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Abstract

Understanding the spatial dynamics of landscape use by free-ranging herbivores is es-
sential for species management and conservation in its natural environment. We used
Ivelv's selection index, binary logistic regression analyses and stepwise regression to
understand how environmental factors shape habitat selection by the Grevy’s zebra
(Equus greyvi). We measured biotic, abiotic and human factors that may influence
presence or absence of Grevy's zebra in Samburu-Laikipia landscape and showed: (1)
during wet periods, percentage perennial grasses, livestock density and grass quality
had the greatest effect on Grevy’s zebra presence; but (2) during dry weather periods
a different suite of factors determined their landscape distribution, namely, the per-
centage of tree and bush density, distance to water and overall grass abundance. In
addition, different Grevy’s zebra demographic and reproductive classes varied in their
response to environmental selective forces, thus demonstrating flexibility in their pat-
terns of habitat selection. While we recommend more detailed studies on how abiotic
and biotic interact to shape habitat selection patterns, our findings underscored the
need of maintaining both dry and wet season habitats to ensure essential grazing area
refugia. Our findings show that ‘soft’ development with controlled livestock stocking

rates within the landscape will enhance Grevy’s zebra conservation.
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Résumé

La compréhension de la dynamique spatiale de I'utilisation du paysage par les herbivores
en liberté est essentielle pour la gestion et la conservation des espéces dans leur
environnement naturel. Nous avons utilisé I'indice de sélection d'lvelv, des analyses de
régression logistique binaire et des régressions pas a pas pour comprendre comment
les facteurs environnementaux faconnent la sélection de I'habitat par le zebre de
Grévy (Equus grevyi). Nous avons mesuré les facteurs biotiques, abiotiques et humains
susceptibles d'influencer la présence ou I'absence du zébre de Grévy dans le paysage

de Samburu-Laikipia et avons démontré que : (1) pendant les périodes humides, le
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pourcentage d’herbes vivaces, la densité du bétail et la qualité de I'herbe ont eu le plus
grand effet sur la présence du zébre de Grévy ; mais (2) pendant les périodes séches, un
ensemble différent de facteurs a déterminé leur répartition dans le paysage, notamment
le pourcentage de densité d'arbres et de buissons, la distance par rapport a I'eau et
'abondance générale de I'herbe. En outre, les différentes classes démographiques
et reproductives du zébre de Grévy ont réagi différemment aux forces sélectives de
I'environnement, démontrant ainsi la flexibilité de leurs schémas de sélection de I’habitat.
Bien que nous recommandions des études plus détaillées sur la facon dont les facteurs
abiotiques et biotiques interagissent pour faconner les schémas de sélection de I'habitat,
nos résultats ont souligné la nécessité de maintenir les habitats de la saison seche et de
la saison humide pour garantir des refuges essentiels dans les zones de paturage. Nos

conclusions montrent qu'un développement « doux » avec des taux de charge du bétail

1 | INTRODUCTION

Habitat selection is central to understanding species ecology,
movements, distribution and abundance within a given landscape
(Moorcroft & Barnett, 2008; Northrup et al., 2022). Habitat selec-
tion is an essential animal behaviour whereby individuals actively
choose habitat patches from among available patches that are im-
portant to them throughout different stages in their life-histories
(Krebs, 2014; Stamps, 2009). Typically, habitats which are chosen
enhance survival and reproduction (Bailey et al., 1996; Redfern
et al., 2003; Stamps, 2009) thereby contributing to long-term fitness
of a species. Since habitats are shaped by abiotic and biotic elements
which change over time it is likely that a range of habitats will be
used and that these will change as conditions change. In an effort to
understand animal habitat selection decisions, scientists use many
approaches to assess ‘selectivity’ depending on the study species
as well as the types of data that are available (Manly et al., 2002;
Strickland & McDonald, 2006). If one or more habitats are being
used selectively, resource selection functions (RSFs) that assess both
biotic and abiotic factors are normally employed to determine what
habitat attributes characterises areas where animals are dispropor-
tionately observed (Boyce et al., 2016). Habitat selection can be de-
termined directly from observation of where animals are sighted in
relation to the abundance of different habitat types comprising the
landscape. Why such habitats are chosen will depend on assessing
the features of the habitats, especially the resource's they are utilis-
ing (Hirzel & Lay, 2008; Manly et al., 2002). When resource selection
functions (RSFs) and related occupancy models are used cautiously,
they provide a direct link to understanding populations movements,
distribution and abundance (Boyce et al., 2016; Matthiopoulos
et al., 2015), all features essential for species conservation.
Fostering conservation of large-bodied endangered species en-
tails monitoring their habitat selection choices over time over large
landscapes. Most large-bodied animals use a wide range of habi-
tat containing a diverse array of resources (du Toit, 1995; Redfern
etal., 2003) which are today being affected by changing climates and
human land use patterns (Kirathe et al., 2021; Ogutu et al., 2016).

contrdlés dans le paysage améliorera la conservation du zébre de Grévy.

