blue 4 orange 5 mint green 6 dark blue 7 yellow 8 blue- green 9 black
green
N TNP MR MR MR N TNP STNP STNP STNP N TNP
Sc2 SC3 SC3 SC3 Sc2 SC1 SC1 SC1 SC2
Lee et al., (2017)
Lee et al. (2017)
Lee et al. (2017)
-0.1(0.0¢) 0(0.06) 0(0.06) 0(0.06) -0.1(0.0¢) -0.1(0.0¢) -0.1(0.0¢) -0.1(0.06) -0.1(0.0¢) Lee, Kissui,
et al. (2016)
0.03(0.007) 0(0.007)  0(0.007) 0(0.007) 0.03(0.007) 0.03(0.007) 0.03(0.007) 0.03(0.007) 0.03(0.007)
0.046 0.036 0.046 0.036 0.006 (0.002) -0.074 (0.002) -0.034(0.002) -0.044(0.002) -0.015(0.002) Bond, Kdnig, Ozgul,
(0.002) (0.002) (0.002) (0.002) etal. (2021)
Bonenfant
etal. (2009)

0.005(0.0002) 0(0.0002) 0(0.0002) 0.0075(0.0002) 0.005(0.0002) 0.0075(0.0002) 0.01(0.0002)

predation pressure on giraffe calves, which differs by dry versus
wet seasons and in Manyara Ranch versus Tarangire National Park
(see Table 1).

Our core IBM submodels include survival, reproduction, and dis-
persal (Figure 2b and Supporting Information 4 D7 Submodels). State
variables include age (in seasons) and social community membership.
Individuals transition through the life cycle, with lower level deter-
minants of the demographic rates (e.g., age, rainfall, land use, pre-
dation) governing their transitions. After each time step in the IBM,
abundance by age class and community is the emergent property.

Bond et al. (2023)

Bond, Lee, Ozgul,
et al. (2021)

0.005 (0.0002) 0.01(0.0002) Bond, Kénig, Ozgul,

etal. (2021)

Bonenfant
etal. (2009)

Bond et al. (2023)

Demographic rates we use in the core IBM are summarized here
and presented in Table 1, but for further details, please see Sup-
porting Information 3. Giraffes are long-lived (up to approximately
30years; Lee et al., 2020) and slow breeding, with females producing
their first offspring at about éyears of age with a mean interbirth
interval of 20months (Lee & Strauss, 2016). They are typically cat-
egorized into three age classes including calf (first year of life), sub-
adult (2nd through 5th years of life), and adult (6years and older).
For the calf and subadult survival submodels, we included effects
of covariates including age and age’? because survival increases
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FIGURE 1 Tarangire Ecosystem, Tanzania. Inset (red point) is location within Africa. (a) Light green polygons are protected areas Manyara
Ranch, Tarangire National Park, and Randilen and Burunge wildlife management areas. Black polygons are towns and developed areas

with hardened concrete buildings, gray points are bomas (traditional livestock herder compounds made of natural materials like wood,

mud, and cow dung), and gray lines are major tarmac roads. Orange points are locations of Masai giraffes recorded from 2012 to 2020.

(b) Colored points are locations of members of nine adult female social communities that overlap in space but are socially discrete: each
community—depicted in a different color—consists of ca. 60-90 adult female giraffes. Blue, pink, and purple open polygons are three mixed-
sex super-communities. Each super-community encompasses three adult female social communities. Community and super-community
colors correspond with locations and numbers in Table 1. Map lines delineate study areas and do not necessarily depict accepted national

boundaries.

with age (Lee et al., 2017); season of birth, with highest survival for
calves born in the dry season and lowest for those born in the long
rains (Lee et al., 2017); natal social community (Bond, Kénig, Ozgul,
et al., 2021); predation pressure affecting survival of calves, which is
constant for communities in Manyara Ranch but higher during the
wet seasons and lower during the dry seasons in communities in Ta-
rangire National Park due to the presence or absence of migratory
ungulates (Lee, Kissui, et al., 2016); and rainfall, with lower survival
during higher rainfall anomalies (data from Bond et al., 2023). For
the adult survival submodel, we included effects of the covariates
social community membership (Bond, Kénig, Ozgul, et al., 2021; Lee
& Bond, 2022) and rainfall anomalies (data from Bond et al., 2023).
To calculate rainfall anomalies (variation around a mean of zero from
2001 to 2022), we used Climate Hazards Group InfraRed Precipi-
tation with Station (CHIRPS) data produced by the USGS Earth Re-
sources Observation and Science (EROS) Center (https://earlywarni

ng.usgs.gov/fews). We then sampled from the dataset of observed
seasonal rainfall anomalies from 2001 to 2022 for the effect on sur-
vival rates for the core model. The survival rates were linked to the
current season's rainfall anomaly, as Bond et al. (2023) found no ev-
idence for cumulative or lag effects of anomalies from the previous
two and three seasons.

We incorporated negative density dependence in the survival
submodels such that if the total community population size ex-
ceeds 150, survival of all age classes is reduced to reflect habitat
carrying capacity, with calves, subadults, and adult females expe-
riencing, respectively, lower reductions in density-dependent sur-
vival (calves=-1.0, subadults=-0.7, adults=-0.5; Table 1) because
younger age classes are more sensitive (Bonenfant et al.,, 2009).
Maximum age for our giraffes is 87 seasons (equates to 30years),
after which the individual is removed from the population (Lee
etal., 2020).

95U8217 SUOLULIOD SAIES1D) 3 (el |dde ay) Ag pousenob ale s3ja1Le WO ‘8sN JO S3|NJ oy Alelg1 SUIIUO 8|1 UO (SUONIPUOI-pUe-SWS)W0d" A3 | Alelg 1 BU1|UO//:SA1Y) SUOIIPUOD pue SWie | 84} 89S *[£202/0T/TT] Uo Ariqiqaulluo AS|IM ‘1591 AQ 0269T GOB/TTTT OT/I0P/L0D A8 IM Akeiq 1 jpul|uo//sdny Wwoj pspeoiumod ‘0 ‘9872S9ET


https://earlywarning.usgs.gov/fews
https://earlywarning.usgs.gov/fews

BOND E AL. 7
il % Global Change Biology AWVA| LEYJ—
(a)
my
m, \
S S, S;( Seiy So . S Ss“
% % > - v 4 y A v 4
? 4 months ] 4 months ? 4 months I 4 months Ip 4 months 4 months

FIGURE 2 (a) The age-classified life cycle for female giraffes is 4-months time steps: S, =survival rate, m,=reproduction, p=age at first
breeding, k=adult, where i=seasonal time step. (b) Diagram of initialization and submodels of survival, reproduction, and dispersal for core
socially structured and spatially implicit individual-based model of giraffe population dynamics. After initialization, the temporal loop begins
with the short rains. Individuals survive at rates affected by current season, season of birth, rainfall, predation risk, population density of the
community, and proximity to human settlements. Surviving adult females reproduce with a sex ratio of 1:1 and female calves are added to
the population. Subadults aged 13 seasons (SA4) remain in their natal community or disperse, and the temporal loop begins again.

