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Abstract

Giraffe populations have declined by around 40% in the last three decades.
Climate change, poaching, habitat loss, and increasing human pressures are
confining giraffes to smaller and more isolated patches of habitats. Masai
giraffes (Giraffa tippelskirchi) have been subjected to habitat loss and fragmen-
tation, diseases, poaching, and unpredictable calamities such as wildfires and
climate change. In this study, we aimed to identify (1) suitable Masai giraffe
habitats within the transboundary landscape of Tsavo-Mkomazi in Southern
Kenya and Northern Tanzania; and (2) key connecting corridors in a
multiple-use landscape for conservation prioritization. We combined Masai
giraffe presence data collected through a total aerial survey with moderate
resolution satellite data to model habitat suitability at 250 m resolution using
species distribution models (SDMs) implemented in Google Earth Engine
(GEE). Model accuracy was assessed using area under precision recall curve
(AUC-PR). We then used the habitat suitability index as a resistance surface to
model functional connectivity using Circuitscape theory and cost-weighted
distance pairwise methods. Human habitat modification, rainfall, and eleva-
tion were the main model predictors of Masai giraffe habitat and corridors. On
average, our 10-fold model fitting attained a good predictive performance
with an average AUC-PR = 0.80 (SD = 0.01, range = 0.79-0.83). The model
predicted an area of 15,002 km? as potential suitable Masai giraffe habitat
with over 17% outside protected areas within the landscape. Although Tsavo
West National Park formed a key habitat and a key connecting corridor,
nonprotected community ranches connecting Tsavo West and Tsavo East
National Parks are equally important in maintaining landscape connectivity join-
ing more than two Masai giraffe core areas with low resistance and high perme-
ability. To maintain critical Masai giraffe’s habitats and landscape functional
connectivity, especially in multiple-use landscapes, conservation-compatible land
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use practices, capacity building, and land use planning should be consid-
ered at the outset of any new infrastructure development and land use
changes. This modeling shows the potential of utilizing remotely sensed
information and ground surveys to guide the management of habitats and
their connecting corridors across important African landscapes,
complementing existing efforts to identify, conserve, and protect wildlife
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INTRODUCTION

Giraffe populations have declined by around 40% in
the last three decades as a result of severe poaching for
bushmeat, habitat fragmentation, and habitat loss caused
by increase human pressure and associated land use
changes (Brown et al., 2019; Lee et al., 2020; Muller, 2018;
O’Connor et al., 2019). Unlike many charismatic species
and despite the sharp decline in population numbers,
giraffes have not gained attention until recent years,
earning the term of the “forgotten giants” undergoing
a “silent extinction” by the Giraffe Conservation
Foundation (GCF, 2018; O’Connor et al., 2019). The
Masai giraffe (Giraffa tippelskirchi) is one of the four
giraffe species (Coimbra et al., 2021) occurring in Africa
with its range restricted to Tanzania and Southern
Kenya (O’Connor et al.,, 2019). Owing to population
decline, Masai giraffes were listed as endangered by the
IUCN in 2019 (Bolger et al., 2019).

Masai giraffes may have experienced approximately
5% habitat loss (~20,800 km?) across the range between
2016 and 2019 (Bolger et al., 2019; O’Connor et al., 2019),
which, together with increased poaching (Waweru et al., 2021)
and prolonged drought (Mwiu et al., 2022), may have resulted
to consequential 13% decline in numbers between
2020 and 2021 in Kenya (Brown et al., 2021; Waweru
et al., 2021). Additionally, giraffes are increasingly
becoming spatially isolated with habitats fragmented by a
growing human population and agricultural expansion
(Bolger et al., 2019; Brown et al., 2019). Isolated populations
have the consequential threat of reduced genetic diversity, a
major concern for animal conservation (Haddad et al., 2015).
Therefore, identifying linkage zones between protected and
nonprotected areas is critical for maintaining landscape
connectivity (Crego et al., 2021) and genetic diversity
(Allendorf et al., 2010), especially for endangered taxa
such as the giraffe.

Tsavo Conservation Area is Kenya’s largest continu-
ous conservation area and extends to Tanzania to

habitats and their linkage zones.