The large-bodied Grevy's zebra (Equus grevyi Oustalet, 1882) listed
as ‘Endangered’ on the IUCN Red List (Rubenstein et al., 2016),
appear to be strongly affected by these challenges throughout its
range. In order to design better conservation plans and management
programs for Grevy's zebra and other endangered species, it is nec-
essary to understand their patterns of habitat use as well as their
degrees of habitat selectivity. By assessing the extent to which the
habitats selected overlap with human land uses, it then becomes
possible to identify the magnitude and type of conflict over re-
source use for development of actions to mitigate these conflicts.
The Grevy's zebra is a large grazing equid that historically ranged
from central and northern Kenya into parts of Ethiopia (Bauer
et al., 1994; Yalden et al., 1986). Since the mid-1970s, however, its
range has shrunk immensely as has its population which has greatly
declined from approximately 15,000 to under 2500 by the early
2000's. This represents a 75% population decline globally making
it one of the most endangered mammals (IUCN, 2003; Rubenstein
et al., 2016; Williams, 2002) in the world and has been placed on the
CITES Appendix A since 1979. The Samburu-Laikipia landscape con-
sists of arid and semi-arid grasslands (Pratt et al., 1966), providing
habitats whose vegetation abundance and quality vary spatially and
seasonally. The survival of Grevy's zebra in Samburu-Laikipa landscape
will depend on their ability to select beneficial habitats that are now
likely to be impacted by climate and human induced land use change.
Little is known about Grevy's zebra habitat selection on the
expansive Samburu-Laikipia landscape. Sundaresan et al. (2007)
showed that forage quantity and habitat openness affected areas
chosen by Grevy's zebra depending on reproductive status in the
Laikipia area. Mwangi et al. (2018) produced habitat distribution
maps for Grevy's and plain zebra in Laikipia showing that at a coarse
scale, they generally shared similar types of habitats, differing only
slightly in their distribution. But differences in the water needs of
these two zebra species are great, constraining plains zebras, which
must drink daily, to remain closer to water than Grevy's zebras which
only have to drink every 3-5days (Gersick & Rubenstein, 2017,
Rubenstein, 2010). We studied Grevy's zebra habitat selection on
a fine scale across the Samburu-Laikipia landscape. The aim of the
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study was to determine what habitats they use in the landscape and
whether they utilise them selectively. Then, using logistic regression
(Allison, 2012; de Gabriel et al., 2021; Garshelis, 2000; Groom &
Harris, 2009; Manly et al., 2002; Northrup et al., 2022; Sohl, 2014),
we identified what habitat resources and features best accounted
for the presence or absence of Grevy's zebra on each landscape par-
cel. Specifically, we set out to answer the following key questions;
(1) Do Grevy's zebra select certain types of habitats over others?
(2) If so, do the selected habitats change with weather season? (3)
Are the patterns of habitat selection affected by different demo-
graphic class and reproductive state? And finally, (4) What landscape
resource characteristics influence habitat choice? While focusing on
questions above, we then predict how impending changes wrought
by climate and human land use patterns are likely to impact the long-
term survival and reproductive success of this endangered species
and identify actions and policies that might mitigate these impacts
to enhance their population sustainability.

2 | MATERIALS AND METHODS

21 | Studyarea

The study was conducted between November 2009 and January
2015 in Samburu-Laikipia landscape located between 36° 15-38°

00’E and 0° 00-1° 00'N covering 15,634 square kilometres (Figure 1).
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Across this landscape there is wide variation in seasonal rainfall
which is largely affected by altitude and the fact that the landscape
lies on the lee side of both the Aberdares mountain range and Mount
Kenya. The southern region of our study receives on average about
500 mm, while sites in the north receive on average 250 mm annually
(Jaetzold & Schmidt, 1983). The climate is hot during the day and cool
at nights; mean annual temperature is 30°C (County Government of
Laikipia, 2018; County Government of Samburu, 2018; SNR, 2003).
The landscape is characterised by a mosaic of savannahs and bush-
and wooded grasslands. often referred to as Acacia-grasslands
and Acacia-Commiphora scrubs (Barkham & Rainy, 1976; Pratt
et al., 1966) with large areas covered by Acacia tortilis grasslands
containing perennial and annual grasses.

The Samburu-Laikipia landscape is impacted by human activ-
ities that have resulted in a variety of land use types that we in-
tensively monitored. These include: (1) commercial cattle ranches
in Laikipia comprising Mpala and Oljogi ranches; (2) Community
group ranches that included those in Samburu county like West
gate conservancy, Sessia-Barsalinga, Ngaroni, Kalama; those in
Isiolo county which included Oldonyiro and Kipsing area; Laikipia
community group ranches which included Koinja, Tiamamut and
llimotiok; and (3) Protected areas that included Samburu and
Buffalo Springs National Reserves. Because these land use types
were aligned along the cline of hundreds of kilometres, seasonal
rainfall patterns and human activities varied and were temporally

separated in the landscape.
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FIGURE 1 Kenya map showing the location of study area and study sites.
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2.2 | Determination of Grevy's zebra, livestock and
human settlement abundances

To evaluate the distribution and abundance of Grevy's zebras, human
settlements (manyattas) and livestock, we delineated and travelled
along, census routes to generate repeated replicate samples, each
of which was treated as a long transect (Grimsdell, 1978; Norton-
Griffiths, 1978, Figure 2). Estimates of zebra, livestock and human set-
tlement numbers and densities were made using ‘Distance Sampling’
(Thomas et al., 2010) which involved driving slowly along the census
routes which traversed a variety of landscapes and habitats conversing
a total of 17,166 kilometres. At each sighting we recorded; (1) the GPS
location on the route, (2) distances from the sighting point on the route

and (3) the compass direction to the focal object in order to demarcate

actual locations of zebras, manyattas and livestock on the landscape.
Grevy's zebras were also visually characterised by demographic and
reproductive classes. These classes included territorial males (TM),
bachelor males (BM), non-lactating females (NLF), lactating females
(LF) and recruits (infants and juveniles (2-3-year-olds). Since foals fol-
lowed their mother, they were easy to separate from older sub-adults.
For our analyses, though, all juveniles and foals were combined into
one reproductive class called juveniles (J). Driving the transects from
start to finish on any given day avoided double counting and ensur-
ing that each census route was an independent event. GPS locations
were superimposed onto the map of the study area using ARCMAP
10.4 from ARCGIS (ESRI, 1999-2015) to visualise distribution of focal
objects and produce distributions or ‘hot spots’ of these objects for the

entire study as well as across time periods.

- (A) Acacia drepanolobium bush grassland
- (B) Acacia tortilis -Ipomea-Aristida-Sporobolus dedduous bush grassland

:] (C) Acacia tortilis-A. etbaica-A. mellifera deciduous bush grassland

E (D) Acada tortilis-A. mellifera-A. reficiens-Boswellia-Grewia-Ipomea deciduous grassland

:] (E) Acacia tortilis-A. mellifera-Commiphora-Grewia-Lippia dedduous bushland

:] (F) Acacia tortilis-A.refidens-Commiphora-Tetrapogon-Aristida deciduous annual bush Grassland

D (G) Acacia tortilis-Commiphora-Oropetium-Indigofera deciduous wooded grassland

- (H) Alluvial seasonally flooded grassland
[:, (I) Flooded area vegetation

- (3) Open grasslands

® Town Road River Census routes

0 5 10

O e s fKm

FIGURE 2 Habitats and census
routes used for sighting Grevy's zebra
in the Samburu-Laikipia landscape. NB:

20 30 40 Alphabets indicate different habitat codes.
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2.3 | Vegetation surveys

A multivariate approach adopted from Hutchinson (1957); Asim and
Zafar (2021) was used to identify habitats and characterise the re-
source they contained. Along the census routes, 1km grids were
established using ARCGIS. 1902 grids where Grevy's zebra were
present were selected randomly to ensure that the distribution of
vegetation type used was unbiased. In addition, 1461 randomly
chosen grids where no Grevy's zebras sighted were also selected
randomly for comparison. For every randomly chosen grid cell,
whether or not Grevy's zebra were present, a 100m transect was
walked from the centre of the chosen grid in order to assess tree
and herbaceous cover (forbs and grasses). By choosing new grids
and transects monthly, spatial variation of vegetation cover and
type across time was ensured.