Little is known about factors influencing individual reproduc-
tive rates and success in wild giraffes, so in our model individual
calves are not linked to individual mothers. Instead, an adult fe-
male produces a calf and the calf, if female, is added to the popu-
lation and survives probabilistically, but we include no individual
effects on the mother such as a cost of reproduction or the onset
of estrous immediately after a calf dies. For simplicity, each adult
female in our simulated population reproduces at the same rate.
Females begin giving birth at age 19 seasons (= age 6years) and
produce a single calf then and subsequently every five seasons.
Calf sex is randomly allocated at a 50:50 ratio, and male calves are
immediately removed from the population. Some subadults aged
13 seasons (= age 4 years) are randomly selected with a probability
of 0.13 to switch social community in an instance of natal dispersal
(Bond, Lee, Ozgul, et al., 2021).

2.4 | Core model implementation

We started with an initial population of 1000 female giraffes dis-
tributed in the nine social communities and ran 1000 simulations of
the population for 50years (150 seasons), which is approximately
five giraffe generations (Suraud et al., 2012; Muller et al., 2018). At
initialization, the age distribution in all communities reflected the
observed age distribution and abundances of the actual Tarangire
metapopulation (Bond, Kénig, Ozgul, et al., 2021; Lee & Bond, 2022).
See Supporting Information 4 Table S2 for initial age class distribu-
tion in each community/super-community and Supporting Informa-
tion 4 D5 for initialization details. We randomly selected females
that were 219 seasons old in the initial population to have a female
calf between the ages of 1.5 seasons, based on the age structure in

each community that we observed from our field data. In each time
step of the simulation, individuals survived and aged. Conditional on
survival, a mother was assigned a “reproductive countdown” (rep-
Count) according to the age of her calf. After she produces a calf
at repCount=0, the mother is subsequently assigned repCount=6
at the next time step and she cannot birth again until her repCount
returns to 0. This is to ensure mothers with young calves are not
available to give birth again, but every adult female gives birth after
five seasons have passed (Lee & Strauss, 2016).

In sum, each giraffe is imbued with individual traits including:
(1) unique ID; (2) age in seasons (=4-month steps); (3) reproductive
countdown (repCount) for mothers to ensure those with calves can-
not produce for another five seasons (=20-month interbirth inter-
val); and (4) adult female social community (=9) with different survival
rates, as well as natal dispersal movements among the communities
for a subset of subadults aged 13 seasons.

As model outputs, we recorded age class- and community-
specific abundances for each season; as well as extinction, defined
as when population declined to <1 individual. We incorporated sto-
chasticity by sampling from a binomial distribution for survival and

dispersal rates (see Supporting Information 4 O2).

2.5 | Core model validation and sensitivity analysis

We evaluated whether our simulated population generally reflected
the “real-world” giraffe population trends in the Tarangire Ecosystem
by performing both in- and out-sample comparisons with core model
output (Grimm & Railsback, 2005). Our in-sample validation com-
pared community-specific abundances and lambdas (L=population
growth rate) derived from mark-resight analysis of empirical data of
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giraffes from 2012 to 2016 in our study area, with community-specific
abundances and A from the core IBM simulations. Our out-sample
validation compared the simulated population trend with the metap-
opulation trend based on an independent dataset from the Tarangire
Ecosystem from 1980 to 2011 (Lee & Bond, 2016). After validating
that the simulation from our core model adequately represented ob-
served patterns of giraffe abundances over time, but before the final
step of exploring external drivers of giraffe population dynamics, we
assessed the sensitivity of giraffe abundance to age class-specific
survival, reproduction, and dispersal (Grimm & Railsback, 2005; Re-
villa, 2020). We ran 100 simulations of the IBM where we decreased
and increased predicted demographic rates by a small fixed amount
in each iteration. Details can be found in Supporting Information 5

Validation and Supporting Information 6 Sensitivity Analysis.

2.6 | Scenarios of impacts of environmental change
on the giraffe metapopulation

Giraffe demographic rates in the Tarangire Ecosystem exhibit sig-
nificant spatial and temporal variation resulting from dynamic envi-
ronmental conditions (summarized in Lee et al., 2022). Our core IBM
incorporates the influence of climate and anthropogenic activities on
giraffe demographic rates that we learned from previous research,
enabling us to then explore how varying these factors might affect
abundances and extinction risk and how targeted management ac-
tions might mitigate some of the potentially severe effects. Thus, our
final step was to use the IBM to simulate population dynamics after
modifying demographic rates under different scenarios, and exam-
ine abundances over time.

We based our scenarios on realistic threats to giraffes in the Ta-
rangire Ecosystem. The possibilities of a pipeline and/or railroad track
bisecting the landscape have been proposed, and the tarmac road be-
tween Tarangire National Park and Manyara Ranch, which leads to Tan-
zania's capital city of Dodoma, has been growing in size as government
headquarters were recently moved there (starting in 2016) from the
coastal city of Dar es Salaam. These infrastructures would pose serious
barriers to movements for giraffes and other wildlife in the heart of the
system, which we modeled here by blocking dispersal but might also
impact giraffes by reducing survival of dispersers. The human popula-
tion in the Tarangire Ecosystem has increased at a >3% annual growth
rate from 1978 to 2002 (Msoffe et al., 2011), and consumption of il-
legally obtained bushmeat is widespread among the local population
(Kiffner et al., 2015). Finally, high rainfall anomalies from 2012 to 2020
were correlated with lower giraffe survival, possibly due to increased
parasites and diseases (Bond et al., 2023). We tested the effects of the
following scenarios on giraffe abundances and extinction risk (Table 2):
(1) An expansion of human presence in towns in the study area, which
increases giraffe mortality in communities closest to these human
settlements (Bond, Lee, Farine, et al., 2021). (2) Loss of connectivity
because of physical barriers such as a pipeline, a railway, or increased
motor traffic that block natal dispersal between social communities in
Tarangire National Park and Manyara Ranch. (3) Reduced or improved

