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Abstract: Efforts to identify suitable habitat for wildlife conservation are crucial for safeguarding
biodiversity, facilitating management, and promoting sustainable coexistence between wildlife and
communities. Our study focuses on identifying potential black rhino (Diceros bicornis) habitat within
the Ngorongoro Conservation Area (NCA), Tanzania, across wet and dry seasons. To achieve this,
we used remote sensing data with and without field data. We employed a comprehensive approach
integrating Sentinel-2 and PlanetScope images, vegetation indices, and human activity data. We
employed machine learning recursive feature elimination (RFE) and random forest (RF) algorithms
to identify the most relevant features that contribute to habitat suitability prediction. Approximately
36% of the NCA is suitable for black rhinos throughout the year; however, there are seasonal shifts in
habitat suitability. Anthropogenic factors increase land degradation and limit habitat suitability, but
this depends on the season. This study found a higher influence of human-related factors during the
wet season, with suitable habitat covering 53.6% of the NCA. In the dry season, browse availability
decreases and rhinos are forced to become less selective of the areas where they move to fulfil their
nutritional requirements, with anthropogenic pressures becoming less important. Furthermore, our
study identified specific areas within the NCA that consistently offer suitable habitat across wet and
dry seasons. These areas, situated between Olmoti and the Crater, exhibit minimal disturbance from
human activities, presenting favourable conditions for rhinos. Although the Oldupai Gorge only has
small suitable patches, it used to sustain a large population of rhinos in the 1960s. Land cover changes
seem to have decreased the suitability of the Gorge. This study highlights the importance of combining
field data with remotely sensed data. Remote sensing-based assessments rely on the importance of
vegetation covers as a proxy for habitat and often overlook crucial field variables such as shelter or
breeding locations. Overall, our study sheds light on the imperative of identifying suitable habitat for
black rhinos within the NCA and underscores the urgency of intensified conservation efforts. Our
findings underscore the need for adaptive conservation strategies to reverse land degradation and
safeguard black rhino populations in this dynamic multiple land-use landscape as environmental
and anthropogenic pressures evolve.

Keywords: black rhino; land degradation; Ngorongoro Conservation Area; habitat suitability; field
data; recursive feature elimination; Sentinel-2; random forest

1. Introduction

The conservation and management of critically endangered species is an urgent prior-
ity due to escalating threats to biodiversity worldwide. To promote recovery, it is essential
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to manage a species under the ecological carrying capacity (ECC) and understand habitat
requirements and the factors influencing animal distribution [1,2]. These requirements
comprise a range of ecological factors, including food availability, water sources, breeding
areas, and shelter [3,4]. Additionally, understanding these parameters provides valuable
insights for land-use planning, protected area establishment, and the creation of wildlife cor-
ridors [2]. Such measures promote gene flow, reduce habitat fragmentation, and facilitate
movement between suitable habitats, which are vital for the genetic diversity and viability
of wildlife populations [2,5]. By identifying and preserving areas that fulfil population
requirements, conservation efforts can focus on targeting strategies that maintain or restore
degraded critical habitats to ensure species recovery.

The black rhino is a critically endangered species with a global population of circa
5630 individuals, approximately 1000 of which are Eastern black rhinos (D. b. michaeli),
mostly in Kenya and Tanzania [2,6]. They are generally solitary or form small family
groups, reaching sexual maturity at around 5-7 years with a lifespan of approximately
35-40 years [7,8]. Black rhinos are selective browsers, generally preferring the woody
species found in savannah and bushveld areas [2]. They can browse up to 220 species
of plants, but a great portion of their diets relies on three or four plant species, making
their diets less diverse than the species available [9-11]. Although the primary threat
to the black rhino is poaching—driven by a high demand for rhino horn—habitat loss
from deforestation, livestock grazing, human settlement development, and agricultural
expansion lead to land degradation and pose an increasing threat to rhino populations
mboxciteB12-remotesensing-3114046,B13-remotesensing-3114046. Habitat degradation and
loss also increases intra-species competition for limited resources, further exacerbating
the population’s vulnerability to external pressures [14]. Additionally, black rhinos have
the highest mortality from intra-sexual competition of any mammal, which is one of
the key indicators (combined with declining inter-calving intervals) of the ECC being
exceeded [15-17].

The Ngorongoro Conservation Area (NCA) in Tanzania serves as a stronghold for the
Eastern black rhino, hosting approximately 30% (161 individuals) of the country’s total
population [5]. In recent years, increased anti-poaching patrols and monitoring in the NCA
have allowed the black rhino population to reach 55 individuals [5]. Given this recent
population growth, it is essential to identify habitat areas capable of supporting a growing
rhino population [5,18]. By pinpointing these areas, conservation efforts can prioritise
their protection and that of the rhinos’ preferred habitat, thus promoting a favourable
environment for black rhino conservation [19,20].