To assess herbaceous layer abundance and quality, ten sampling
points, ten meters apart along the 100m transect were sampled
following McNaughton's (1979) procedure. At each point on the
transect, a 1 meter pin frame containing 10 pins was used to count
all grass or forb parts touching the pin while identifying them to
genus or species where possible. Each pin contact was later used
to compute metrics that categorised phenological attributes of the
grasses and forbs as proportions or percentages. This produced the
following measurements for characterising resource features of
each plot and transect; proportion or percentage of leaves, stems,
green plant parts (greenness) or brown, grass seeds and grass cover
(McNaughton, 1979). Grass height was measured to the nearest cm

using a meter rule.

number of !)m !'ut? of the attribute % 100
total pin hitsinatransect

% / proportion vegetation characteristic =

Using Shannon-Weaver index (H=-pilnpi) where pi represents
the proportion occurrence of a species.

To obtain herbaceous standing crop biomass, four quadrants
of 0.5m? for both grass and forbs were established (Cornelissen
et al, 2003; DOrgeloh, 1997; Schwinning & Weiner, 1998).
Quadrants were placed systematically at points 0, 25, 50 and 75m
along the 100m transect. All above ground herbaceous vegetation
was cut, oven-dried at 60°C until no further weight loss occurred
and final weights recorded.

We counted all woody tree and shrub plant individuals within
five meters on both sides of the transect and computed density
for each transect. Canopy cover was measured using line intercept
method along the 100m transect. Here using a tape measure, we
determined length on the ground covered by tree or shrub to gen-
erate percentage canopy cover. Tree height was determined from an
extension pole marked at 1 cm intervals.

2.4 | Other environmental factors

All permanent water points were known and were mapped using
a Garmin GPS. All GPS locations of Grevy's zebra individuals or

" 5 50f 16
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groups and water points were entered into ARCGIS (ESRI, 1999-
2015) and shortest linear distance to permanent rivers, luggas
or temporary (ephemeral) water computed. Percent Hill slope
was extracted by overlaying Grevy's zebra locations and random
points on digital elevation model (DEM) maps (accurate to 90m)
using ARCMAP 10.4 from ARCGIS. Normalised difference vegeta-
tion index (NDVI) satellite imagery obtained from the US National
Oceanic and Atmospheric Administration (NOAA) were acquired
(NASA-EO, 2009-2015; Appendix B). These were used to obtain
monthly mean NDVI values as a measure of vegetation productivity
and greenness (Bernt & Hans, 2014; Tucker & Sellers, 1986). NDVI
values vary from -1 to 1 with high values indicating greener and

more photosynthetic production.

2.5 | Determination of habitats and habitat
availability

Surveys were conducted on 10 plants communities identified on the
Samburu-Laikipia landscape in Figure 2. To calculate habitat avail-
ability, the study area map was superimposed on the vegetation
map (Di Gregorio & Latham, 2000; Herlocker, 1992, 1993) and using
ARCMAP 10.4 from ARCGIS, area of each vegetation type calcu-
lated. Percent availability was calculated as the area of a vegetation
type divided by total study area multiplied by 100. Since vegetation
area remained constant during the study period, habitat availability

was the same over the study period.

2.6 | Habitat selection index

Habitat selection was calculated using a method described by
Aebischer et al. (1993). We calculated selection ratios as percent
habitat use divided by percent habitat available. Number of Grevy's
zebra sighted in a habitat were also used to determine Ivelv's electiv-
ity index, E (Ivlev, 1961). Ivelv's index is independent of the relative
abundance of each habitat available to the animals (Jacobs, 1974;
Kauhala & Auttila, 2010; Lechowicz, 1982) presenting an additional
and often a more robust selection metric.

Ivlev's electivity index is calculated according to the formula:
Ei=(ri-Pi)/(ri+ Pi), where ri is the proportion of relative habitat use by
the zebras and Pi the proportion of relative habitat potentially avail-
able. E values varies from -1 (total avoidance) to +1 (exclusive selec-

tion) on a habitat while values close to zero indicate non selective.

2.7 | Data analysis

Environmental and anthropogenic factors that could influence
Grevy's zebra habitat selection were determined for each habi-
tat. Since many of the herbaceous layer variables (grass and forbs)
co-varied, we used principal component analysis to identify in-
dependent composite variables of the suite of original variables
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characterising zebra use. This effectively reduced a multi-dimen-
sion suite of traits into two important independent variables; (1)
the first one termed ‘PCA%1’and labelled as ‘Grass Abundance’ a
combination of percentage grass cover, grass height and herba-
ceous layer biomass. and (2) the second termed ‘PCA2'- ‘Grass
Quality’ a combination of proportion grass leaves, grass diversity
and proportion green grass. In addition, percent annual grasses,
percent perennial grasses, tree/bush density, percentage tree/
bush cover, percentage hill slope, distance to nearest water, many-
atta density and livestock density were added as factors that influ-
enced Grevy's zebra habitat selection.

JMP PRO 12 Statistic program from SAS was used for all the
analysis (SAS Institute Inc., 2020-2021). Data in proportions or per-
centages were ARCSINE transformed and checked for normality be-
fore a parametric test was applied and results back transformed in
presentation of graphs or statistics.

Habitat and environmental variables were tested to deter-
mine whether they influenced Grevy's zebra presence or absence.
Binary logistic regression was applied to estimate the impact of
each habitat variable on the presence or absence of Grevy's zebra
(DOrgeloh, 2006; Groom & Harris, 2009). Selected variables were
entered into a series of models where Akaike's Information Criterion
(AIC, Akaike, 1974) scores for each possible model resulted and the
one with lowest value, separated by 2 units from the other lowest
value was chosen as the best. Further, odds ratios of habitat vari-
able contributing to selection of the model were compared against
each other, respectively, and -log likelihood estimates determined.