oo, MM

wildlife law enforcement measures in Tarangire National Park and/or
Manyara Ranch that lower or increase giraffe survival in the respec-
tive communities in those management areas. (4) Community-specific
changes in predation pressure on giraffe calves due to loss of migratory
white-bearded wildebeests (Connochaetes taurinus) and plains zebras
(Equus quagga) from bushmeat poaching and land conversion which
would decrease giraffe calf survival, or to loss of lions (Panthera leo)
from escalating human-lion conflicts which would increase giraffe calf
survival. (5) Increased rainfall as projected for East African savannas
(Cook et al., 2020; IPCC, 2022; McSweeney et al., 2010) which would
reduce adult and calf survival. We included two levels of increased
rainfall, a 10% and 25% increase, which is the lower and upper range
projected by the IPCC for the region (2022). These corresponded to
increasing the frequency of above-average (>0) rainfall anomalies by
10% and 25%, respectively. This way, the magnitude of the anomalies
was not extrapolated beyond the observed values from the recent time
period. Bond et al. (2023) found stronger adverse effects of higher rain-
fall anomalies for giraffes living closer to the edges of protected areas
during the short rains, but we did not track individual movements in our
IBM, so for rainfall anomalies, we used an age-class-specific beta effect
(the coefficient in the survival model) on survival that reduced adult
and juvenile survival in all communities and all seasons equally. The ef-
fects resulted in realistic differences in survival between low and high
rainfall anomalies that matched our empirical observations from Bond
et al. (2023). Some of the scenarios involved increasing or decreasing a
demographic rate by a percent change in the predicted rate, whereas
others were modifiers of the beta coefficient corresponding to lower
level covariate effects in the model functions (Table 1).

The demographic rate changes for wildlife law enforcement mea-
sures were derived from a study comparing adult female survival rates
in protected Tarangire National Park and Manyara Ranch with survival
rates in unprotected village lands north and east of the current study
area, in which survival probability was >0.10 lower in the village lands
(see Figure 2 in Lee, Bond, et al., 2016). However, because most of
our study area, consisting of a national park, a ranch conservancy, and
Wildlife Management Areas, already experiences ample law enforce-
ment measures—the effects of which are reflected in the relatively
high survival rates of adult females—for the scenarios in which law en-
forcement measures are improved further we added 0.01 to predicted
juvenile and adult survival probabilities as a reasonable increase.

We ran models where only one of each scenario was applied,
as well as combinations of scenarios, with scenario descriptions and
demographic rate changes presented in Table 2. A set of the models
(scenarios 19-32) was designed to test whether certain management
actions, such as conserving predators and migratory alternative prey
and improving wildlife law enforcement, could mitigate the effects
of greater rainfall anomalies or expansion of human settlements
and dispersal barriers (Table 2). We did not test mitigation scenar-
ios where migratory species but not predators were protected, as
this was not a desirable management option, given the important
role played by predators in maintaining general ecosystem function
(Ripple et al., 2014). Systematic computer simulations quantified the
relative importance of different factors, the effects of combinations

95U8217 SUOLULIOD SAIES1D) 3 (el |dde ay) Ag pousenob ale s3ja1Le WO ‘8sN JO S3|NJ oy Alelg1 SUIIUO 8|1 UO (SUONIPUOI-pUe-SWS)W0d" A3 | Alelg 1 BU1|UO//:SA1Y) SUOIIPUOD pue SWie | 84} 89S *[£202/0T/TT] Uo Ariqiqaulluo AS|IM ‘1591 AQ 0269T GOB/TTTT OT/I0P/L0D A8 IM Akeiq 1 jpul|uo//sdny Wwoj pspeoiumod ‘0 ‘9872S9ET



13652486, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/gch.16970 by Test, Wiley Online Library on [11/10/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

dN.L PUE DYIA Y3oq Ul sainseaw

2

b 890 «{(2)e JUSWIDI0JUD MB| INPAJ PUE ‘SJUSWSAOW X20|q ‘SUmo} puedx] 9+g+Z 8T

[a)

W dNL

@ 0S50 ()¢ pue DYIA Y30 Ul S2INseawl JUsWad10juUs Me| 9dNpaJ pue sumoy puedxy 9+¢ /T
600 «(0V) LYY AJUO DYIA Ul S2INSEIW JUSWSII0JUD ME| 9INPaJ pue SUMo} puedxy S+g 9T
70’0 (22 LLS dN.L Ul S2INSEaW JUSWa2I0JUS ME| SINPaJ pue SUMo} puedxd vtz ST

|esiadsip

S00 «(8%) 026 3uipuanalid pue ‘[eAlAINS SuldNPaJ ‘SJUBWDAOW >20|q pue sumo} puedx3 c+e ¥

JusaWwadJ0jua Me| SS9 pue ai4njdonJjseljul 910U SOlIeUSIS 9SeI-}SIOAN

SOLIBUDIS DAIHPPY

1y8noup
9J9A9S 310W SaPN|dUl ‘%Gz =uol3dafoid
900 +(£9) ev6 JO pud Jaysiy je aseatdul |[ejuley ,SD4V |[e Ul S33eJ |[BAIAINS S3SBIJ3P ||Ejulel UslAeSY YoN| 1 1
Yy3noJp a1ow sapndaul ‘%401 =uol3dafoad
€00 (vy) 1L6 JO pUS JOMO]| B 3seaJdUl |[ejuley 5524V || Ul S93BU [BAIAINS S9SBD.DIP [|ejuled JDIARDH 1 1
dlewl|d
(dN.L Ul 92Ud19}JIp UOSESS OU =) puoseas
€00 (ZP)0GZT  suoseas [jeul sV |[e ul T'0 AQ S J|ed aseatdu]| AJp ur N1 03 [enba DY A ul ainssaid uorepaid saxew suol| uiso 1T 1T
(dNL U1 92U31344Ip UOSEIS OU =) SUOSES pUOSeas AIp SULIN dN L Ul pue uoseas
500 L(9t) 0€0T e Ul $€°7 SD4V Ul €0°'0 Aq S J|ed aseasdaq  AJaAa ul DYIA Ul 2unssaud uonzepald saseasoul sadads Alojeadiw Suiso oT 0T