Circuitscape, Google Earth Engine, habitat connectivity, habitat suitability, Masai giraffe,

include Mkomazi National Park; hence the name,
“Tsavo-Mkomazi landscape.” The landscape is a mosaic
of various land uses, ranging from conservation to
small-scale farming and commercial livestock produc-
tion. The Tsavo-Mkomazi landscape hosts 31% of all
Masai giraffes in Kenya—among other endangered species,
wild ungulates, and carnivores—with 45% of that popula-
tion residing outside protected areas (Waweru et al., 2021).
Few studies have been conducted on the population ecology
of Masai giraffes in the Tsavo-Mkomazi landscape with
little attention on habitat connectivity, and their interaction
with environmental variables. Identifying suitable habitats
and connecting linkage zones can be used in planning
wildlife habitats (Riggio et al., 2022), especially in
human-dominated landscapes such as Tsavo-Mkomazi.
Presence data obtained from ground surveys, aerial sur-
veys, and remotely sensed data have been used to model
habitat suitability and connectivity (Crego et al., 2023).

On the one hand, Google Earth Engine (GEE) is
becoming increasingly effective in niche modeling,
especially where access to high-computing power and
processing large raster files is a challenge (Campos
et al., 2023; Crego et al.,, 2022). On the other hand, land-
scape connectivity has been modeled using resource
selection functions and suitability indices as the basis
of resistance then adopting electric current flow
methods to assess connectivity (Dickson et al., 2019;
Popescu et al., 2021; Riggio et al., 2022; Unnithan
Kumar & Cushman, 2022), with the aim of identifying
and delineating wildlife corridors for conservation
prioritization.

We aimed to assess Masai giraffe habitat suitability
and connectivity across the transboundary landscape
of Tsavo-Mkomazi in Southern Kenya and Northern
Tanzania. We modeled Masai giraffe habitat suitability
using GEE and used the inverse suitability index to
inform the creation of a resistance surface to identify
suitable connecting corridors between protected and
nonprotected areas within the landscape. Masai giraffe
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distribution data were obtained through systematic
reconnaissance flights (SRF) across the landscape
in June 2021 (Waweru et al., 2021). We predicted
that Masai giraffes will move between suitable habi-
tats through protected and nonprotected areas
and this movement is influenced by some bottlen-
ecks such as anthropogenic activities, with vegeta-
tion and habitat availability defining corridors and
utilization.

MATERIALS AND METHODS
Study area

This study was conducted within the transboundary
landscape of Tsavo-Mkomazi in Southern Kenya and
Northern Tanzania covering approximately 49,000 km?
(Figure 1). The area is located approximately 250 km
south of Nairobi and comprises of three national parks
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FIGURE 1 Map of the Tsavo-Mkomazi landscape showing study area with adjacent ranches and settled areas.
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(NPs—Tsavo West, Tsavo East, and Chyulu Hills) and
one National Reserve (NR—South Kitui) and one NP
in Tanzania (NP—Mkomazi) with elevation ranging
between 200 and 1000 m above sea level. Rainfall is
erratic, ranging from 250 to 500 mm annually, while
mean annual temperatures range between 22 and
35°C, depending on the altitude (Bagambilana &
Rugumamu, 2019; Githinji et al., 2019; Nyambariga
et al., 2023). Adjacent to the protected areas are over
30 community-owned ranches (owned through shareholding
and primarily for livestock production) and several
community-registered conservancies (primarily for con-
servation mimicking the national parks). These ranches
and conservancies constitute approximately 4000 km?,
forming key dispersal areas and corridors for wildlife
in the landscape according to Taita Taveta Wildlife
Conservancies Association (TTWCA, 2021), and host
over 200,000 livestock heads (Ngene et al., 2017).

Vegetation in the landscape is characterized by
semi-arid bushland and Acacia-Savannah woodland
(O’Rourke & van Wijngaarden, 1987) which supports
38% of Kenya’s elephant population and 31% of the
endangered Masai giraffes (Waweru et al., 2021) and a
substantial population in Mkomazi NP. Nomadic pastoral-
ism and sedentary livestock integrated with small-scale
farming surround the entire study area. Areas adjacent to
Tsavo East NP and South Kitui NR are semi-arid with
surrounding communities practicing pastoralism and
small-scale farming to the west of Tsavo East NP.
Small-scale farming surrounds Tsavo West NP in
Wundanyi (east), Rombo (west), Kasigau (south), and
Mtito Andei (north between Chyulu Hills and Tsavo
East). Commercial sisal production is also practiced in
Mwatate areas. Similarly, Mkomazi NP is surrounded by
rich agricultural zones due to its high productivity and
rainfall to the south (Bagambilana & Rugumamu, 2019).