In an effort to weigh and determine the importance of each
habitat variables to Grevy's zebra, demographic and reproductive
classes, stepwise regression analysis was applied as a data reduction
technique. Here, predictor variables were trained to enter a model
at a probability of p<0.001 and leave at probability above p>0.05

considering the lowest AIC.

3 | RESULTS

3.1 | The seasonal distribution of Grevy's zebra in
samburu-laikipia landscape

Overall, the distribution of Grevy's zebra on the Samburu-Laikipia
landscape differed significantly from the distribution of randomly
chosen points (;(29:1505.57, p<0.001). Similarly, non-random dis-
tributions were also observed during dry seasons (variance/mean
ratio=4.62;;(29=926.43, p<0.001) and wet seasons (variance/mean
ratio= 19.19;;(29=578.33, p<0.001; Fowler et al., 1998). These pat-
terns indicate that the distribution of Grevy's zebra is patchy, irre-

spective of season. (Figure 3).

3.2 | Grevy's zebra seasonal habitat selection

Grevy's zebras disproportionately favoured some habitats over oth-
ers and selected habitats changed seasonally (Table 1).

We observed that common and wide-ranging habitats like Acacia
tortilis-A. reficiens-Commiphora-Tetrapogon-Aristida deciduous annual
bush grassland and Acacia tortilis-lpomea-Aristida-Sporobolus decid-
uous bush grassland which comprised 40% and 18% of the study
area, respectively, were not selected or used disproportionately by
Grevy's zebras. Small and rare habitats such as alluvial seasonally
flooded grassland, flooded area vegetation and open grasslands
approximately 1% in the study area were used disproportionately
relative to their abundance. And since the habitats that were dis-
proportionately selected varied seasonally, Grevy's zebra appear
not to favour any one suite of habitats year round or between years
(Duun's all pair test, p <0.05). For example, Grevy's zebras were seen
in some habitats approximately 70% of the time during dry seasons,

but only 30% of the time during wet seasons (Table 1 and Figure 4).

River

CAP Wi

A~ Wet seaon

Pfdgai PR
97#‘9 ‘e r“ ® Town
a2 7 ? — Road
Wity 0
2 River

FIGURE 3 Distribution of Grevy's zebra sightings in Samburu-Likipia landscape during dry and wet season in the period between 2009-2015.
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TABLE 1 Broad scale habitat selection of Grevy's zebra in Samburu-Laikipia landscape.

Dry season Wet season
Habitat Type  Hab?  Obst  Exp® P p sp*  Obst  Exp® P p E sp*
A 2.16 164 236.95 22.46 <0.05 0.19 + 460 387.05 13.73 >0.05 0.45 +
B 10.38 914  1031.34 13.35  <0.001 0.21 + 1802  1684.88 8.17 <0.05 0.35 +
C 2.34 301 190.24 64.48  <0.001 0.38  + 200 310.76 3947 <0.001 -0.04
D 4.77 692 43593 15042  <0.001 043 + 456 712.07 92.09 <0.001 0.01
E 4396 1749 222482 101.76 <0.001 -0.19 - 4110  3634.18 62.30 <0.001 0.004
F 14.72 568 276.82 306.28 <0.001 -0.20 - 161 452.20 18750 <0.001 -0.81 =
G 18.11 85 53.16 2.63 >0.05 -0.85 - 75 85.84 1.61 >0.05 -0.93 -
H 0.99 210 118.47 70.71  <0.001 0.57 ++ 102 193.53 43.30 <0.001 0.05
| 0.8 209 90.40 15571  <0.001 0.63  ++ 29 147.63 95.32 <0.001 -045 -
J 1.18 309 522.89 87.50 <0.001 0.50 ++ 1068 854.10 58.56  <0.001 0.76 ++

Note: habitats type codes (in alphabet) stands for those outlined in Figure 2 and Table 2.

p Is the Significance level and E is Ivelv's electivity index; While Symbols.
THabitat availability as a percentage of the whole study area.

*Observed frequency occurring in the habitat type.

SExpected observations.

TChi-square test.

#Selection and avoidance denoted by ++ (highly selected), + (selected) and - (highly avoided), - avoided, respectively, or blank for non-selection.
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FIGURE 4 Frequencies of Grevy's zebra sightings in different
habitats of Samburu-Laikipia landscape in dry and wet season. NB:
Habitats codes/type as outlined in Figure 2 and Table 2.

Ivlev's electivity indexes show that during dry seasons, Grevy's
zebra strongly selected alluvial seasonally flooded grasslands,
flooded area vegetation and open grasslands. Other disproportion-
ately selected habitats were Acacia drepanolobium bush grassland,
Acacia tortilis-A.etbaica-A.mellifera deciduous bush grassland, Acacia
tortilis-A. mellifera-A. reficiens-Boswellia-Grewia-lpomea deciduous

grassland and Acacia tortilis-A.mellifera-Commiphora-Grewia-Lippia

deciduous bushland. In wet seasons, however, Grevy's zebras used
fewer habitats disproportionately, only favouring open grasslands as
well as only two of the Acacia bushed habitats, namely Acacia drepa-
nolobium bush grasslands and Acacia tortilis-A.etbaica-A. mellifera de-
ciduous bush grasslands. They disproportionally avoided flooded area
vegetation as well as the other Acacia dominated habitats (Table 1).

Different Grevy's zebra demographic and reproductive classes
showed variations in habitat selection in both dry and wet seasons
(Table 2). Territorial males strongly selected flooded area vegetation
and open grasslands habitats in both dry (;(29=60.85, p<0.001) and
wet seasons (;(29=51.22, p<0.001). Bachelor males disproportionately
selected Acacia tortilis-A.etbaica-A.mellifera deciduous bush grassland,
Acacia tortilis-A. mellifera-A. reficiens-Boswellia-Grewia-lpomea deciduous
grasslands, alluvial seasonally flooded grasslands, flooded area vegeta-
tion and open grasslands during dry seasons (;(29:300.13, p<0.001).In
wet seasons, however, different Acacia dominated landscapes, namely
Acacia tortilis-A. etbaica-A.mellifera deciduous bush grassland as well as
open grasslands (;(29= 179.46, p<0.001) were favoured.

