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Spatial distribution modelling of Stylodipus telum falzfeini (Rodentia, Dipodidae) in the
Oleshky Sands using Maxent and Landsat remote sensing data. Moskalenko, Yu. O. — The
aim of this study was to model the spatial distribution of the endemic subspecies of the thick-
tailed three-toed jerboa Stylodipus telum falzfeini (Brauner, 1913) within the Oleshky Sands using
remote sensing data and the Maxent software. The modelling was based on occurrence data from
440 S. t. falzfeini burrows. The components of the Tasselled Cap Transformation derived from
Landsat-8 remote sensing data were used as ecogeographical variables. The results demonstrated
that the selected satellite-derived metrics are well-suited for modelling the spatial distribution of
the jerboa. The habitat suitability map revealed that three-fifths of the Oleshky Sands are com-
pletely unsuitable for this subspecies. In most arenas, this figure ranges from 55.3% to 65.6%,
reaching 80.8% on the Kinburn Peninsula and 78.4% in the Kakhovska arena. As for suitable hab-
itats, not only do they represent a relatively small proportion of the landscape, but they are also
highly fragmented due to afforestation efforts, during which extensive areas of pine plantations
were established across the Oleshky Sands. The successful modelling of the jerboa’s distribution
using temporally comparable satellite-derived metrics enables retrospective analysis of distribu-
tional changes within the Oleshky Sands and subsequent detailed assessment of the factors that
have influenced these changes over recent decades. Moreover, the data obtained capture the pre-
war state of the jerboa population and may serve in future as a baseline for assessing the impacts
of the war on this population.
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Introduction

The main range of the Thick-Tailed Three-Toed Jerboa (Stylodipus telum (Lichten-
stein, 1823)) covers deserts, semi-deserts and southern steppes, stretching from the
Volga-Don divide in the west to the left bank of the middle reaches of Irtysh River in
the east (Gromov & Baranova, 1981). In Ukraine, in an isolated part of this species
range, it is represented by a subspecies Stylodipus telum falzfeini (Brauner, 1913)
(Shenbrot et al., 1995). The latter is a narrowly distributed endemic, occurring only
in the Oleshky Sands (OS), which area is less than 2,000 km?* The economic devel-
opment of the OS negatively affected the population of S. t. falzfeini, and since 1980
the jerboa has been given a protected status (Red Data..., 1980; Hyzenko, 1985; Red
Data..., 1994, 2009).

The main factor negatively affecting the S. . falzfeini population is the de-
struction of this subspecies” habitats within the OS due to the establishment of
artificial forest plantations (Hyzenko 1985; Selyunina 1995). Therefore, to con-
serve S. t. falzfeini, it was proposed to grant protected status to the unforested
areas of the OS (Red Data..., 2009). An important step in this direction was the
establishment of the Oleshky Sands National Nature Park in 2010, covering an
area of 8,020.36 ha, followed by its expansion by a further 3,650.7 ha in 2019
(Ministry..., 2020).

As a result of the large-scale invasion by Russian armed forces on 24 February
2022, the entire territory of the OS came under occupation. This has created new
threats to the conservation of the S. . falzfeini population, as the war not only makes
any conservation practices impossible but also exerts a significant destabilising im-
pact on natural ecosystems (Zagorodniuk, 2023). Almost from the very beginning of
the full-scale invasion, some parts of the OS, particularly the Kinburn Peninsula and
Ivanivska Arena, became sites of active hostilities. Following the retreat of Russian
occupying forces from the right-bank part of the Kherson region, combat activities
to varying extents have affected nearly the entire territory of the OS. As a result, its
ecosystems have suffered due to large-scale fires, the construction of fortifications,
and other war-related disturbances. The coastal areas of the sand massifs were also
impacted by temporary flooding caused by the destruction of the Kakhovka Hydro-
electric Power Station by Russian occupying forces.

Researchers consider the potential threats posed by military actions to be not
only to S. t. falzfeini, but also to several other endangered mammal species inhabit-
ing the OS, such as Spalax arenarius Reshetnik, 1939 and Sicista loriger (Nathusius,
1840) (Rusin, 2023; Zagorodniuk & Korobchenko, 2023; Kolodezhna & Vasyliuk,
2025). In these circumstances, documenting the pre-war distribution of S. t. falzfeini
is highly relevant, particularly through species distribution modelling, as this pro-
vides a basis for comparing the post-war status of the subspecies’ population and for
developing and implementing conservation measures.