Local human communities mainly consist of the Taita
community who prefer living on the high altitude of
Wundanyi and Sagalla on the Kenyan side of the land-
scape while in Tanzania the Pare and the Masai surround
Mkomazi National Park, practicing small-scale agriculture
and pastoralism, respectively (Mbeyale & Songorwa, 2008).
Several urban centers such as Mwatate, Wundanyi, Voi,
and Taveta are at the edges of the protected areas with an
estimated population of over 340,000 people (KNBS, 2019)
in Kenya (Figure 1).

Presence data
We used giraffe location data collected in June 2021

through SRF (Douglas-Hamilton, 1996; Ngene et al., 2013)
by Waweru et al. (2021) during the national wildlife census.

The 7-day total aerial wildlife census deployed aircrafts
flown systematically across the landscape at an altitude
between 80 and 120 m above the ground and 1km
spacing. Crews positioned on left and right seats searched
for animals recording GPS position and audio of the
sightings and aggregating the total counts of each species
in the landscape. To model habitat suitability, all 1288
giraffe sightings were imported into GEE. A spatial reso-
lution of 250 m was set for analysis to account for
observer position error during the surveys (i.e., the distance
covered by the aircraft between the time when the giraffe is
observed, and the actual coordinate is recorded). To reduce
the potential bias of having multiple occurrence points in
the same location (Fourcade et al., 2014), we only kept
one giraffe sighting per 250 X 250 m cell, resulting in
1208 presence records for analysis (see Appendix S2:
Figure S1 for giraffe locations).

Environmental variables and model
predictors

We chose a set of environmental variables that we
thought a priori would affect giraffe habitat suitability
based on existing literature (as detailed below). These
variables are mean annual rainfall, vegetation condition,
presence of woody vegetation, elevation, surface rough-
ness, and human habitat modification. For each of these,
we identified appropriate model predictors as outlined in
Table 1.

As vegetation condition influences giraffe distribution
(Brown et al., 2023; Crego et al., 2023), we obtained a
2-year mean Enhanced Vegetation Index (EVI) from
MODIS 16 days 250 m resolution terra image (Didan
et al., 2015) between 2020 and 2021. EVI was selected as
an indicator of vegetation condition (Pennec et al., 2011;
Tsalyuk et al., 2017) due to its capability to minimize
canopy background variations, residuals removal, and
maintain sensitivity over the dense vegetation conditions
present in our study site (Didan et al.,, 2015).
Additionally, we included advanced land observation
satellite (ALOS), phased array L-band synthetic aper-
ture radar (PALSAR), horizontal-horizontal (HH),
and horizontal-vertical (HV) polarization bands at 25 m
resolution. The bands use backscatter methods, with
woody vegetation having high backscatter than grass-
lands, which are transparent at L-band and result in
very low return at both HH and HV polarization. This
enables the identification of woody vegetation, its struc-
ture, and diversity (Martinuzzi et al., 2009; Rada
et al., 2022; Shimada et al., 2014; Yu & Saatchi, 2016)
which forms the major forage for giraffes (Kartzinel
et al., 2019) and has been used as a predictor variable for
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TABLE 1 Model variables used in the suitability analysis.
Spatial
Variable Predictor Product resolution (m)
Elevation Elevation USGS/SRTMGL1_003 (Hennig et al., 2001) 30
Global Human Modification GHM CSP/HM/Global Human Modification 1000
index (GHM) (Kennedy et al., 2019)
Precipitation Mean annual UCSB-CHG/CHIRPS/PENTAD 5566
PPTN (Funk et al., 2015)
Surface roughness SR USGS/SRTMGL1_003 (Hennig et al., 2001) 30
Vegetation condition EVI MODIS/061/M0OD13Q1 (Didan et al., 2015) 250
Woody vegetation HH ALOS-PALSAR (Shimada et al., 2014) 25
Woody vegetation HV ALOS-PALSAR (Shimada et al., 2014) 25

Abbreviations: EVI, Enhanced Vegetation Index; GHM, Global Human Modification index; HH, horizontal-horizontal band; HV, horizontal-vertical band;

PPTN, precipitation; SR, surface roughness.

giraffe (Crego et al., 2023). We filtered the ALOS-PALSAR
data to retain the mosaic of the year 2021, matching the year
the survey was conducted.