Non-lactating females disproportionately selected Acacia tor-
tilis-A. etbaica-A. mellifera deciduous bush grassland, Acacia tor-
tilis-A. mellifera-Areficiens-Boswellia-Grewia-lpomea deciduous
grasslands, alluvial seasonally flooded grasslands, flooded area
vegetation and open grasslands in both dry season (;(29=304.13,
p<0.001). In wet season, non-lactating females also favoured,
Acacia drepanolobium bush lands, but avoided this habitat in the dry
season. And while they favoured Acacia tortilis-Commiphora-Orope-
tium-Indigofera deciduous wooded grasslands in the dry season, they
avoided them in the wet season (;(29=227.05, p<0.001).

Lactating females highly selected Acacia tortilis-A. mellifera-Com-
miphora-Grewia-Lippia deciduous bushland, flooded area vegetation
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TABLE 2 Habitat selection by different Grevy's zebra reproductive groups in Samburu-Laikipia landscape.

Dry season Wet season

Demographic/reproductive Demographic/reproductive
class class

Habitat code  Habitat type T™ BM NLF LF J T™ BM NLF LF J

A Acacia drepanolobium bush grassland - - = Ee o L = +

B Acacia tortilis-A. etbaica-A. mellifera deciduous bush grassland + ++  ++ + + + ++  ++ + +

C Acacia tortilis-A. mellifera-A. reficiens-Boswellia-Grewia-Ipomea ~ + ++  ++ + ++ - + ++ = +
deciduous grassland

D Acacia tortilis-Amellifera-Commiphora-Grewia-Lippia deciduous — + + ++ ++ o+ - - + +
bushland

E Acacia tortilis-A. reficiens-Commiphora-Tetrapogon-Aristida 4 = = = + + - +
deciduous annual bush Grassland

F Acacia tortilis-Commiphora-Oropetium-Indigofera deciduous - + - - - - - - -
wooded grassland

G Acacia tortilis-lpomea-Aristida-Sporobolus deciduous bush - L - - - - - = = =
grassland

H Alluvial seasonally flooded grassland + ++ 4+ + ++ - + + -

| Flooded area vegetation ++ ++ 4+ ++ - ++ + ++ ++ -

J Open grasslands e = S S S S S T T T =

Note: Significant selection and avoidance denoted by ++ (highly selected), + (selected) and - (highly avoided), - avoided, respectively, or blank for

non-selection.

Abbreviations: BM, bachelor males; J, Juveniles; LF, Lactating females; NLF, non-lactating females; TM, territorial males.

and open grasslands in both seasons (;(29=59.36, p<0.001), while
in the wet season, they avoided alluvial seasonally flooded areas
which they preferred in the dry season (;(29:45.95, p<0.001).
Juveniles also selected Acacia tortilis-A. mellifera-A. reficiens-Boswel-
lia-Grewia-Ipomea deciduous grassland, alluvial seasonally flooded
grasslands and open grasslands habitats in both seasons, but the
ones preferred differed by season (;(29= 157.08, p <0.001). Overall,
Acacia tortilis -Ipomea-Aristida-Sporobolus deciduous bush grass-
land, Acacia tortilis-Commiphora-Oropetium-Indigofera deciduous
wooded grassland and Acacia tortilis-A.reficiens-Commiphora-Tet-
rapogon-Aristida deciduous annual bush Grassland were dispropor-
tionately avoided by most demographic classes of Grevy's zebra in
both wet and dry seasons. Flooded area vegetation, alluvial season-
ally flooded grassland habitats in wet season were generally dispro-

portionately avoided as well.

3.3 | Factors influencing Grevy's zebra
presence or absence

All habitat variables recorded in the field were tested to determine
whether they influenced Grevy's zebra presence or absence. Table 3
shows that of the two composite principal components. PCA1
(‘Grass Abundance’) was significantly correlated with Grevy's zebra
numbers in the dry season (r*=0.20, p <0.001, n=1045) while PCA2
(‘Grass Quality’) was significantly correlated with Grevy's number in
wet season (r?=0.10, p<0.001, n=997).

Two other habitat variables were also correlated with the num-
ber of Grevy's zebra using particular habitats: the percentage annual
and perennial grasses (Table 4 and Appendix A).

TABLE 3 Principal components (rotated verimax) of grass
characteristics in Samburu - Laikipia landscape study sites for both
dry and wet weather season.

Dry season Wet season
Grass characteristic PCA1 PCA2 PCA1 PCA2
% Grass cover 0.46 0.04 0.53 0.04
Grass leaves 0.16 0.54 -0.26 0.32
Green grass 0.29 0.45 0.06 0.53
Grass seeds 0.10 -0.31 0.12 0.12
Grass diversity 0.16 0.37 0.10 0.50
Grass height 0.38 -0.28 0.48 -0.21
Grass biomass 0.42 -0.12 0.41 0.26
Variance 2.96 1.80 2.26 1.79
% Variation 29.60 18.00 22.59 17.90
% Cumulative 29.60 47.60  22.59 40.49
variation
Pearson correlation r?=0.20, Ns Ns r’=0.16,
with Grevy's p<0.001, p<0.001,
zebra n=1489 n=1513

Note: Values in bold indicates grass charateristics that contributed
significally to a composite principal component.

Table 4 shows also that the combination of variables compris-
ing the habitats chosen by Grevy's zebras varied seasonally. In both
seasons, Grevy's zebras chose habitats where grass quality was
high, with abundant perennial grasses, low percentage tree cover,
and where the terrain was not steep. Only in the dry season did
they favour habitats close to water, where grass was abundant and
livestock density was high with low manyatta density. In the wet
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TABLE 4 Group statistics for continuous habitat variables in dry and wet season in areas where Grevy's zebra were present or absent in

Samburu-Laikipia landscape.