The species distribution modelling (SDM) allows coping with a wide range
of tasks, including those associated with the conservation of vulnerable species
(Franklin & Miller, 2010; Tytar, 2011). As for S. t. falzfeini, the SDM will give a
possibility to identify what part of the OS is occupied with its population, to
make a retrospective analysis of changes in its distribution and highlight the
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main factors influencing it, estimate risks of the population extinction in the
study area, plan further monitoring of the population dynamics and to develop
conservation measures.

Intending to model the spatial distribution of S. t. falzfeini within the OS, we
have set the following three objectives:

a) to estimate the feasibility of using remote sensing data (RSD) for the distribu-
tion modelling of S. t. falzfeini within the OS;

b) to model the habitat suitability map for S. . falzfeini using the selected RSD;

¢) to evaluate the size of suitable habitats for S. t. falzfeini within the OS.

Material and Methods

Study area. The Oleshky Sands (OS) comprise seven large arenas (Fig. 1),
which extend downstream from Kakhovka City along the Dnipro and Dni-
provskyi Liman (Gordienko, 1969). The natural landscape of OS is defined as
intrazonal hilly-sandy forest-steppe (Tkachenko, 1999). Wood-steppe sections
of the Black Sea Biosphere Reserve (Solonoozerna section, Ivano-Rybalchanska
section, and Volyzhin Forest section) are the only areas where relatively un-
touched parts of this landscape can still be found.

In most areas of the OS, large artificial pine plantations with some deciduous
species (mainly black locusts, Robinia pseudoacacia L.) were established to mitigate
sand deflation caused by the destruction of natural vegetation due to excessive graz-
ing and forest cutting. The remaining part of the OS, which was either not forested
or lost its artificial pine plantations due to fires, mostly consists of open landscapes
with vegetation at different stages of restorative succession.

T

Fig. 1. Study area. Arenas of the OS: I — Kakhovska; 2 — Kozachelaherska; 3 — Oleshkyvska;
4 — Chalbaska; 5 — Zburivska; 6 — Ivanivska; 7 — Kinburn Peninsula
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Collection and preprocessing of field occurrence data. The field
data was collected during 2016-2017 in Kozachelaherska, Oleshkyvska, Zburivska,
Ivanivska arenas, and on the Kinbrun Peninsula. During the field trips, we identified
the burrows of S. t. falzfeini and recorded their GPS coordinates in WGS 1984 coor-
dinate system (EPSG: 4326). A total of 440 burrow coordinates were obtained.

The occurrence points were collected without a specific sampling design, concur-
rently with other studies. Therefore, using such a dataset for species distribution mod-
elling may result in an overfitted model due to sampling bias and spatial autocorrela-
tion (Boria et al., 2014; Aiello-Lammens et al., 2015). In such cases, spatial filtration is
typically employed to reduce sample bias and spatial autocorrelation (Boria et al,,
2014). First, we split the full dataset into two parts. The first subset, which was used to
form an independent sample for evaluating the predictive performance of the models
under spatial extrapolation, included all occurrence records from the Zburivska arena
(141 points in total). The Zburivska arena was selected for the independent sample
because occurrence records there were collected across its various parts, encompass-
ing markedly different environmental conditions, which made this area a suitable
testing ground for evaluating the spatial transferability of the models. The second
subset (comprising 299 points in total) was used to form the calibration dataset. Both
the calibration dataset and the dataset for evaluating the spatial transferability of the
models were generated by applying spatial thinning using the “thin” function from
the R package spThin (version 0.2.0), which returns a random subsample with the
maximum number of occurrence records for a specified thinning distance (Aiel-
lo-Lammens et al., 2015). The minimum distance between occurrence records was set
at 0.5 km, resulting in a samples of 81 points (for model calibration purpose) and of
38 points (for evaluating the spatial transferability of the models).

Before using the occurrence data, we reprojected its coordinates to the local
coordinate system (UTM36N; EPSG 32636), which matches the coordinate system
used in the RSD in our research.

Predictor variables selection. The maximum length of the OS is about
150 km, so our study corresponds to the landscape scale domain. According to Pear-
son & Dawson (2003) and Araujo et al. (2019), habitat characteristics such as topog-
raphy, vegetation parameters, soil type, and others have a dominant control over
species distributions at this scale. Creating maps of habitat characteristics at a suffi-
cient resolution for species distribution modelling at a landscape scale is often chal-
lenging or even impossible due to the difficulty of directly measuring habitat vari-
ables. Moreover, mapped habitat variables may not accurately capture ecologically
meaningful functional variability for a species (Leyequien et al., 2007). Consequent-
ly, an indirect approach using RSD and its derivative products as proxies for habitat
characteristics has become widespread in species distribution modelling (Leyequien
et al., 2007).