We included elevation and surface roughness as
terrain characteristics that are important drivers of
habitat selection for large herbivores (Killeen et al., 2014),
specifically for giraffes (Crego et al., 2023; Kimuyu
et al.,, 2021). We obtained elevation data from the
Shuttle Radar Topography Mission (SRTM) at 30 m resolu-
tion (Hennig et al., 2001). Surface roughness was calculated
as the SD of elevation in a moving window of a 10-pixel
radius. Rougher terrain has greater deviation in elevation
while values closer to zero represent smoother terrain.

Rainfall variances have a positive correlation with
giraffe home range (Kniisel et al., 2019), influencing
survival rates (Bond et al., 2023) and affecting their sea-
sonal movement and distribution (Brown & Bolger, 2020;
Deacon et al., 2023). As rainfall is variable in our study
area (Githinji et al,, 2019; Nyambariga et al., 2023),
we included in our model the most recent rainfall data
(UCSB-CHG/CHIRPS/PENTAD) obtained from Funk et al.
(2015). The image was selected as it contains the most
recent mean annual rainfall estimates for the study area.
We filtered the data to include the mean annual rainfall
between 2015 and 2021.

Human habitat modification has been shown to
accurately describe habitat loss and modification
(Bolger et al., 2019; Brown et al., 2023) and alter the
social behaviors of giraffes (Bond et al.,, 2021;
Fehlmann et al., 2021). To account for habitat modifi-
cation, we included human modification data com-
monly referred to as the Global Human Modification
index (GHM) obtained from (Kennedy et al., 2019)
in the model as a relative indicator of habitat modifica-
tion. The GHM dataset accounts for five major anthropo-
genic stressors: mainly human settlement (population

density, built-up areas), agriculture (cropland, livestock),
transportation (major, minor, and two-track roads; rail-
roads), mining and energy production, and electrical infra-
structure (power lines, nighttime lights) at a 1-km
resolution (Kennedy et al., 2019). This dataset was cho-
sen for two main reasons: first, it accounts for lighter
infrastructures such as roads inside the parks and live-
stock that live in proximity to the protected areas; sec-
ond, as the identification of the role of each
anthropogenic variable was beyond the scope of the
study, the index was suitable in improving predictions
accounting for stressors known to influence the suitabil-
ity and connectivity of the giraffe habitats.

The final multi-band image used for modeling
consisted of seven predictors (Table 1). To standardize
predictor resolutions (Deneu et al,, 2022), all seven
predictors were resampled to the 250 m pixel resolution
using the default near neighbor method in GEE
(see Appendix S1: Figures S1-S6). We checked that pre-
dictors were not highly correlated using Pearson test of
correlation (r > 0.7); however, we retained the HH and
HV bands although they were highly correlated (r = 0.9)
as they provide different polarization bands (Santoro
et al., 2009; Shimada et al., 2014; Yu & Saatchi, 2016) to
the model prediction and have been observed to have
varying influence on model predictions in other giraffe
species (Crego et al., 2023). All spatial data processing
was done in GEE, following the framework of Crego
et al. (2022).

Model fitting and validation
We modeled the Masai giraffe potential habitat suitability

using random forest classifiers and a 10-fold spatial block
cross-validation approach (Roberts et al., 2017; Valavi
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et al., 2022). The random forest classifiers select samples
from the dataset and create a decision tree for each
sample, aggregating a prediction for each of the 500 trees
created (Evans et al., 2011). For the cross-block validation
(Roberts et al., 2017), we generated 5X 5 km spatial
blocks across the Tsavo-Mkomazi landscape, randomly
splitting the blocks 10 times, into 70% for model fitting
and 30% for model validation. At each model fitting,
presence points within the blocks for model fitting were
used for that purpose, and the other for validation.
Additionally, an equal number of pseudo-absences for
model training and validation were created within the
respective blocks, given that balanced datasets have been
proven to work well with random forest classifiers
(Barbet-Massin et al., 2012; Evans et al., 2011). Pixels,
where giraffe occurrence existed, were masked out to
avoid generating pseudo-absences in pixels with pres-
ence data. The relative importance of the seven predic-
tors contributing to model fitting was examined by
calculating the average proportional contribution of
each variable across the 10-model fitting produced by
each random forest classifier as indicated by the Gini
index.