uoljepaud pue Aaud aAljeUIR) Y

,S9]EJ |BAIAINS Sasealdul

€00 «(Tv) TOCT SOV [[e ul S dseadu| DU Ul pue VdVNVL Y10q Aq sainseaw Juswiadlojus me| paroiduj 6 6
500 «(8V) 9T0T €7 $D4V Ul S 9seaudu| ,$91BJ [BAIAINS S9SBAIDUI DY A Ul S2INSEIW JUSWSII0JUd Me| paroiduw| 8 8
,sa1el
00 LEY) VLTIT 6'8°/°9°G‘T SD4V Ul S aseaudu| |BAIAINS S9SEAIDUI /YN VL AQ S9INSEaW JUSWDII0JUS ME| paAoLdw| VA /
19°0 (1T SO4V |[e Ul S 90Npay >dN.L PUE DYIN Y30q Ul SSINSESW JUSWSII0JUD ME| PIONPaY 9 9
600 L(OP) £S¥ €7 $D4V Ul S 9onpay ,S91BJ [BAIAINS S9SBIIIDP DYIA Ul S2INSEIW JUSWSDI0JUD ME| PRINPaY S S
>dNL ul sa3ed
00 «(T2) €85 6'8°2°9°G‘T SD4V Ul Aq § 9onpay |BAIAINS $95E9129P YdVYNV.L AQ S9INSeal JusWadIojud Me| paonpay 17 1
S3INSE3W JUSWSDI0JUD MET
6‘8°2'9‘G‘T sdnoJ8 usamiaq 40497 0} seaJe OM] 8} U9IMI( Suoljisues} pue |esJadsip jo
500 (9%) £86 W ¥'e‘z sdnous usamiaq pamojle Ajuo |esiadsiq eqoud ay3 sadnpat sOS dNL PUB DYIA U99MIS( JUSWDAOW Payd0|g e I

<(3e31gey jo sso| ‘Buiyoseod) sumoy 3ui3sixa
S00 «(97%) €96 (TDS 10U) 6°G*P'EZ‘T SD4V Ul S 92Npay 03 J9S0|2 SO pUe SOV Ul S91eJ [BAIAINS SISEIIIIP SUMO] JO Uoisuedx] 4 4
9JN12NJISeJJUl PUB SJUSWS|IISS UBWNH

solIeuads a|3ulg

700 (zv) GL6 |043U0D T T
aouepunge sieaA Qg Ja}4e Jaquinu
€30} AD  (QS+) @duepunge |e30} Uea|n sagueyd a3es dlydesSowaq uondidsap [9pojN  [9pow uj paijdde soleuads ol1euads

—I—Wl [B2A% Clobal Change Biology

"AD Pue (QS+) sieak g 1a34e aouepunge uoijejndodejaw a4jediS |10} pUe ‘solleuads ayj ul paijdde sajed olydeiSowap 03 sagueyd ‘uol}diidsap [9powl ‘SIaquinu OLBUddS Z 37dV.L



13652486, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/gch.16970 by Test, Wiley Online Library on [11/10/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

'Z202 *2Dd ‘€20T “|e 19 puog,

‘910 “[e 313 ‘INssiy| ‘997,

‘910Z “[e 32 ‘puog ‘991,

"TZ0g “Ie 32 |n8zQ ‘997 ‘puog,,

“T20T “|e 12 ‘auLied ‘991 ‘puog,

'S92UBJ9441p JuedIIUSIS SulledIpUl ‘9dUBpUNGE OLIBUSIS |0J3UO0D 3Y} YHM dejISA0 JOU PIp SIESA(S 49348 9dUBpUNE UBSW JO S|EAJDIUI 9DUSPIJUOD %G 4 Y} 2I9YM SOLIBUSIS,

DU Pue dN 1 Ul S24nseawl Juawadiojua me| anosdwi pue
S00 (1S) LV6 suol| 32930.4d pue sa1dads Aiojea3iw aseaudul Ing |[ejulel Ja1Aeay Yyonja| 0T3SJIaNaI+ 6+ €T €

% 1 N EG LN - W I LE Y.

AJUO DYIA Ul S2INSESW JUSWSII0JUS Me| dA0Ldw! pue
500 (2S) 9v6 suol| 399304d pue sa12ads Alojel3iw 9Seaudul INg ||ejulel SIABSY YoNn|A QT9SI9A1+8+¢€T 1€

AJUO N1 Ul S2INSeaw JUaWadIojua me| arosdwl pue
900 (ZS) ev6 suol| 39230.d pue sajdads AJojelSiw 9sea.0U] INg |[ejuled J3IABSY YoN|A OT3SJoNaI+/+€T 0¢

£$399442 21ewW|d 3598u0.3s 9y} a3e3131w Aaud pue siojepaud Suipoajold NV Juswadiojua me| Suinoidw) ued

JUIN PUe dNL

00 L6Y) T9TT 430Q Ul S9JNSEaW JUSWII0JUD M| dA0IdWI INQ [|ejulel JSIABIY YdN|A 6+€T 62
Ajuo

900 +(65) 186 DYIA Ul S24NSeall JUsWadJ0jus Me| aAoadwi INg [|ejuled JaIAeaY yon|ja 8+¢€T 8¢
Ajuo

500 L(rS) GETT dNL Ul S2unseaw Juawadiojud me| aAosdwl Ing ||ejuled JsiAeay yonjn L+ET Vil
JdN pue

€00 LT¥) 06TT dN.L Y10Q Ul S2INSesaw JUSW210Jud Me| sAo4dwi Ing ||ejuled JSIABSH 6+2T 9T

500 L(05) zTOT AJUO DYIA Ul S2INSEIW JUSWSII0JUS M| dA0IdWI INQ [|ejulel JSIABDH 8+21 (4

00 (LP) €9TT AJUO dN 1 Ul S2INSEaW JUdWaI0JUd Me| dAo dwl Ing ||ejulel JSIAedH L+2T i74