Seasonal shifts significantly impact plant growth and availability, influencing the
nutritional content and abundance of preferred browse for black rhinos [9,19,21]. During the
dry season, the reduction in green browse prompts rhinos to seek areas with higher browse
density or to adapt their movement patterns to find alternative food sources, and therefore,
investigating seasonal patterns becomes crucial in evaluating habitat suitability [9,19,21].

Black rhinos avoid areas of human activity, such as settlements and roads [22]. In
2022 /2023, the NCA received over 752,232 visitors, with recent (for 2023 /2024) numbers
approaching one million (NCAA, 2023). This growth has generated substantial economic
revenue and facilitated extensive infrastructure growth, but also led to higher rates of
disturbance in and around the Crater [23]. The Maasai community residing in the NCA
also increased from approximately 8000 people in 1959 to nearly 100,000 by 2018 [24,25].
Alongside this demographic expansion, the estimated livestock population associated
with the community surpassed 800,000 in 2018 [24,25]. The combination of these factors
provides a unique opportunity to study how human disturbances impact black rhino
habitat suitability.

Species distribution models (SDMs) combine species occurrences with spatial data
based on environmental and ecological variables of a given geographic area to predict
species distributions [26]. SDMs are widely used in invasive species management, climate
change impact assessment, habitat restoration, ecological research, land use planning,
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and wildlife management [27-32]. SDMs can provide information to facilitate efficient
conservation management by pinpointing key habitats, potential migration corridors, and
areas that require increased protection [29,33]. For instance, [34] showed how combining
SDMs with dispersal scenarios could provide valuable information regarding the potential
habitat expansion of large carnivores. Hybrid models combining SDMs with population
dynamics have also been used in Canada to identify essential habitat areas for the Ord’s
kangaroo rat (Dipodomys ordii [35]).

Previous conservation efforts for black rhinos have focused on establishing protected
areas and increasing security using anti-poaching patrols and fencing [36]. However, habitat
quality and food availability are equally important factors that need to be considered to
sustain and promote population growth [9,37,38]. Within this framework, the overarching
aim of this research is to provide the NCA management with accurate data to support black
rhino population expansion and conservation. We do this by providing answers to the
following research questions: (i) how does seasonal variability impact habitat suitability
for the black rhino; (ii) how do human disturbances impact habitat suitability; and (iii) in
the absence of field data, can theoretical models be used to predict habitat suitability?

2. Study Area

The NCA is a protected area located in northern Tanzania. During the wet season,
temperatures fluctuate between 7.5 °C and 14.5 °C, while in the dry season, they range
from 10.6 °C to 19.6 °C [39]. Rainfall demonstrates distinct patterns featuring two wet
seasons from March to May and October to December, as well as two dry seasons from
January to February and June to October [40]. Annual rainfall varies from 450 mm/year
in lowlands to 1200 mm/year in the highlands [41]. The NCA boundary was adapted
from [41] and a 2 km buffer was added (Figure 1).

The NCA includes diverse vegetation types, including highland grassland plains,
open canopy woodland, closed canopy forests, and savannah grasslands (Figure 1; [42—44]).
The vegetation suitable for grazing is essential for wildlife but also Maasai livestock that
either reside within or are passing through the NCA [45]. The NCA has an open border
policy that allows grazing livestock for resident and non-resident Maasai; however, the
Northern Highland Forest Reserve and the Crater floor are restricted areas [45].

The evolution of management policies over time has often resulted in disagreements
between communities and the Ngorongoro Conservation Area Authority [39,41]. For
example, the decision to ease restrictions on cultivation resulted in a rise in cultivated ar-
eas [41,46,47]. The conversion of land to cultivation fields creates environmental pressures
through vegetation changes and habitat patchiness [48,49]. Additionally, a fire ban imple-
mented in 1976 contributed to shrub growth and the spread of invasive plant species as
there was no vegetation control other than herbivory [39,47]. For rhinos, the absence of fire
and shrub growth positively impacts habitat, but for cattle the effect is the opposite [45,50].
Shrub growth and the spread of invasive unpalatable species decreases suitable pasture so
the pastoralists resort to cultivation to sustain their households [45]. A shift from traditional
pastoral systems to cultivation, combined with an increase in human population, could
cause land degradation and be detrimental to the ecosystem in the long-term [37,47].

The NCA has undergone significant habitat changes, particularly experiencing forest
loss and woody encroachment [44]. While some of these changes may be natural, driven by
herbivory, rainfall, and vegetation succession, many are attributed to human activities, in-
cluding management policies, tourism development, and the expanding human population
and livestock [37].