We produced separate predictions for each of the
10-fold model fitting and averaged them to generate
the final suitability map by calculating the mean pixel
for each model output. For each model fitting, the
threshold habitat suitability value that maximized the
sum of sensitivity and specificity was calculated (Liu
et al., 2016). We then reclassified the final averaged
habitat suitability map into a presence/absence poten-
tial distribution map using the average threshold among
the 10-fold model fittings. We used this binary distribu-
tion model to quantify current and potential suitable
habitats within the entire landscape. We also included
Mkomazi NP where the census was not conducted
because the landscape is connected. The final images
were run on batch mode to avoid memory lapse
in GEE.

Area under precision recall curve (AUC-PR) was used
to assess model accuracy. This metric was chosen as it
is not influenced by the number of absences (Sofaer
et al., 2019). AUC-PR ranges between 0 and 1 with values
closer to 1 indicating better model ability to correctly
predict presence locations within the study site (Sofaer
et al., 2019). The mean AUC-PR was attained by aver-
aging the AUC-PR output of the 10-fold model fittings.
We also validated models based on their ability to
correctly predict occurrence (specificity) and absence
(sensitivity) at a given threshold (Fourcade et al., 2014).
All the modeling was done on GEE and the code is
available from Zenodo: https://doi.org/10.5281/zenodo.
10526779.

Landscape connectivity mapping

To model landscape functional connectivity, we used the
linkage mapper toolkit (McRae & Kavanagh, 2011)
embedded in ArcGIS 10.5. The linkage mapper toolkit
calculates the current flow using Circuitscape, cost-weighted
distances (CWD), and least cost paths to identify
and prioritize wildlife linkage zones and corridors
(Howey, 2011; McRae & Kavanagh, 2011). The
Circuitscape analysis mimics the electric current
flow through a resistance surface from one core area
to another, producing a cumulative current density
by combining and weighting all possible pairwise
connecting corridors within the landscape (Mcrae &
Shah, 2011). The CWD determines the accumulated
distance from each cell to the nearest source location.
We identified the corridors by building the map
network linkages as described by McRae & Kavanagh
(2011) using Circuitscape, least cost paths, and CWD
in linkage mapper toolkit.

To identify the relative importance of each corri-
dor, we used “linkage priority tool” from the linkage
mapper toolkit (McRae & Kavanagh, 2011). The
priority tool works on two-level analysis: first, it esti-
mates the relative priority of two core areas and of
each linkage by shape, mean resistance value, and
size; second, it links each corridor to permeability
of each linkage, mean resistance along the least cost
paths, proximity, and centrality, generating a relative
priority value of each linkage corridor (McRae &
Kavanagh, 2011). We then mapped each corridor with
priority values of high to low. The analysis assumes
that a linkage that connects two or more important
core areas is of higher conservation priority than one
that connects two marginal core areas (McRae &
Kavanagh, 2011).

As these algorithms estimate connectivity as a
function of source locations, landscape resistance, and
dispersal thresholds and require the knowledge of des-
tination points (Unnithan Kumar & Cushman, 2022),
we run the model using seven core areas, accounting
for both suitability and availability of the core area
within the landscape from Mkomazi NP to South Kitui
NR using the inverse habitat suitability as a resistance
surface. We assumed that resistance decreases at a con-
stant rate as suitability increases (Crego et al., 2021;
Killeen et al.,, 2014). We also assumed that giraffes
move to more suitable areas as it has been observed
(Hart et al., 2020; Mcqualter et al., 2016) and that habi-
tat suitability is analogous to, or at least a reasonable
proxy for, landscape resistance (Riggio et al., 2022).
Although this method can be used as a proxy (Huck
et al.,, 2011; Unnithan Kumar & Cushman, 2022),
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habitat suitability model has been shown to predict
accurately the utilization of habitats and corridor
delineation (Keeley et al., 2016; Riggio et al., 2022;
Sawyer et al., 2011; Zeller et al., 2012).