Dry season
Habitat variable Grevy's zebra Mean + SE
% Annual grass Absent 21.57+0.44
Present 20.16+0.47
% Perennial grass Absent 47.69+0.78
Present 54.63+0.77
% tree/bush cover Absent 7.56+0.15
Present 6.62+0.11
Tree/bush density Absent 178.35+4.43
Present 151.21+4.13
Distance to water Absent 1371.00+55.01
Present 1127.44 +47.61
Manyatta density Absent 2792.76 +138.93
Present 2734.19+128.33
Livestock density Absent 1852.92+196.70
Present 2211.85+154.77
% Hill slope Absent 15.72+0.93
Present 11.73+0.51
NDVI Absent 0.31+0.00
Present 0.33+0.00
Grass abundance Absent -0.06+0.05
Present 0.03+0.05
Grass quality Absent -0.42+0.05
Present 0.22+0.04

Wet season
Sign. p. Mean+S Sign. p
0.02* 25.32+0.62 0.11
24.10+0.43
<0.001*** 55.50+0.72 0.02*
57.44+0.52
<0.001*** 7.93+0.15 <0.001***
7.27+0.13
<0.001*** 181.96 +6.62 0.17
193.80+5.40
0.03* 3513.98+134.99 <0.001***
2942.88+81.21
0.76 3392.90+167.74 <0.01**
2774.53+106.95
0.15 651.86+118.47 <0.01**
1021.77 +101.79
0.001*** 10.63+0.70 0.01**
8.37+0.46
<0.001*** 0.29+0.01 <0.001***
0.24+0.00
0.21 -0.13+0.06 0.01**
0.05+0.05
<0.001*** -0.10+0.04 0.02*
0.14+0.04

Note: Differences were tested using two tailed t-test and significant probability indicated with asterisk where p<0.05, **p<0.01, ***p <0.001.

season, distance to water was also significantly correlated with
habitat use, but then the converse was found; Grevy's zebras were
found in habitats farther from water but with high livestock density
than were random points. Differences in the other factors did not
differ among habitats they frequented and those they did not.

3.4 | The logistic regression model
This model supports the presence-absence results. The dry sea-
son logistic model was highly significant (;{2=128.97, p<0.001;
Nagelkerke R?=0.36 Nagelkerke, 1991) and was positively depend-
ent on percent perennial grasses, grass abundance, distance to
water, tree and bush density (Wald ;(2 test Table 5).

In the wet season, the logistic regression model was also
(#$=216.83, p<0.0001; R?=0.42,
Nagelkerke, 1991). Percent perennial grasses, livestock density

significant Nagelkerke
and grass quality were strong predictors of Grevy's zebra presence
(Table 6). Equally, NDVI values which indicate habitat quality was
very important factor where Grevy's zebra were present. Again, dis-
tance to water mattered but during the wet season the coefficient
was negative showing the ability of individuals to roam away from

water was important. Bushy habitats were also avoided, presumably
because dense foliage makes detecting predators and staying con-

nected to conspecifics difficult.

3.5 | Grevy's zebra habitat selection
prediction models

Stepwise regression models helped identify the habitat features as-
sociated with habitat selection by different reproductive classes of
Grevy's zebras. Table 7 shows the variables that contributed signifi-
cantly to the models that characterised the habitats favoured by the
different reproductive classes.

The models illustrated that overall, Grevy's zebras selected
habitats characterised by abundant grass cover, especially cover
by annual grasses, high tree cover and closeness to water during
the dry season. In the wet season, distance to water no longer
mattered, but associations with livestock did. With respect to
specific demographic classes, non-lactating females generally fol-
lowed the overall species pattern of habitat choice, but favoured
habitats with high quality vegetation in the dry season. Lactating
females, however, strongly preferred high quality habitats in the
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TABLE 5 Result of binary logistic regression model predictors (n=1489) used to investigate dry weather season habitat variables

affecting Grevy's zebra presence in Samburu-Laikipia landscape.

Independent variable p+SE Wald 52
Intercept 2.300+0.530 18.86
% Annual grass 0.003+0.006 0.17
% Perennial grass 0.011+0.005 4.72
% Tree/bush cover -0.095+0.024 16.07
Tree/bush density 0.003+0.001 29.06
Distance to water 0.000+0.000 12.89
Manyatta density -0.000+0.000 0.33
Livestock density 0.000+0.000 0.65
% Hill slope -0.022+0.004 23.79
NDVI -0.454+0.091 13.75
Grass abundance 0.370+0.005 11.64
Grass quality 0.047 +0.005 0.77

*p<0.05, **p<0.01, ***p<0.001, Nagelkerke R?=0.36.

Sign.p Lower 95% Upper 95% Exp (B)
<0.001*** 1.262 3.334
0.67 -0.0098 0.0151 0.9973
0.02* 0.0011 0.0218 0.9885
<0.00*** -0.1419 -0.0487 1.1000
<0.001*** 0.0021 0.0045 0.9967
0.001*** -0.0001 -0.0004 1.0001
0.56 -0.0001 0.0003. 1.0000
0.41 0.00003 0.0001 0.9999
<0.001*** -0.0307 -0.0131 1.0221
0.001*** -0.528 0.1628 0.6347
<0.001*** -0.0959 0.1363 0.97910
0.3806 -0.0584 0.1530 0.9538

TABLE 6 Result of binary logistic regression model predictors (n=1513) used to investigate wet weather season habitat variables

affecting Grevy's zebra presence in Samburu-Laikipia landscape.

Independent variable p+SE Wald 42
Intercept -0.908+0.460 3.80
% Annual grass -0.009 +£0.005 2.32
% Perennial grass 0.025+0.004 38.52
% Tree/bush cover -0.102+0.023 19.84
Tree/bush density -0.001+0.001 1.85
Distance to water -0.0001+0.000 7.67
Manyatta density -0.0001+0.000 34.87
Livestock density 0.000+0.000 8.46
% Hill lope -0.017+0.004 18.92
NDVI 0.510+0.018 18.06
Grass abundance 0.130+0.06 0.20
Grass quality 0.320+0.06 24.81

*p<0.05, *p<0.01, **p<0.001, Nagelkerke R?=0.42.

wet season, presumably because at that time they are nursing rap-
idly growing young foals. Both territorial and bachelor males also
generally followed the overall species pattern in the wet season,
but showed preferences for habitats with high percentages of pe-
rennial grasses during the dry season. More than any other de-
mographic class, juveniles showed similar patterns of habitat use
in dry and wet seasons. Access to both abundant and high quality
forage, use of bushy habitats and closeness to water characterised
their habitat preferences, presumably because their rapid growth
is energetically demanding. Such strong demographic specificities
in habitat preferences, some of which cut across weather seasons
whereas other are season specific, underscore why the Grevy's
zebra exhibit a fission-fusion society where individuals join and
leave groups frequently (Rubenstein, 1986) to avoid intraspecific
competition for resources.