With regard to rhino populations, in 1966, the Crater and Oldupai Gorge areas within
the NCA (Figure 1) supported 108 and 69 rhinos, respectively [8]. By 1993, poaching
had reduced the rhino population to 13 individuals [5]. More recently, a relatively high
population rate of growth has been reported, leading to the current total of 55 animals as of
2018 [5].
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Figure 1. (A) True colour composite (RGB) of a Landsat image with the zoomed in areas of interest
(A1,A2); (B) Topography of the study area (ESRI World Hillshade); (C) Land cover classification of
the study area for the year 2020 [44] and zoomed in areas of interest (C1,C2).

3. Datasets and Methods

Field data on the presence/absence of animal species are invaluable for habitat suit-
ability modelling. However, it is often the case that conducting fieldwork is not feasible as
it is labour-intensive, requires expertise on the ground, is time-consuming, and expensive.
We mapped rhino habitat suitability in the NCA with and without field data on rhino
presence and compared the outcomes to assess whether a theoretical habitat suitability
model can be used without field data. The Crater was included in the analysis but was
filtered out from the maps for safety reasons for the resident rhinos.

To model habitat suitability with field data, we first assumed that areas currently used
by rhinos are suitable and used satellite imagery to identify other suitable areas beyond
their current range. We employed a comprehensive approach integrating Sentinel-2 (10 m,
European Space Agency’s (ESA) Copernicus Programme) and PlanetScope (4.7 m, Planet
Team, 2022) images, vegetation indices and human activity data (https:/ /www.nbs.go.tz/,
accessed on 2 June 2023; Google Earth Pro (v. 7.3.6.9326, [51]). We employed machine
learning recursive feature elimination (RFE) and random forest (RF) algorithms to identify
the most relevant features (Table 3) that contribute to habitat suitability prediction [52-54].
RFE systematically evaluates different combinations of features and eliminates the least
significant ones, reducing model complexity [54]. The model was trained with point
location presence and pseudo-absence data collected in the field. To assess the effect of
seasonal variability on habitat suitability, we used satellite data from both the dry and
the wet seasons and assessed them separately. In the NCA, human presence has been
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suggested as a possible driver of rhino distribution [37,55]. To investigate how humans and
livestock impact habitat suitability, we ran RFE and RF with two versions of the human
activity data: one with the current situation and a simplified one with all settlements and
livestock removed and some of the roads (only tourism-related roads were kept). The
output was four suitability maps: one for each season, the current human activity data, and
the simplified less intense version.

To map habitat suitability without field data, we employed fuzzy logic using land
cover data scored according to their ability to fulfil rhino diet requirements (bushland
and shrubland) and human disturbances, using both the current situation as well as the
simplified, less intense version [22,42,56]. Fuzzy logic analysis is widely used in predictive
modelling to map habitat suitability [57-60]. The fuzzy approach assigns a probability score
to classes identifying the ranges between boundaries of each class and can be employed in
the absence of field data [61,62]. The output was two suitability maps: one with the current
human activity data and one with the simplified one.

3.1. Datasets
3.1.1. Sentinel-2

We used all Sentinel 2 images (10 m) acquired over the study area between 1 March
2022 and 30 September 2022 with less than 75% cloud cover. Level 2 images were processed
into analysis-ready data products using the Framework for Operational Radiometric Cor-
rection for Environmental monitoring (FORCE) software version v.3.7 [63], following the
approach and parameters detailed in the work by Borges et al. 2020 [42].

Finally, we calculated 14 vegetation indices (VIs, Table 1) employed in vegetation
studies to detect habitat types. These were then added to the Sentinel-2 spectral bands.
Different vegetation indices have their own nuances and strengths, making them valuable
tools for accurately mapping various types of land cover. For instance, VIs such as the
Normalised Difference Vegetation Index (NDVI), Green Normalised Difference Vegetation
Index (GNDVI), and Enhanced Vegetation Index (EVI) are commonly used to assess general
vegetation health and density across various habitats, including forests, grasslands, and
savannas [64-66]. Water-related indices, such as the Modified Normalised Difference Water
Index (MNDWI) and Normalised Difference Water Index (NDWI), highlight wetlands and
other water-abundant areas, indicating habitats that support lush vegetation critical for
rhinos, especially during the dry season [67,68].

Table 1. List of vegetation indices calculated from the Sentinel-2 spectral bands to be tested using
the recursive feature elimination procedure. R—Red; G—Green; B—Blue; NIR—Near-infrared;
WIR1—Shortwave Infrared 1; RE1—Red Edge 1, RE2—Red Edge 2.