RESULTS

Model predictions

On average, our model attained a mean AUC-PR of 0.80
(SD = 0.01, range = 0.79-0.83), a mean sensitivity of 0.83
(SD = 0.04, range = 0.75-0.90), and a mean specificity of
0.73 (SD = 0.03, range = 0.69-0.79) across the 10-folds.
The low SDs in accuracy metrics show consistency
among individual model-folds with different random

sets’ input data. Human habitat modification was the
most influential predictor on average across all the model
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iterations, contributing up to 27.30% prediction followed by
precipitation at 14.84% and elevation at 12.77%. Other vari-
ables’ importance varied between 9% and 12% (Figure 2).

Habitat suitability

The model highlights Tsavo West and Tsavo East NPs as
key suitable habitats for Masai giraffes in Tsavo-Mkomazi
landscape (Figure 3a,b), predicting a total of 15,002 km? as
Masai giraffe suitable habitat. Over 17% (2600 km?) of
suitable habitat was found within community ranches.
The Acacia commiphora forests in Tsavo West NP were
found to be the areas with the highest suitability. The
northern part of Tsavo East NP recorded moderate suit-
ability, with South Kitui NR and Chyulu NP recording
small patches on the western side with medium
suitability.

Variable

FIGURE 2 Mean random forest predictor importance contribution +1 SD to the 10-fold model fittings. Higher values indicate a better
ability to identify suitable and unsuitable habitats based on the training datasets. EVI, Enhanced Vegetation Index; GHM, Global Human
Modification index; HH, horizontal-horizontal; HV, horizontal-vertical; SR, surface roughness.

85UB017 SUOWILLIOD BAFE81D) 8|edl|dde au Aq peusenob aJe sajole YO ‘8sn JO S8 1o} A%eiqiT 8ulUO A1 UO (SUOpUoO-puUe-SULB LIS A8 | I AReiq U1 |UO//:SdNY) SUORIPUOD Pue SWB | 8y} 88S *[7202/80/90] Uo Areiq1T8uluO AB]IM ‘EE61'Z508/200T OT/I0p/W0d A8 | im" Areaquljuo'SfeuIno fess//sdny woly papeojumoq ‘. *¥202 ‘52680STZ



8of16 | MUTHIURU Er AL.
38°E 39°E 38°E 39°E
| | | |
N
w E
(7))
o 4
N
(7))
o 4+
[sp]
(9p)]
o 4+
<
Sisal Farms
200 Km :l Ranches
: ' } : National Parks

38°F 39°F

38°E 30°E

FIGURE 3 (a) Giraffe Habitat Suitability Index (HSI) prediction within the study area; (b) potential suitable habitat for the Masai
giraffes within Tsavo-Mkomazi landscape. The potential distribution map was obtained by averaging thresholds that maximized sensitivity
and specificity using different data splits across the 10-fold model fittings.

Landscape connectivity

Our model identified Tsavo West NP as a major Masai
giraffe corridor, forming a key connecting zone between
Mkomazi NP, community ranches, and Tsavo East NP.
Tsavo West NP had low resistance compared to all other

areas and high permeability. Human-settled areas, South
Kitui National Reserve, and Chyulu Hills NP had high
resistance, potentially indicating lower use by the
giraffes. Kasigau corridor located in the southern part of
Tsavo West NP, which cuts across several livestock
ranches, was also identified linking the ranches to Tsavo
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East NP through Rukinga Conservancy and Taita Ranch
(Figure 4a). Further, we identified ranches bordering
Rukinga Conservancy and forming the Kasigau corridor
as of high importance in maintaining the connectivity of
the landscape (Figure 4b) (see Appendix S2: Figure S2 for
names and locations of the ranches and see Appendix S2:
Figure S3 for the location of core areas).