£5329449 93eW||d 93eS13IW JusWadIojua me| Suiroadwi ued
900 L(£9) 8776 suol| 399304d pue sa123ds Al1ojesSiw 12310.4d INq ||BJUlR. JSIABSY YIN|A QT9SI9AI+ET €T
500 (91) 696  dNLL Ul siolepaid Suidwems Jo 123449 J98uouls suol| 3939304d pue sa129ds Alojeadiw 129304d Ing ||ejuled JSIABSH 0T9SJoAI+ZT k44

£S109440 21ew||d 91e3131w Aaud aAI13euld) e pue siolepald SujAIBSUOD URD)

4N
€00 «(6€)00CT pue 4N 1 Y3oqg Ul S2INseaw Juswadlojus me| dAo4du] 3ng SUMO3 puedx] 6+2 12
500 «6v) €L6 AJUO DYIA Ul S2INSEIW JUBWSI0JUD M| dA0Idw] NG SUMO] puedx] 8+ oz
00 (EV) 9LTT AJUO dN L Ul S24NSeaw JuUaWadIojud me| dAosdwll Ing sumoy puedx3 [+ 6T

;uoisuedxa uewny a3e3131W JUBWD2I04UD Me| Sulrosdw| ued)

psnupuol ¢ 374VL

BOND ET AL.



BOND ET AL.

=L ev Y

of factors, and the magnitude of external forces required to push the
giraffe metapopulation off an extinction cliff. We ran 500 simula-

tions of each of the 32 models, including a control model.

2.7 | Parameter uncertainty

We tested for the effect of parameter uncertainty on outputs from
the core model and scenarios using parametric bootstrapping, in
which we resampled parameters using a normal distribution with
mean and standard error (SE) as indicated in Table 1. Details can be
found in Supporting Information 7 Parameter Uncertainty. Param-
eter uncertainty contributed little to the overall variation in output
metrics (0.1%-8% depending on the metric; Table S4), and we pre-
sent the result as average parameter values.

We developed the IBM using the R statistical software (R Core
Team, 2017). All code and datasets can be found in https://github.
com/MariaPaniw/Masai_giraffe_ibm.

3 | RESULTS

3.1 | Core model implementation, validation, and
sensitivity analysis

Implementation of our core model over 150 seasons (N=1000 simula-
tions) showed that female giraffe social communities in the northern-
most part of the Tarangire Ecosystem study area (Figure 1b), in Manyara
Ranch (communities 2-4) and western Tarangire National Park (com-
munity 1), started with the highest giraffe abundances (range 133-144
individuals) and maintained their total abundances (i.e., all ages) over
time at a mean of 147-150 individuals (combined 95% Cl=135-160;
Supporting Information 8 Figure S5). The northern Tarangire National
Park community (community 5), which started at 119 individuals, sta-
bilized over time at a mean of 130-132 individuals (95% Cl=83-178;
Supporting Information 8 Figure S5). Community 9, in the northeast-
ern part of Tarangire National Park and Randilen Wildlife Management
Area (Figure 1b), started with the lowest abundance of 75 individu-
als but ended with a mean abundance of 102-103 individuals (95%
Cl=55-163; Supporting Information 8 Figure S5). Communities 6-8
started at 88-93 individuals. Community 7, in central Tarangire Na-
tional Park, decreased slowly over the entire time period and ended
with a mean of 74 individuals (95% Cl=38-122; Supporting Informa-
tion 8 Figure S5), and communities 6 and 8, both in southern Tarangire
National Park, decreased throughout the entire time period and at the
end numbered a mean of just 35 (95% Cl=20-61) and 44 individuals
(95% Cl=22-76), respectively (Supporting Information 8 Figure S5).
Abundances by age classes followed similar trends, but with the great-
est declines of adult females for the southern and central Tarangire
National Park communities (Supporting Information 8 Figure Sé).
In-sample validation, comparing derived abundances from
capture-resight data over 15 seasons with simulated abundances
from the core IBM over the same time frame, suggested that our

IBM was a good representation of “real world” short-term giraffe
dynamics in Tarangire. Nearly all (96%) of the seasonal 95% confi-
dence intervals of the derived abundances fell within the 95% Cls
of the 1000 simulated abundances (Figure 3). Our additional in-
sample validation of our core IBM using X indicated the simulated A
by community was highly correlated (R>=0.802) with the observed
A (Supporting Information 5 Figure S2). Finally, out-sample validation
showed that A from aerial survey population estimates for giraffes
in Tarangire (A=0.9962) was very similar to A from our simulation
output (A=0.9988). The core IBM was able to reproduce observed
population trends, and therefore, we were confident that our model
captured giraffe population dynamics in the Tarangire Ecosystem
(Grimm & Railsback, 2005).

The sensitivity analysis from 100 population simulations in-
dicated giraffe abundances in our IBM were not sensitive to a de-
crease or increase in dispersal rates or calf survival and moderately
sensitive to reproduction and subadult survival parameters, but
highly sensitive to changes in adult female survival (Supporting In-
formation 6 Table S3 and Figures S3 and S4).

3.2 | Environmental change scenarios

Our analysis from 500 simulations of 12 single environmental sce-
narios (i.e., testing only a single scenario that mediates demographic
rates) indicated that by far the strongest influence on long-term
abundances of the metapopulation of giraffes in the Tarangire Eco-
system was a reduction in wildlife law enforcement (scenarios 4-6;
Table 2 and Figures 4 and 5). These were the only scenarios we tested
that resulted in extinction probabilities >10%, with the reduction
of law enforcement in both Tarangire National Park and Manyara
Ranch (scenario 6) causing a nearly 100% probability of metapopula-
tion extinction (Supporting Information 8 Figure S7) before 20years
(Figure 5). A reduction in law enforcement in just Manyara Ranch
(scenario 5) produced a worse outcome for the metapopulation than
reducing law enforcement in just Tarangire National Park (scenario
4), but an increase in law enforcement (and thus giraffe survival) in
just Tarangire National Park (scenario 7) resulted in a mean of 158
(95% Cl=150-166) more animals in the metapopulation compared
with an increase in law enforcement in just Manyara Ranch (scenario
8; Table 2 and Figures 4 and 5). Improving law enforcement in both
Tarangire National Park and Manyara Ranch (scenario 9) resulted
in only slightly increased abundances (+ mean of 27 animals, 95%
Cl=20-35) above increasing law enforcement in Tarangire National
Park alone (Figures 4 and 5).