Name Equation and Derivation Reference
Normalised Difference Vegetation Index (NDVI) (NIR — R)/(NIR + R) [64]
Green Normalised Difference Vegetation Index (GNDVI) (NIR — G)/(NIR + G) [65]
Normalised Difference Red Edge (NDRE) (NIR — RE1)/(NIR + RE1) [69]
Modified Normalised Difference Water Index (MNDWTI) (G — SWIR1)/G + SWIR1) [67]
Normalised Difference Water Index (NDWTI) (NIR — SWIR1)/(NIR + SWIR1) [68]
Inverted Red Chlorophyll Index (IreCI) (NIR — R)/(RE1/RE2) [70]
Pigment Specific Simple Ratio (PSSRa) NIR/R [71]
Normalised Difference Index 4 and 5 (NDI45) (RE1 — R)/(RE1 + R) [72]
Chlorophyll Index Red-Edge (CIRE) ((NIR/RE1) — 1.0) [73]
Sentinel-2 Red-Edge Position (S2REP) 705 + 35 x (((NIR + R)/2) — RE1)/(RE2 — RE1)) [70]
MERIS Terrestrial Chlorophyll Index (MTCI) (NIR — RE1)/(RE1 — R) [74]
Modified Soil-Adjusted Vegetation Index 2 (MSAVI2) [(RE1 — R) — 0.2 x (RE1-G)] x (RE1/R) [75]

Modified Chlorophyll Absorption in Reflectance
Index (MCARI)

2.5 x ((NIR — R)/((NIR + 6x R — 7.5 x B) + 1)) [76]

Enhanced Vegetation Index (EVI) (2.5 x (NIR — R)/((NIR + (2.4 x R) + 1)) [66]
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3.1.2. Planet Scope

Planet data were extracted from the Planet Labs Public Benefit Corporation (PBC)
database for the dry (October 2022) and the wet season (March 2022) at a spatial resolution
of 4.7 m (Planet Team, 2022). Adding the Planet data to the analysis enhances the spatial
resolution (from 10 m to 4.7 m), facilitating the distinction of spectrally similar habitats [77].

3.1.3. Human Activity

Settlement data were incorporated in the habitat suitability analysis, including the
location of villages, towns, tourism infrastructure, and any other building identifiable in the
high-resolution Google imagery (CNES/ Airbus, Figure S1). The initial settlement data from
the 2012 Population and Housing Census were extracted from the Tanzania National Bureau
of Statistics database (“https://www.nbs.go.tz/”, accessed on 2 June 2023) and updated
using Google Earth Pro (v. 7.3.6.9326) to account for changes since the initial census.

In protected areas, black rhinos are known to avoid areas frequented by humans,
namely those surrounding lodges, camping sites, or roads due to disturbances [22]. This be-
haviour has been suggested in the NCA as a possible driver of rhino distribution [37,55,78].
To establish how settlements impact habitat suitability, a new simplified settlement layer
was created, including the lodges and ranger stations and excluded villages (Figure S2).
The settlements that border the Northern Highland Forest Reserve, below Mount Oldeani
(Figure S2), were also kept as they part of Karatu town and were included in the original
boundary and its buffer [41].

We created the road network data via manual digitisation over Airbus imagery ac-
quired between 2016 and 2022 using Google Earth Pro (v. 7.3.6.9326, [51]). We identified all
existing main roads used for tourism as well as smaller roads used by the local population
to reach villages and towns (Figure S1). To assess the effect of roads on habitat suitability, we
also developed a simplified road dataset (Figure S2), which included only tourism-related
roads, as these roads are expected to continue being used in the foreseeable future.

Finally, the livestock presence/absence data were created based on current NCA
policies—livestock is permitted anywhere except in the Ngorongoro Crater and the North-
ern Highland Forest Reserve [39]. For the reduced activity version, livestock was removed
from all the NCA. Overall, the reduced human activity version excluded villages, non-
tourist roads and livestock.

The human activity layers (settlements, roads, and livestock) were treated as presence
or absence data for each variable. The predictive model employed the “real” comprehen-
sive dataset, while the simplified version employed the same model but applied to the
simplified dataset.

3.1.4. Land Cover Layer

The land cover layer we used in our modelling came from our previous work in the
area [42]: this dataset was based on Sentinel 1 and Sentinel 2 data from the dry and short-
dry seasons and comprises nine land cover classes at a 10 m resolution (overall accuracy of
86.3 = 1.5%). For black rhinos in the NCA, bushland and shrubland are highly relevant land
cover classes due to their high browse availability, which is easy to access. These habitats
also provide essential shelter and access to water sources. Woodland is also significant as
it offers browse, shelter, and water sources, albeit to a slightly lesser extent compared to
bushland and shrubland. In contrast, while forests have abundant foliage, much of it is
often out of reach for rhinos, which diminishes their suitability as primary habitats.