38°E

DISCUSSION

Protected areas and their connecting corridors are
increasingly threatened by habitat loss (Schulze
et al.,, 2018), land use changes (Hoffmann, 2022),
human-wildlife conflicts and habitat fragmentation
(Kiringe & Okello, 2007), as well as increased climate

| 39|° E
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FIGURE 4

(a) Current density flow between the core areas across the Tsavo-Mkomazi landscape (high density shows low resistance

while low density indicates high resistance); (b) priority scores of each corridor in keeping the overall landscape connectivity.
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change threats (Zhao et al, 2021). On average, a
59% decline in wildlife population abundance has been
recorded in Africa’s protected areas between 1970 and
2005 (Craigie et al., 2010; Robson et al., 2022). As a
result, unprotected areas together with dispersal areas
and corridors have become instrumental in conserv-
ing wildlife populations. Some unprotected areas have
similar wildlife densities and richness as the protected
areas and, importantly, act as linkage zones between the
protected areas (Crego et al., 2021; Kiffner et al., 2020).
Therefore, the need to identify and prioritize key wild-
life habitats and their dispersal corridors becomes increas-
ingly important in maintaining landscape connectivity
and habitat heterogeneity, especially for endangered
species such as Masai giraffes in multiple-use land-
scapes. Our model aimed at identifying suitable habitats
and potential connecting corridors for the Masai giraffes
across both protected and nonprotected areas in a
transboundary landscape.

Habitat suitability

Our analysis identified Tsavo West and Tsavo East NPs
as the major suitable habitat areas for Masai giraffes in
the landscape constituting of over 80% of the total suit-
able habitats. On the other hand, community ranches
and conservancies constituted over 17% of the suitable
potential habitats. Additionally, the model identified less
suitable habitats across the landscape such as South Kitui
NR, which has been historically utilized by Masai giraffes
(Ngene et al., 2013). However, in the 2017 and 2021 large
mammal censuses in the landscape, no giraffe was
recorded in the reserve (Ngene et al., 2017; Waweru
et al., 2021). This could be attributed to the recent live-
stock incursions, conflicts, and habitat destruction going
on in the reserve (Nzengu, 2019, 2023). In contrast,
Chyulu Hills NP recorded low suitability, which can
potentially be attributed to its terrain characteristics.
As elevation and surface roughness heavily influenced
the model prediction, they could have influenced the
suitability index of the park. Additionally, rainfall was
also a key model predictor, and it has been proven to
have impacts on vegetation, water availability, and
consequently on giraffe distribution (Bond et al., 2023;
Deacon et al., 2023; Kniisel et al., 2019). Further stud-
ies assessing how climate change will impact giraffe
habitats and corridors will be critical.

Although habitat suitability does not necessarily
account for habitat utilization (Scharf et al., 2018)—nor
the presence of other biotic factors such as predation,
competition, and poaching—our analysis, shows that
suitability can be used as a proxy to determine current

and potential habitat use by giraffes. As the survey was
conducted during the dry season when it is perceived
giraffes move wide and long distances due to spatial tem-
poral variation in resource availability (Bond et al., 2023;
Brown et al., 2023; Crego et al, 2023; Mcqualter
et al., 2016), it does not account for temporal habitat vari-
ations. Thus, our results show that habitat suitability is
higher in the protected areas and in community ranches
that enable movement between protected areas, indi-
cating dry season utilization of the conservancies and
ranches in the southern part of Tsavo West NP
and neighboring counties when resources vary spa-
tially and temporarily. Seasonal surveys may help iden-
tify other dispersal areas used by giraffes in different
seasons. Further, we observed that variations and
changes in rainfall have impacts on habitat suitability,
affecting the distribution of giraffes. As rainfall has
multiple impacts, specifically on EVI, studies to assess
the impact of rainfall, poaching, and other biotic fac-
tors would guide the restoration and management of
the existing and degraded habitats.

Landscape connectivity

Our results show that Tsavo West NP is a key
connecting corridor between Mkomazi and Tsavo East
NPs. Our model shows high current flow with low resis-
tance and high permeability in the park. Community
ranches and conservancies had the least-cost paths for
giraffe movement and constituted the most important
corridors in maintaining the landscape connectivity
because they joined more than two Masai giraffe core
areas. High resistance was in South Kitui NR and
Chyulu Hills NP, indicating low conductance and per-
meability to giraffe use. Importantly, we note that there
exists linear infrastructure within the landscape that
separates Tsavo West and Tsavo East NPs as well as
divides Tsavo West NP. This infrastructure includes the
new standard gauge railway, old meter gauge railway,
water pipeline from Tsavo West NP to Mombasa,
Nairobi-Mombasa highway, Voi-Taveta Road, and elec-
tric powerlines as well as the oil pipeline from Mombasa
to Nairobi. Although our model was able to identify
priority areas for conservation within this infrastructure,
we did not quantify how this physical infrastructure
affects or impedes the movement of giraffes between the
core areas or how giraffes use the designated railway
underpasses as described by Lala et al. (2022) and
Okita-Ouma et al. (2021). Future work should consider
how and whether giraffes use these underpasses and how
they can be improved to maintain or improve landscape
connectivity.
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Conservation implications