Sign.p Lower 95% Upper 95% Exp (B)
0.0512 -1.8209 0.0045
0.1279 -0.0208 0.0026 1.0092
<0.001*** 0.0168 0.0323 0.9757
<0.001*** -0.1471 -0.0572 1.1075
0.1742 -0.0025 0.0005 1.0010
<0.001*** 0.0000 0.0002 0.9998
<0.001*** -0.0002 -0.0001 1.0001
0.01** --0.0000 0.0000 1.0000
<0.001*** -0.0254 -0.0096 1.0177
<0.001*** 0.27134 0.7357 0.0065
0.659 0.1538 0.09735 1.0287
<0.001*** 0.1943 0.4465 0.7258

4 | DISCUSSION

Ecological theory predicts that animals using spatially localised re-
sources, especially those inhabiting arid and semi-arid landscape,
must be able to locate and use key resources that meet their spe-
cific needs. Most important are forage and water in addition to
areas that attenuate predation risks (Groom & Harris, 2009). Large
herbivore distributions, abundances and movements at landscape
levels are often influenced by spatial and temporal distributions
of context dependent key resources (Matthiopoulos et al., 2020;
Ritchie et al., 2009; Rondinini et al., 2005) which if dispropor-
tionately used relative to their abundance will result in habitat
selectivity. Grevy's zebras selected a wide range of habitats in dry
season including those with high tree/bush density, waterlogged
during wet season, heavily used by livestock and close to water.
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In wet seasons, few habitats were disproportionately selected
specifically those characterised by open grasslands of high quality
as depicted by high NDVI and percentage greenness. Here, live-
stock were abundant suggesting that Grevy's zebras prefer short
green grazing lawns on moist soils where livestock can stimulate
regrowth of highly digestible and nutritious vegetation. Habitats
that were densely wooded or waterlogged during wet periods
would appear to be avoided during rainy periods presumably
because of both poor predator visibility and escapability. Such
seasonal variability shows that Grevy's zebras do not favour one
habitat type year round. Needs and risks change and Grevy's ze-
bras respond by changing their use of particular habitats. Because
changes in climate and land use will continue to alter the avail-
ability and patterning of these habitats, scientists and policy mak-
ers need to understand how seasonal and demographic dynamics
interact if Grevy's zebras and other this endangered species are to
be brought back from the edge.

Grevy's zebra demographic and reproductive classes showed dif-
ference in habitats they used. These differences likely resulted from
differences in physiological demands, nutrients requirement and
survival strategies. For example, non-lactating females and bache-
lor males showed similar habitat selection patterns, perhaps because
they both have similarly high energic demands. For non-lactating fe-
male's energy is required for recovering from their last reproductive
episode, or if already pregnant, for supporting a developing foetus.
For bachelor males, energy is required for rapid growth so that they
have enough stamina to seize and maintain good territories that at-
tract females to enhance their reproductive success. Or, bachelor
males may simply be seeking habitats that receptive females, often
those no longer lactating, but reproductively cycling frequently so
that they can steal mating when they are apart from territorial males
(Sundaresan et al. (2007).

Lactating females and juveniles both preferred habitats with high
quality resource and that were near to water in both seasons. While
both have high energetic demands, their need for water is also high.
Territorial males showed some small differences in the attributes of
the habitat selected during dry and wet weather seasons. Given that
both lactating and non-lactating females shift habitats seasonally,
males may simply be shifting the habitats they defend, anticipating
the arrival of shifting females (Rubenstein, 2010).

Our study also shows that different nutritional features in veg-
etation likely under pin seasonal changes in habitat use by various
Grevy's zebra demographic and reproductive classes. For a hindgut
fermentor like the Grevy's zebra which can subsist on low quality
vegetation if necessary (Hack et al., 2002; Mandlate Jr et al., 2019;
Redfern et al., 2003; Sinclair, 1985), grass abundance is important in
determining habitat selection in both dry and wet seasons. During
wet seasons, however, we observed that they often were found in
areas of high grass quality. Seeking area containing patches of high
quality vegetation may be driven by the need to replenish energy
and nutrients after long dry periods. Livestock grazing and transfor-
mations of the landscape may be attracting Grevy's zebras to emerg-
ing grazing lawns. But when this vegetation becomes too short to

crop after the rains cease, Grevy's zebras depart these areas, return-
ing to areas of high grass abundance.

In dry season, Grevy's zebra also selected areas with high tree /
bush density and those grassy areas that were waterlogged during
the rainy season. Tree thorns could protect grass under their cano-
pies from being grazed by bulk feeding grazers like cattle, while high
tree numbers or density could increase shading and alter soil mois-
ture levels, especially if Acacia tortilis is present since their roots acts
as water pumps (Ludwig et al., 2003, 2004; Treydte et al., 2009). This
will enable grass to senesce slowly, thus creating grass banks that
Grevy's zebra could access. Although trees during the wet season
may hide predators, during the dry season leaf drop will increase
visibility enabling zebras to more easily detect and flee from pred-
ators (Sundaresan et al., 2007). While waterlogged habitats during
the rainy season are difficult to navigate and escape from attacking
predators, during the dry season predation risk reduces and their
ability to retain soil moisture will enhance grass growth.

Remaining close to water was very important to Grevy's zebras
in the dry weather season, unlike in the wet season. This could have
been due to many ephemeral water points during wet season un-
like in dry season which releases most individuals to range widely
in search of forage. In dry season, however, youngsters and territo-
rial males seeking to mate with females as they come and go from
water tend to remain near water where they are likely to suffer
higher levels of parasitic nematode infection (Tombak & Rubenstein,
2023). Since most Grevy's zebra only need to drink every 3-5days
(Rubenstein, 2010; Williams, 2002), they can avoid these habitats as
confirmed by this study.