3.1.5. Rhino Presence Data

The training samples were collected between March and September 2023 to cover wet
and dry seasons, excluding the short-dry season (January to February) and the second wet
season (October-December, [40,42]). The locations comprised areas known to be frequented
by rhinos (following monitoring teams” advice), areas where direct observations occurred
or rhino signs were found (e.g., bites in plants, dung piles, tracks). A total of 272 samples
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were collected: 109 presence and 163 pseudo-absences. Of these 272, there were 39 collected
in shrubland, 128 in grassland, 40 in woodland, 21 in forest, and 44 in bushland. Each
data point comprised 30 m diameter circular plots collected randomly on the ground. As
there are only 55 rhinos (2018), presence data were established through the identification of
direct signs, such as rhino sightings, and indirect signs, like bites on vegetation (black rhino
bites have a distinct sharp-cut edge at a 45° angle), tracks, or dung [5]. Pseudo-absence
data were collected in areas where no sightings of black rhinos were recorded by the NCA
monitoring team over the years. Pseudo-absence data were randomly collected in areas
that exhibited comparable conditions in terms of vegetation composition, geography, water
presence, etc., known to be suitable for black rhinos [79,80].

3.2. Methods
3.2.1. Recursive Feature Elimination

We used recursive feature elimination [54] in R language (v. 4.3.1) to identify the
optimal band combination for the highest accuracy out of the 31 available bands (10 Sentinel-
2,14 VIs, 4 PlanetScope, 3 human disturbance) for the two distinct seasons. The random
forest algorithm, embedded in RFE, is an efficient non-parametric machine learning model
based on ensembles of regression trees, commonly used for image classification and land
cover mapping [81-83].

Each season had its training data and 80% of them were allocated to train the model,
with the remaining 20% left aside for validation. RFE systematically evaluates different
combinations of bands by eliminating the least significant bands and assessing their impact
on model performance [54]. This approach helps identify the most informative bands for
accurate classification of the habitat [84]. The RFE process was conducted separately for the
dry and wet seasons to determine the best band combination for each season. Validation
was then performed, and the prediction maps were produced for each season using the
best band combinations identified through the RFE using the raster package in R.

3.2.2. Fuzzy Analysis

To assess rhino habitat suitability, each land cover type was assigned a score based on
available information on habitat use in the NCA (Table 2, [56]). The scoring system ranged
from 0.0 to 1.0 (Table 2), with 0.0 representing unsuitable habitat and 1.0 representing
highly suitable habitat, as suggested by Gwynn (2022; [58]), for the allocation of fuzzy
membership scores.

Table 2. Suitability score for each land cover type considering the black rhino biological requirements
in the NCA.

Land Cover Type Score Biological Relevance for Black Rhino in NCA

Bareland 0.0 No browse available

Bushland 1.0 High browse available, shelter, water sources

Cropland 0.0 No browse available, human-wildlife conflicts
Forest 0.4 Moderate browse available, shelter, water sources

Grassland 0.0 Little browse and no shelter

Montane heath 0.0 Little browse available

Shrubland 1.0 High browse available, shelter, water sources
Water 0.0 Usually salt water, no browse available

Woodland 0.6 Browse available, shelter, water sources

We applied fuzzy logic to develop scored maps based on land cover types expected
to fulfil rhino food requirements and the distribution of human disturbances with the
aim of identifying areas that were expected to be suitable [22,42,56]. Fuzzy membership
(linear) was applied separately to the current and simplified versions of the roads and
settlements datasets, generating suitability maps for each variable. Distances from the roads
or settlements between 0 km and 2.5 km were scored as unsuitable (=0), while distances
over or equal to 2.5 km were assigned a value of 1.0 (i.e., suitable). These values were based
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on expert knowledge and corroborated by the presence data during the fieldwork. The
categorical land cover data were reclassified according to Table 2, followed by the fuzzy
membership steps described above. Finally, fuzzy overlaying was employed, and the three
outputs were added together to create the habitat suitability map without field data.

4. Results
4.1. Habitat Suitability Using Field Data

The best combination for predicting black rhino habitat suitability in the wet season
(Table 3) included 11 layers (four spectral bands, four indices, and three anthropogenic
layers) and achieved an accuracy of approximately 76.2%. For the dry season, the best
data combination comprised 13 predictors (nine spectral bands, three indices, and one
anthropogenic layers) and achieved an accuracy of 88.2%.

Table 3. Recursive feature elimination results showing the best combination of layers for suitability
mapping for both seasons.

Wet Season Dry Season
Roads Sentinel-2 REDEDGE3
MSAVI2 Sentinel-2 REDEDGE1
Settlements Sentinel-2 BROADNIR
NDVI Sentinel-2 Red
NDWI Sentinel-2 Green
Planet Scope NIR Planet Scope NIR
NDRE Settlements
Livestock Sentinel-2 SWIR1
Planet Scope Blue Sentinel-2 Blue
Planet Scope Red Planet Scope Blue
Sentinel-2 REDEDGE1 CRE
PSSRa
GNDVI

Based on these models, the NCA has approximately 3377 km? (36.9%) of potentially
suitable habitat for the black rhino during the wet season (Figure 2A). Similarly, during
the dry season, the suitable habitat covers approximately 3263 km? (35.6%) of the NCA.
The area that remains suitable through both seasons covers 1912 km?. This includes the
Ngorongoro Crater (NC), which has been filtered out at the request of the Ngorongoro
Conservation Area Authority (NCAA) to ensure animal safety. The Serengeti plains, west
of the NCA, are suitable mostly during the wet season but there are also areas that can
support black rhino presence throughout the year (Figure 2A). The Oldupai Gorge is mostly
unsuitable except for a few patches during the dry season and around the Gorge during the
wet season (Figure 2(A1,B1)). The area between Olmoti Crater and the NC (Figure 2(A2,B2))
remains suitable for the black rhino throughout both seasons.