Our analysis can be useful in prioritizing conservation
areas and conservation strategies to protect giraffes in
isolated habitat patches and in the face of declining
habitats and populations that are exacerbated by climate
anomalies (Bond et al., 2023; Martinez-Freiria et al., 2016).
The declining suitability of South Kitui NR and its low
permeability is evidence of how human encroachment on
habitats can affect giraffe populations even in protected
areas. Such pressures may lead to either adaptation of
giraffes or fleeing such habitats leading to local extinction
(Bond & Farine, 2021; Kiringe & Okello, 2007). Recovery
strategies such as enhanced security, resource allocation
by the Kitui County government for managing the reserve,
and community awareness should be initiated to minimize
the trend of habitat destruction in the reserve while
protecting it from future encroachment.

Community ranches and conservancies play a key
role in maintaining the connectivity of the entire land-
scape as well as dispersal corridors, but these ranches are
faced by a myriad of pressures, specifically for giraffes,
with over 70% of the giraffe poaching occurring in
these unprotected areas (Waweru et al., 2021). Apart
from security enhancement, community awareness and
sustainable livestock production integrated with tourism
have shown complementary economic benefits (Genovese
et al., 2017) and ecological sustainability (Allan et al., 2017)
and should be encouraged in these ranches to ensure
giraffe and other wildlife thrive in these communally
owned ranches while maximizing economic benefits.
While livestock are known to influence giraffe habitat
use and large mammal occupancy and contribute to
wildlife-livestock resource partitioning (Connolly et al., 2021;
Crego et al., 2023; Masiaine et al., 2021), the results from our
analysis can guide the selection of suitable conservation
locations within livestock-dominated landscapes where
landscape modification and livestock use can be limited to
protect the dwindling habitats, dispersal areas, and linkage
corridors.

As the devolved governments in Kenya strive to
develop spatial development plans, the findings of this
study can guide planning of infrastructure and land use
to avoid destroying key suitable habitats and important
corridors in the landscape that are also threatened by
wildfires and unpredictable weather patterns. Our
model identified human habitat modification as the
most influential predictor across all the model runs at
27.30%; in the Tsavo-Mkomazi landscape, changes in
land use have not been assessed, nor has their relation-
ship with Masai giraffe distributions. As human popula-
tion is expected to increase pressure on wildlife habitats
(Tyrrell et al., 2020) and more specifically, in Tsavo

Landscape (Kenya National Bureau of Statistics, 2019),
more pressure is expected on giraffe habitats and therefore
informed decisions on habitat planning and management
should be initiated. As the identification of specific human
activities’ contribution to giraffe habitat suitability was
beyond the scope of the study, we recommend more
studies to investigate how different human activities
affect Masai giraffes and their habitats, for prioritization
of conservation strategies.

CONCLUSION

This study complements existing efforts to identify and
delineate wildlife corridors in multiple-use landscapes.
GEE was used to model Masai giraffe habitat suitability,
integrating moderate spatial resolution imagery data and
ground surveys to gain insights on habitat suitability
and landscape connectivity. This method can be effective,
especially in areas where access to high-speed computers
is a challenge. Although our modeling was based on one
season, it is a noninvasive approach (i.e., animals do not
need to be tagged or captured) and can potentially be
used in the identification of temporal corridor changes by
species where other methods may not be effective or
affordable. We have shown that during the dry season,
protected and unprotected areas have varying roles in
maintaining habitat suitability and landscape connectiv-
ity in multiple-use landscapes. This study recommends
the enhancement of conservation-compatible land use
practices in unprotected linkage zones to maintain giraffe
critical corridors and habitats in the landscape. Future
modeling across the entire range of Masai giraffes is
required to understand the growing challenges caused by
increasing human population and climate change.
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