Human settlements and infrastructure, including expansion of
towns that reduces survival in town-adjacent giraffe communities
(scenario 2) as well as blocking dispersal movements between Taran-
gire National Park and Manyara Ranch (scenario 3), also reduced the
metapopulation abundance after 50years compared to the control
scenario (Figure 4). Climate effects (scenarios 12 and 13) additionally
suppressed population abundances compared with the control pop-
ulation (Figure 4). However, the influences of human infrastructure
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Results from 500 simulations of IBM scenarios.

and climate on long-term giraffe population abundances were sub-
stantially less severe compared to the influence of law enforcement
measures, as the confidence intervals for abundances over time
overlapped in all scenarios other than reduced law enforcement
scenarios. The CVs of total abundance varied substantially by social
community, depending on the scenario (Supporting Information 8
Figure S8).

The scenario whereby the loss of lions and other natural pred-
ators boosts survival of giraffe calves in Tarangire National Park in
the wet seasons (scenario 11) increased the final abundance of the
giraffe metapopulation in this ecosystem more than any other single
or combined scenario that we tested (Figure 4).

Any combination of scenarios that involved a reduction in wild-
life law enforcement in both Tarangire National Park and Manyara
Ranch (6, 17, 18) had the greatest extinction probabilities (Support-
ing Information 8 Figure S7) and resulted in the near extinction of
the metapopulation within 20years (Table 2 and Figures 4 and 5).
The expansion of towns and blocking dispersal did not decrease the
time to extinction, as the trajectories were the same for all three
scenarios that included less law enforcement in both the park and
ranch.

Alternatively, mitigation scenarios that involved improved law
enforcement in both Tarangire National Park and Manyara Ranch
(Table 2, scenarios 21, 26, 29) had strong effects of preventing
extinction risk (Figure 4), with the exception of scenario 32 which
involved protecting lions in addition to improving law enforce-
ment. Improving law enforcement in only Manyara Ranch did not
ameliorate the effects of expanding human settlements, as this
scenario increased abundance by a mean of only 10 animals com-
pared to the town expansion scenario (95% Cl=2-18; Table 2).
Both scenarios that improved law enforcement in Tarangire Na-
tional Park as towns expanded (19 and 21) increased abundances
over the town expansion only scenario (mean of 213 more animals
in scenario 19 vs. 2; 95% Cl=205-221, and 237 more animals in
scenario 21 vs. 2; 95% Cl=230-245, respectively) by just slightly
more than improved law enforcement without the combined pres-
sure of human expansion: scenario 7 [improved law enforcement
in Tarangire National Park] resulted in a mean of 199 more animals
than the control scenario; 95% Cl=203-207, and scenario 9 [im-
proved law enforcement in both Tarangire and Manyara Ranch]
resulted in a mean of 226 more animals than the control; 95%
Cl=219-234; Table 2.
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In the mitigation scenarios that involved protecting migratory
species and lions as mitigation for climate (scenarios 22, 23, 30-
32), abundances were a mean of 30 animals lower than both the
scenario with 10% more heavy rainfall events and the control sce-
nario, and very similar to final abundances with 25% more rainfall
(Table 2).

4 | DISCUSSION

One objective of an individual-based model (IBM) is to create the
simplest population model that can still closely resemble “real
world” populations and thus provide robust emergent proper-
ties and effectively guide wildlife management decisions (Pitt
et al., 2003; Ramsey & Efford, 2010). IBMs that incorporate so-
cial structure for social species vastly improve the simulation of
real-world population dynamics (e.g., coyotes Canis latrans, Con-
ner et al.,, 2008; Pitt et al.,, 2003; Red-cockaded Woodpeckers
Picoides borealis, Ziegler & Walters, 2014; meerkats Suricata su-
ricatta, Ozgul et al., 2014; Paniw et al., 2022; wolves Canis lupus,
Bauduin et al., 2020). Our long-term demographic study of giraffes
in the Tarangire Ecosystem of northern Tanzania revealed female
social structure (Bond, Kénig, Lee, et al., 2021) that plays a role in
demographic (Bond, Konig, Ozgul, et al., 2021) and natal disper-
sal dynamics (Bond, Lee, Ozgul, et al., 2021). We therefore de-
veloped a socially structured IBM of population dynamics of nine
female giraffe social communities, using parameter estimates de-
rived from empirical data, to investigate the single and combined
impacts of local anthropogenic and climatic pressures on meta-
population abundances and extinction risk over 50years in this
human-influenced savanna landscape. Our results consistently
showed that the factor posing the greatest risk of extinction of
giraffes in the Tarangire Ecosystem is a reduction in wildlife law
enforcement in both of the system's protected areas of Tarangire
National Park and Manyara Ranch (Figure 5). Our IBM law enforce-
ment scenarios were parameterized with observed estimates of
significantly lower giraffe survival in places outside of protected
areas that were subjected to higher levels of poaching, compared
to protected areas with active law enforcement operations (Lee,
Bond, et al., 2016). These current law enforcement activities in
protected areas are clearly the key anthropogenic measure that is
sustaining the giraffe metapopulation in the heart of the Tarangire
Ecosystem. Should the efficacy of law enforcement in Tarangire
National Park, Manyara Ranch, and Randilen and Burunge wildlife
management areas be reduced to levels observed in the outlying,
less-protected parts of the Masai Giraffe Project boundaries, the
extinction—or at least the drastic decline—of giraffes in this land-
scape is virtually guaranteed. Other anthropogenic threats such as
the expansion of towns (Bond, Lee, Farine, et al., 2021), and barri-
ers that block natal dispersal (Bond, Lee, Ozgul, et al., 2021), also
lowered the total final abundance of all giraffe social communities
compared with the control scenario, as did a 25% increase in the
frequency of heavy rainfall events (Bond et al., 2023), but these
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factors were less severe and immediate—and less certain—than

the strong positive or negative impacts of law enforcement.