Under simplified human disturbances, the suitable area during solely the wet season
increases by 1526.5 km? (16.7%) covering 4903 km? (53.6%) of the entire area (Figure 2B).
During the dry season, the NCA remains almost unchanged, covering approximately
3344 km? (35.5%) once the human disturbances are simplified (Figure 2B). The area that
remains suitable through both seasons improved by 312 km?, covering 2224 km?. The
Oldupai Gorge and surrounding area becomes more suitable once human disturbances are
simplified during the wet season (Figure 2(B1)). The area between Olmoti Crater and the
NC is suitable for the black rhino under both seasons (Figure 2(B2)).

4.2. Habitat Suitability without Field Data

When comparing the models, the model with field data shows results that are contrary
to the model without field data. The suitability maps of the fuzzy membership analysis
show woody vegetation areas as dark green (>90% suitability, Figure 3A). Most of the NCA,
including the Serengeti plains and the NC, is comprised of open grasslands with little or
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no vegetation and is classified as unsuitable (<27% suitability, Figure 3A). When human
disturbances are reduced, the suitable area increases throughout (Figure 3B). The Oldupai
Gorge and highlands between the NC and Olmoti Crater also become more suitable
(Figure 3(A1,A2,B1,B2)), but overall remain less suitable when compared to Figure 2.

I:] Unsuitable - Dry season
- Wet season - Both seasons|

0

Figure 2. Suitable habitat based on rhino presence/absence data with current human disturbances (A);
and with simplified human disturbances (B). (A1,A2,B1,B2) are example subsets. The Ngorongoro
Crater has been removed for safety reasons.

Figure 3. Suitable habitat based only on remote sensing data with current human disturbances (A);
and with simplified human disturbances (B). (A1,A2,B1,B2) are example subsets. The Ngorongoro
Crater has been removed for safety reasons.
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5. Discussion

Identifying optimal suitable habitat is paramount for targeted conservation efforts,
to halt land degradation, safeguard biodiversity, and promote sustainable coexistence
between wildlife and communities [2]. In the context of critically endangered species, such
as the black rhino, it becomes increasingly important to detect key habitat that can support
growing populations [2,5]. Here, we identified potential black rhino habitat, for the wet and
dry seasons, and assessed how human activities impact habitat quality within the NCA.

5.1. Seasonal Differences

Our results show that, when mapping habitat, dry season data produce higher ac-
curacy (88.2%) than during the wet season (76.2%). Dry season data are often preferred
due to the lower cloud cover and higher contrasts between grass and woody plants [84,85].
Additionally, dry season availability is the key population limiting factor from an ecological
perspective, because if it can sustain rhinos in the dry season, then it will also be able to in
the wet season [86,87].

There are also differences between the best combination of data for each season
(Table 3). For instance, during the dry season, the spectral bands are more relevant than
anthropogenic factors when mapping suitability (Table 3). The natural seasonal shifts
can explain this, as the decrease in browse availability may force the animals to frequent
areas with different vegetation [88,89]. During the wet season, when plenty of browse is
available, the anthropogenic factors (roads, settlements, and livestock presence) become
more important in identifying suitable habitat as the availability of more food often means
that the rhinos can be more selective (Table 3).

During the dry season potentially suitable habitat for black rhino covers 35.6% (3263 km?)
of the NCA (Figure 2A). However, in context of conservation, it is essential to account for
seasonal changes as wildlife is often confined to protected areas and unable to migrate long
distances [88,89]. Surprisingly, the suitable area was only 1.4% higher (114 km?) during the
wet season than the dry season (Figure 2B). This is unexpected given that rhino diet in the
Ngorongoro Crater during the wet season is composed mostly of herbs, forbs, and legumes,
which tend to disappear or dry up during the dry season [55,56]. In the NCA, bushland
cover often includes palatable browse, water resources, and shelter, and is therefore suitable
for rhinos [43,44,56]. Most of the bushland cover on the rim of the Crater is comprised of
evergreen species and we may expect fewer seasonal changes (Figure 2, [42,43]).