The type of flexibility in habitat and resources use shown in this
study is very important for Grevy's zebra survival in this type of
landscapes. First, it ensures the use of high quality resources during
wet seasons thus avoiding direct interspecific competition with nu-
merically more abundant livestock. Secondly, context dependent
changes in the needs of different reproductive and demographic
classes of Grevy's zebras also reduces intraspecific competition both
within and between different seasons. Thus in order to sustain, and
even increase, the numbers of this endangered species, it is essential
that access is maintained to an array of habitats which themselves
change with the seasons. Since changing climate and landscapes in-
duced by people are likely to reduce the abundance and access to
essential habitats, understanding which habitats are disproportion-
ately used or avoided will be necessary to shape policies for sus-
taining populations of this endangered highly social species whose

associations change frequently.
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Pearson correlational matrixes for Grevy's zebra numbers and habitat variables over both dry and wet season of Samburu-Laikipia

landscape.
Correlational variables Dry weather Wet weather
Variable By r? Count Sign. p. r? Count Sign. p.
Manyatta density Tree & bush density -0.16 1489 <0.0001* -0.14 1513 <0.0001*
Manyatta density Near water 0.43 1489 <0.0001* 0.34 1513 <0.0001*
Livestock density Grevy's number -0.01 1489 0.6468 0.09 1513 0.0003*
Livestock density % Annual grass -0.40 1489 <0.0001* -0.44 1513 <0.0001*
Livestock density % Perennial grass 0.28 1489 <0.0001* 0.46 1513 <0.0001*
Livestock density % Tree & bush cover -0.03 1489 0.2779 0.09 1513 0.0006*
Livestock density Tree & bush density -0.01 1489 0.7519 -0.01 1513 0.7922
Livestock density Near water -0.32 1489 <0.0001* -0.38 1513 <0.0001*
Livestock density Manyatta density 0.01 1489 0.6244 -0.02 1513 0.3925
% Hill slope Grevy's number -0.003 1489 0.9111 -0.06 1513 0.0151*
% Hill slope % Annual grass -0.22 1489 <0.0001* -0.24 1513 <0.0001*
% Hill slope % Perennial grass 0.19 1489 <0.0001* 0.30 1513 <0.0001*
% Hill slope % Tree & bush cover 0.08 1489 0.0016* 0.06 1513 0.0193*
% Hill slope Tree & bush density 0.13 1489 <0.0001* 0.25 1513 <0.0001*
% Hill slope Near water -0.33 1489 <0.0001* -0.44 1513 <0.0001*
% Hill slope Manyatta density 0.05 1489 0.0678 -0.08 1513 0.0013*
% Hill slope Livestock density 0.40 1489 <0.0001* 0.51 1513 <0.0001*
NDVI Grevy's number -0.03 1489 0.2965 0.03 1513 0.2003
NDVI %annual grass -0.07 1489 0.0170* -0.32 1513 <0.0001*
NDVI % Perennial grass 0.06 1489 0.0250* 0.42 1513 <0.0001*
NDVI % Tree & bush cover 0.03 1489 0.2914 0.01 1513 0.6657
NDVI Tree & bush density 0.04 1489 0.1075 0.005 1513 0.8382
NDVI Near water -0.08 1489 0.0022* -0.21 1513 <0.0001*
NDVI Manyatta density 0.04 1489 0.1696 0.29 1513 <0.0001*
NDVI Livestock density 0.09 1489 0.0005* 0.37 1513 <0.0001*
NDVI % Hill slope 0.07 1489 0.0118* 0.25 1513 <0.0001*
Grass abundance Grevy's number 0.17 1489 <0.0001* -0.01 1513 0.6321
Grass abundance % Annual grasses -0.43 1489 <0.0001* -0.55 1513 <0.0001*
Grass abundance % Perennial grasses 0.36 1489 <0.0001* 0.59 1513 <0.0001*
Grass abundance % Tree & bush cover 0.03 1489 0.2433 -0.09 1513 0.0007*
Grass abundance Tree & bush density 0.20 1489 <0.0001* 0.01 1513 0.6714
Grass abundance Near water -0.10 1489 0.0001* -0.29 1513 <0.0001*
Grass abundance Manyatta density 0.28 1489 <0.0001* 0.33 1513 <0.0001*
Grass abundance Livestock density 0.54 1489 <0.0001* 0.44 1513 <0.0001*
Grass abundance % Hill slope 0.31 1489 <0.0001* 0.37 1513 <0.0001*
Grass abundance NDVI 0.07 1489 0.0086* 0.41 1513 <0.0001*
Grass quality Grevy's number 0.03 1489 0.1812 0.14 1513 <0.0001*
Grass quality % Annual grasses 0.13 1489 <0.0001* 0.02 1513 0.4916
Grass quality % Perennial grasses 0.02 1489 0.5587 0.22 1513 <0.0001*
Grass quality % Tree & bush cover 0.08 1489 0.0029* -0.09 1513 0.0005*
Grass quality Tree & bush density 0.20 1489 <0.0001* -0.23 1513 <0.0001*
Grass quality Near water 0.07 1489 0.0063* 0.07 1513 0.0105*

(Continues)
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APPENDIX A (Continued)

KIRATHE ET AL.

Correlational variables Dry weather Wet weather

Variable By r? Count Sign. p. r? Count Sign. p.
Grass quality Manyatta density -0.05 1489 0.0787 0.14 1513 <0.0001*
Grass quality Livestock density -0.09 1489 0.0006* 0.29 1513 <0.0001*
Grass quality % Hill slope -0.15 1489 <0.0001* 0.02 1513 0.3659
Grass quality NDVI 0.0 1489 0.0005* 0.40 1513 <0.0001*
Grass quality Grass abundance 0.00 1489 0.9974 0.01 1513 0.6784

% Annual grass Grevy's number -0.23 1489 <0.0001* 0.36 1513 <0.0001*
% Annual grass % Perennial grass -0.67 1489 <0.0001* -0.47 1513 <0.0001*
% Annual grass % Tree & bush cover -0.05 1489 0.0706 0.12 1513 <0.0001*
% Annual grass Tree & bush density -0.06 1489 0.030* 0.15 1513 <0.0001*
% Annual grass Near_water 0.20 1489 <0.0001* 0.19 1513 <0.0001*
% Annual grass Manyatta density -0.11 1489 <0.0001* -0.36 1513 <0.0001*
% Perennial grass Grevy's number 0,18 1489 <0.0001* 0.39 1513 <0.0001*
% Perennial grass % Tree & bush cover -0.09 1489 0.0005* 0.16 1513 <0.0001*
% Perennial grass Tree & bush density -0.11 1489 <0.0001* 0.18 1513 <0.0001*
% Perennial grass Near_water -0.17 1489 <0.0001* -0.27 1513 <0.0001*
% Perennial grass Manyatta density 0.22 1489 <0.0001* 0.28 1513 <0.0001*

APPENDIX B

Example of NDVI maps used to extract mean NDVI in Samburu- Laikipia landscape in dry and wet season.

NDVI value
High :1

fow =1 Wet season

Km

Dry season
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