4.1 | Giraffe metapopulation dynamics and
environmental change scenarios

Our simulations from the core IBM revealed community-level
population risks to giraffes in the Tarangire Ecosystem in the near
future even without any changes in present conditions. Two so-
cial communities in the southern part of Tarangire National Park
have higher adult female survival rates than two of the Manyara
Ranch communities (Bond, Kénig, Ozgul, et al., 2021), but this
difference was evidently not enough to offset the southern com-
munities' substantially lower calf survival rates and subsequently
lower recruitment into the breeding pool. These demographic
dynamics in our core IBM resulted in fewer adult females over
time in these southern communities (Supporting Information 8
Figure S6), producing a negative feedback loop of steadily de-
creasing abundances during the 50-year simulation (Supporting
Information 8 Figure S5). Conversely, the western and northern
giraffe communities have the highest calf survival rates (Bond,
Koénig, Ozgul, et al., 2021), and these communities stabilized over
time at relatively high abundances in our simulations despite the
social community effect on adult female survival in two of these
communities being among the lowest (Table 1). This result was
likely because variation in adult female survival among commu-
nities is very low compared to variation in calf survival (i.e., so-
cial community effect on adult female survival was substantially
lower than on survival of younger age classes, Table 1), as is ex-
pected in wild populations of large herbivores with natural rates
of predation on juveniles (Eberhardt, 2002; Gaillard et al., 1998;
Lee, Bond, et al., 2016). Additional supporting evidence for these
dynamics is the environmental change scenario that removed pre-
dation effects on giraffe calves in Tarangire National Park (Lee,
Kissui, et al., 2016), which was the greatest contributor to increas-
ing the overall metapopulation abundances over time (Figure 4).
Thus, our simulations agree with previous research showing that
in long-lived species with relatively high and stable adult female
survival, juvenile mortality is a major contributor to population
growth rates (Gaillard et al., 1998, 2000; Gaillard & Yoccoz, 2003).
As seen in other mammals with slow life histories and confirmed in
our IBM, adult female survival exerts the most powerful influence
on population stability (evidenced by our sensitivity analysis), but
most variation in short-term population dynamics is often due to
variation in survival of the youngest age classes (Eberhardt, 2002;
Gaillard et al., 1998, 2000; Rotella, 2022).

The complexity of these demographic dynamics, however, is
illustrated by the long-term decline of the two southern Tarangire
communities in the core IBM, despite high and constant adult fe-
male survival. We suspect that the southern Tarangire communi-
ties in the “real world” are maintained by immigration of subadult
females from adjacent communities, which offsets their higher rates
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of calf mortality from predation. Pulliam (1988) asserted that active
dispersal from source areas can maintain sink populations, and such
dispersal could be evolutionarily stable. We infer that without con-
stant immigration of subadult female giraffes, the lower recruitment
of resident calves into the breeding pool, combined with mortality
of aging adults, results in fewer reproductive females over time
which eventually causes community abundances to crash. A simi-
lar phenomenon was observed when eggs of common murres (Uria
aalge californica), a long-lived seabird, were harvested so intensively
from the Farallon Islands during the California Gold Rush that the
murre population plummeted from an estimated 400,000-600,000
to just 20,000 over five decades, despite few adults being killed
(Stark, 2023).

When we modeled the effects of higher giraffe mortality from
poaching in scenarios where law enforcement is reduced, we saw
the greatest probabilities of metapopulation extinction, which we
attribute to the loss of breeding females. Our results are in agree-
ment with several studies of ungulates that found variance in popu-
lation growth rates were driven primarily by low and variable adult
survival in declining populations where hunting effects were present
(Coulson et al., 2005; Johnson et al., 2010; Lee, Bond, et al., 2016;
Nilsen et al., 2009; Wisdom et al., 2000). In the Tarangire Eco-
system, as in other regions of Africa (Suraud et al., 2012; Strauss
et al.,, 2015) adult giraffes are far less vulnerable to natural predators
than juveniles, but they experience mortality from illegal poaching
by people (Kiffner et al., 2015). Our sensitivity analysis established
that reducing adult female survival by the same amount as the other
demographic rates had by far the strongest adverse effect in abun-
dances over time, confirming that the best way to conserve giraffes
in Tarangire and other regions of Africa is through effective law
enforcement that maintains high and stable adult female survival.
Developing and promoting legal livelihoods for local people living
adjacent to Tarangire's protected areas also might reduce reliance on
income from poaching and contribute to improving giraffe survival
(Wilson-Holt & Roe, 2021).

But where to concentrate such efforts? Adult giraffes have
slightly higher survival in Tarangire National Park than in Manyara
Ranch (Lee & Bolger, 2017; Lee & Bond, 2022), and this demo-
graphic phenomenon is clearly important to overall dynamics of
our metapopulation. Tarangire supports the largest subpopu-
lation of giraffes in the Masai Giraffe Project study area (Lee &
Bond, 2022), hosting six of the nine female social communities
(Figure 1b and Bond, Konig, Ozgul, et al., 2021) and with the great-
est net export of females to Manyara Ranch and game controlled
areas outside the study area boundaries (Lee & Bolger, 2017).
Lee and Bolger (2017) demonstrated with source-sink statistics
that Manyara Ranch had the highest per capita contribution of
any subpopulation to the overall giraffe metapopulation, but the
subpopulation of giraffes in Tarangire had the highest average
relative contribution to metapopulation growth, in line with our
simulations. Thus, improving law enforcement in Tarangire Na-
tional Park resulted in >150 more animals in the metapopulation
after 50 years compared to improving law enforcement in Manyara

Ranch (Table 2 and Figure 5), because Tarangire has a larger pool

of animals to contribute to overall numbers.

4.2 | Mitigating factors

Not surprisingly, the best mitigation for expansion of human set-
tlements and barriers to dispersal for giraffes was to improve law
enforcement, which always resulted in higher abundances no mat-
ter which combination of threats was tested. A 0.01 increase in
giraffe survival probability from improved law enforcement miti-
gated a 25% rise in heavy rainfall events by increasing abundance
19%, and mitigated the expansion of towns and blockage of dis-
persal movements by increasing abundance 22%. Our results il-
lustrating the importance of law enforcement echo the findings of
both a study of West African giraffes (G. c. peralta) in Niger, which
showed remarkably high population growth rates after strong
law enforcement efforts drastically reduced poaching (Suraud
et al., 2012), as well as a population viability analysis conducted
for a small population of Kordofan giraffes (G. c. antiquorum) in
Cameroon (Colston et al., 2023). If effective wildlife law enforce-
ment were to be expanded to village lands outside of our IBM
study area, legal livelihoods were promoted, and wildlife move-
ment pathways were permanently protected to enable giraffes as
well as migratory ungulates to access high-quality habitats (Bond
et al., 2017; Lee & Bolger, 2017; Lohay et al., 2022), these meas-
ures would very likely increase the metapopulation of Masai gi-
raffes in the greater Tarangire Ecosystem and contribute toward
the recovery of this endangered (sub)species (Bolger et al., 2019).