The Serengeti plains, west of the NCA, are suitable mostly during the wet season but
become unsuitable as the season changes (Figure 2A). This shift in suitability is expected
as the vegetation comprises seasonal species that lose their leaves or die during the dry
season [43]. The area surrounding Oldupai Gorge remains mostly unsuitable throughout
both seasons except for a few patches (Figure 2(A1l)). In the 1960s, the Gorge supported a
population of 69 black rhinos [8]. Compared to the Crater population, these individuals
probably occupied larger home ranges to fulfil the nutritional requirements, suggesting
that the vegetation was already less desirable than in the Crater [8]. In addition, in recent
decades, the Oldupai Gorge has experienced changes in vegetation, specifically the loss of
woody cover [44]. Land cover changes impact vegetation composition and likely contribute
to the disappearance of the black rhino population from the Oldupai area.

Historically, the Gorge was part of a corridor between the NCA and the Serengeti
National Park and, considering that rhinos used to inhabit this area, the suitability of the
Serengeti and Oldupai plains (Figure 2A) should be further investigated with the aim of
restoring connectivity between protect areas.

5.2. Anthropogenic Factors

Anthropogenic activities profoundly influence wildlife habitats, often leading to land
degradation and posing significant challenges to the conservation of endangered species
such as rhinos [2,22]. One of the main drivers for rhino distribution is browse availability;
however, areas with adequate browse may be deemed unsuitable due to anthropogenic
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factors [90]. In Namibia, for example, human presence has been linked to an increase in calf
mortality due to limited movement patterns, home range establishment, social structure,
resource selection, and habitat use by black rhinos [90,91]. As such, human disturbances
should be considered when identifying areas that could support a black rhino population.
Our findings support previous studies suggesting that human activities are major drivers
in rhino location and habitat stability but there are seasonal variations [8,19,22,92].

We used a categorical threshold (below/above 2.5 km from the nearest road/settlement)
as an index of human disturbances for its simplicity, interpretability, and practical utility for
conservation efforts. This approach ensures a robust analysis despite data limitations and
provides clear guidelines for management decisions. During the wet season, our analysis
pinpointed roads as the predominant predictor of rhino habitat suitability, with the location
of settlements and livestock presence also playing a role (Table 3). Once human activities
are removed from the model, there is an apparent increase (16.7%) in suitable habitat and
53.6% of the NCA becomes suitable (Figure 2B). Conversely, the dry season presents a
contrasting scenario, wherein limited browse resources, due to seasonal shifts, reduce the
importance of human disturbances (Table 3, Figure 2B). Settlements, however, continue to
play a role but to a lesser extent than that observed during the wet season (Table 3).

Rainfall variability between the wet and dry seasons is closely linked to vegetation
growth and rainfall, impacting browse availability for large herbivores in arid and semi-
arid environments [93]. During the wet season, due to higher rainfall, there is a higher
availability of browse, so rhinos can afford to seek alternative areas with reduced human
disturbance [8,90,93]. When the dry season arrives and browse is limited, rhinos are forced
to become less selective and frequent different areas (e.g., nearer the roads) in order to fulfil
their nutrient requirements [8,90,93].

5.3. Habitat Suitability with and without Field Data

Over small protected areas, field-based mapping provides essential information on
the dynamics of savannah vegetation structure and distribution. However, in larger areas,
techniques are time-consuming, expensive, and inefficient [94,95]. Earth Observation data
are increasingly used to identify and monitor habitat cover and its characteristics, and even
in the absence of ground data, they still provide important information [96-98]. Black rhinos
can survive in a wide range of habitats, including marsh areas, forests, and even deserts,
and browse availability is a driver of their distribution and habitat preference [20,56,99-101].
However, the highest densities of black rhinos occur in savannah areas and bushvelds,
mainly due to the higher availability of woody species [2]. Our results show that areas
with higher bushland cover, namely the Highland Forest reserve, NC rim, and between
Olmoti Crater and the NC, are the most suitable areas to sustain a black rhino population
(Figure 3(A2,B2)), in agreement with Figure 2(A2,B2). These areas have an abundance of
browse and are located away from human activities and, as seen in Figure 2A,B, removing
these from the model positively impacts habitat suitability (Figure 3A,B).

SDMs that integrate field-collected data with remotely sensed data have been shown
to improve model accuracy [102,103]. Using only remote sensing data often overpredicts
species distributions due to landscape-level similarities [102,103]. Accurate habitat suit-
ability mapping becomes increasingly important when considering endangered species
threatened by land degradation [29,33]. Within the NCA, when comparing the models
in areas like the Oldupai Gorge area and the Serengeti plains, the model with field data
(Figure 2A) shows results that are contrary to the model without field data (Figure 3A). The
Oldupai Gorge is classified as a suitable habitat as it comprises woodland and shrubland
cover (Figure 3(Al), Table 2). Additionally, areas such as the Serengeti plains, primarily
grasslands, appear unsuitable (white, Figure 3A) due to lower woody cover with little to
no feeding value for rhinos [7]. Grassland scored zero because black rhino diets comprise
woody plant species (Table 2, [7,9,10]). However, the NCA black rhino population is unique
in that, for safety reasons, they spend a significant amount of time on the Crater floor, which
is mostly grassland, feeding on herbs or sleeping [8,56]. Without field data, the Gorge and
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the Serengeti plains would have been misidentified, potentially posing significant threats to
the NCA’s long-term rhino population growth. To enhance the accuracy of our findings, it is
imperative to combine field data with remotely sensed data. Remote sensing heavily relies
on theoretical data that favour browse availability and often overlook crucial field variables
such as shelter locations. These locations may not necessarily offer the best browsing condi-
tions and may incorrectly be classified as unsuitable, despite their essential role in rhino
conservation. Therefore, integrating approaches that combine field data with remotely
sensed data ensures more precise and reliable results in habitat suitability assessments.