4.3 | Climate change and giraffes

The relatively minor effect of higher rainfall anomalies on gi-
raffe population trajectories—at least over our time period of
50vyears—is likely linked to their long lifespan and high adult sur-
vival rates, and supports previous research showing such animals
with slower life histories appear to be relatively buffered against
climate perturbations (Jackson et al., 2022; Le Coeur et al., 2022;
Paniw, James, et al., 2021). An IBM of African elephant (Loxodonta
africana) population dynamics in southern Kenya demonstrated
that this megaherbivore, like the giraffe, was also significantly
more vulnerable to an increase in the human population and habi-
tat loss than to climate effects (Boult et al., 2019), suggesting that
the most effective conservation efforts are those focused on se-
curing habitat and protecting individuals from illegal killing. Our
climate scenarios were based on one study, Bond et al. (2023),
which identified immediate adverse effects of high rainfall and
vegetation greenness anomalies on giraffes, with lower survival
occurring during the same precipitation season as the heavy rain-
fall or increased greenness. The study found no lag or cumula-
tive survival effects of these climate metrics, either negative or
positive, of up to a year. However, vegetation composition in the
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African savanna, specifically the balance of grass, shrub, and tree
species, responds to environmental conditions at larger temporal
scales (Bond, 2008). While we parameterized our IBM with imme-
diate, within-season adverse effects of higher rainfall anomalies
on survival, it is likely that prolonged periods of above-average
rainfall would increase vegetation biomass and expand woody
vegetation into grassy areas of the savanna, and thus increase the
overall quantity and distribution of forage available to giraffes in

the future.

4.4 | Future applications of the IBM

The insights from our IBM raise new questions and possible appli-
cations of this tool. For example, questions about community-level
source-sink dynamics such as how giraffe numbers in southern
Tarangire are sustained could be answered by quantifying natal
dispersal rates among social communities using empirical data, and
applying those rates to this IBM to estimate the impacts of among-
community immigration—and any perturbation of immigration
rates—on long-term abundances. We could also test the effects of
lower survival of dispersing individuals from increasing traffic along
the tarmac road between Tarangire National Park and Manyara
Ranch on metapopulation abundance. The IBM could be modified to
link individual calves with individual mothers and explore the costs
of skipping one or more reproductive cycles on lifetime reproductive
success, or potential effects of changes in demographic parameters
like age at first reproduction or interbirth intervals when adult fe-
male population densities are very low or very high. Spatially ex-
plicit effects of increases in rainfall anomalies could be modeled by
including distance to the edge of the protected area boundaries as
an individual covariate, as giraffes closer to the edges experienced
greater adverse effects of high rainfall anomalies on survival (Bond
et al., 2023). Another application of our IBM could involve the incor-
poration of giraffe pedigrees determined from genetic sampling to
examine gene flow among the social communities, and the conse-
quences of blocking such flow in terms of potential inbreeding ef-
fects on population viability (e.g., Bauduin et al., 2020 accounting for

genetic relatedness for wolves).

4.5 | Conservation implications

A primary task of ecologists is to understand mechanisms that medi-
ate increases or decreases in populations, and provide the scientific
basis for management and conservation (Fredricksen et al., 2014).
Population viability analyses are growing ever more important as
anthropogenic activities drive local population declines and extir-
pations in addition to global extinctions (Ceballos et al., 2017), but
such analyses rely on sufficient empirical data which are often lack-
ing in mammals (Paniw, James, et al., 2021). Fredricksen et al. 2014,
(p. 72) noted that “long-term or large-scale studies are...particu-
larly valuable for investigating links between demography and the
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environment, both because of increased statistical power and be-
cause they are more likely to include periods with contrasting en-
vironmental conditions.” Such studies are especially important for
understanding population dynamics of large-bodied, long-lived meg-
afauna like giraffes that roam over vast areas of a heterogeneous
landscape (Knisel et al., 2019) and that exert important ecosystem
effects (Palmer et al., 2008; Strauss et al., 2015). Given the precipi-
tous decline of giraffe populations across Africa (Bolger et al., 2019;
Muller et al., 2018) and rapidly changing environments due to an ex-
plosion of the human population (Kiffner et al., 2022) and climate
change (Bond et al., 2023), state-of-the-art population modeling ap-
proaches such as IBMs that are parameterized with empirical data
can facilitate a better understanding of the effects of landscape and
environmental changes to guide effective management and conser-
vation of this megaherbivore.

Our “future” scenarios in this IBM are based on realistic threats
to giraffes and other wildlife in the Tarangire Ecosystem. For ex-
ample, law enforcement activities over the past decades have
fluctuated based on available funding, resulting in varying levels
and efficacy (Kideghesho et al., 2021). Previous global economic
recessions and unforeseen events such as the recent COVID-19
pandemic reduced revenue-generating tourism and thus the ca-
pacity of Tanzania to enforce laws against poaching (Kideghesho
et al., 2021). The dense human population along the edges of Ta-
rangire National Park was identified by park staff, regional natural
resource officers, and regional district game officers as the most se-
vere pressure on the park; other pressures they identified included
poaching and encroachment of settlements (Abukari et al., 2018).
Therefore, our scenarios determined how these realistic threats
would help or hurt giraffe populations within a long term but rea-
sonable time frame to provide critical data to land and wildlife man-
agers for evidence-based decision-making in this changing world.

IBMs allow maximum flexibility in scaling from individual traits
to population dynamics to make robust inferences about causality
(Paniw, Cozzi, et al., 2021; Revilla, 2020), and as such are an import-
ant but underutilized tool in the conservation toolbox. Our study
system represents the range of threats to giraffes and conservation
opportunities throughout Africa; this methodology of determining
the population consequences of a set of realistic future scenarios can
be adapted to conserve giraffes in other regions—or even for other
species—with relatively straightforward modifications of the code,
so long as sufficient estimates of demographic rates are available.
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