5.4. Limitations

Our study utilised remote sensing data in conjunction with field data to identify poten-
tial black rhino habitats within the NCA. While remote sensing provides extensive spatial
and temporal coverage, it has inherent limitations that must be acknowledged [104,105].
For instance, the spatial resolution may not be sufficient to detect smaller habitat patches
that are crucial for rhino conservation. The resolution of freely available remote sensing
data, such as Sentinel-2 (10 m), remains one of the main constraints. Other datasets, such as
Pléiades at 0.5 m (Airbus Defence and Space) or Satellite pour I'Observation de la Terre
(SPOT) at 1.5 m (European Space Agency), offer much higher resolution, but the costs
associated with acquiring these data are significantly higher.

Additionally, temporal resolution, or the frequency of data acquisition, both remote
sensing and field work, can affect the accuracy of habitat suitability models, especially in
dynamic environments wherein conditions change rapidly [106]. Our field season lasted
7 months, covering both wet and dry seasons, which is comprehensive but may still miss
certain temporal dynamics.

Integrating additional environmental layers, such as detailed soil data and precise
water availability metrics, into our SDMs may ensure a more comprehensive assessment
of habitat suitability by addressing factors beyond vegetation covers [106]. For instance,
black rhinos are water-dependent, and mapping water availability in the Ngorongoro
Conservation Area (NCA) is particularly challenging due to difficulties in distinguishing
between saltwater (e.g., Lake Magadi in the Ngorongoro Crater) and freshwater sources.
Having precise water availability data would be crucial for accurately identifying suitable
habitats for rhinos.

Lastly, this study is focused on the Ngorongoro Conservation Area, which may limit
the applicability of findings to other rhino habitats, and extrapolation to different regions
may require caution. However, our methods can be replicated in other locations, which
would provide more site-specific information.

6. Conclusions

Despite an increase in thino numbers, there is emerging research that shows a decline
in the quality and quantity of browse in the NCA, and consequently a decrease in suitable
habitat for black rhinos [5,39,44]. If there is an increase in competition for resources, rhinos
may be driven out of the Crater to potentially dangerous areas; therefore, there is an urgent
need to identify suitable areas that can support an increasing black rhino population [5].
Approximately 36% of the NCA is suitable for black rhinos throughout the year (Figure 2A).
Currently, the rhinos are mostly located in the Ngorongoro Crater, but there are areas
outside the Crater that could potentially support future populations. Anthropological
factors impact habitat suitability, but this depends on the season (Figure 2A,B). During the
wet season, when the influence of human factors are reduced, habitat suitability increases
to 53.6% which agrees with previous research (Figure 2, [88,89]). However, in the dry
season, browse availability decreases and rhinos become less selective of areas where they
move to fulfil their nutritional requirements, with anthropological pressures becoming less
important (Figure 2, [88,89]).

Our study also identified areas that are consistently suitable throughout seasons and
not severely impacted by human factors, such as between the Olmoti and Ngorongoro
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Craters (Figure 2(A2,B2)). In recent decades, the area experienced a decrease in forest cover,
and increase in bushland and the vegetation has not been surveyed since the 1960s [43,44,56].
Since bushland is associated with browse availability, areas such between the Olmoti and
Ngorongoro Craters are likely to contain suitable browse. Contrastingly, the Oldupai Gorge
currently only supports suitable small patches (Figure 2(Al)), even though it housed a
large population of rhinos in the 1960s [8]. Land cover changes, namely encroachment and
spread of invasive species, seem to have decreased the suitability of the Gorge, but the
area should be studied further before being deemed unsuitable. Ultimately, areas that are
deemed suitable for rhinos require increased security and detailed vegetation surveys to
detect the presence or absence of the browse preferred by rhinos. Areas that are deemed
unsuitable should be surveyed more thoroughly, particularly if in the past they used to be
occupied by black rhinos.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1s16152855/51, Figure S1: Current roads and settlements in the NCA;
Figure S2: Reduced roads (only tourist roads) and reduced settlements (only lodges and ranger
facilities and buffer areas near Karatu).
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