Many habitat variables can be assessed through RSD. For example, vegetation
fractional cover is closely correlated with the values of certain spectral indices com-
puted from RSD (Todd & Hoffer, 1998; Gitelson et al., 2002). Other RSD-derived
products can serve as proxies for soil variability, moisture content in soil and vegeta-
tion, and topographic factors such as elevation, slope, and aspect (Bertoldi et al.,
2010; Li et al., 2013; Roberts et al., 2015). These findings suggest that RSD can be
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effectively used as a proxy for modelling the spatial distribution of S. ¢. falzfeini with-
in the OS at a landscape scale.

The key criteria we used in selecting variables was their suitability for construct-
ing a model that could be projected to past or future years. This is necessary for
further research on the retrospective dynamics of S. t. falzfeini habitats, as well as for
monitoring their future changes. Therefore, in the initial stages of our study, we de-
cided to exclude raw RSD spectral bands just as vegetation indices from potential
proxies due to their high intercorrelation, which can result in the problem of multi-
collinearity. Although the Maxent SDM is robust to multicollinearity among predic-
tor variables during model calibration, multicollinearity can negatively affect model
transferability in space or time (Simoes et al., 2020).

Of course, the issue of multicollinearity can be solved through PCA, but models
based on principal components cannot be projected in time as it is not feasible to
compare the principal components obtained from one scene of RSD with those ob-
tained from another scene of RSD. A more appropriate approach for addressing the
issue of intercorrelation between spectral bands in our study was the use of Tasseled
Cap Transformation (TCT). This transformation converts the RSD spectral bands
into new orthogonal components where most of the data variance is concentrated in
the first three components, namely Tasseled Cap Brightness (TCB), Tasseled Cap
Greenness (TCG), and Tasseled Cap Wetness (TCW) (Vorovencii, 2007). TCB is a
quantitative measure of the total land surface reflectivity, while TCG intensity char-
acterizes the density of green vegetation, and TCW characterizes the moisture con-
tent of the soil and vegetation (Chandra & Ghosh, 2007). Unlike PCA, the TCT
produces directly comparable invariant features, for example between scenes or sen-
sors (Vorovencii, 2007). Thanks to this property, SDMs based on TCT components
can be projected in space or time.

Obtaining and preparation RSD. In this study, we used RSD acquired by
the on-board Operational Land Imager (OLI) instrument of Landsat 8. We selected
cloud-free Landsat 8 RSD scenes acquired on 30 August 2015 (scene IDs:
LC81790272015242LGNO01 and LC81790282015242LGNO01), 15 July 2016
(LC81790272016197LGNO01 and LC81790282016197LGNO1), 29 April 2017
(LC81790272017119LGNO0 and LC81790282017119LGN00), and 31 May 2017
(LC81790272017151LGN00 and LC81790282017151LGNO00). The final selection of
which of these scenes were to be used in the modelling process was made during
model calibration.

Initial steps of RSD preparation were carried out in the Google Earth Engine
environment, a cloud-based platform for geospatial analysis and computation (Gore-
lick et al., 2017). These steps included selecting the required Landsat 8 RSD scenes
from the USGS Landsat 8 Collection 2 Tier 1 TOA Reflectance dataset, mosaicking
adjacent scenes covering the study region, computing the TCT components (i. e.,
TCB, TCG and TCW) according to the coefficients developed by Baig et al. (2014),
applying a 5 x 5 pixel median filter to reduce high-frequency noise, cropping the
layers to match the region of interest, and exporting the resulting products as Geo-
TIFF raster files.

Subsequently, the ‘gdalwarp’ utility from the GDAL software package (GDAL/
OGR contributors, 2017) was used together with a shapefile delineating the OS
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boundaries to mask out areas outside the arenas in each raster layer. This step was
necessary to ensure that the entire habitat suitability modelling workflow in Max-
ent — including the generation of background points — was restricted strictly to
within the OS boundaries.

In the final step, the obtained covariates were converted from GeoTIFF to raster
Arc/Info ASCII Grid format using the ‘gdal_translate’ utility from the GDAL soft-
ware package.

The source code of the scripts implementing these RSD preparation steps is
publicly available in a Zenodo repository (see Supplementary materials section
for details).

Model calibration, fitting, and evaluation. To model the habitat suita-
bility of S. t. falzfeini, we used Maxent software version 3.4.4 (Phillips et al., 2006;
Phillips et al., 2017). Optimal model parameters, including the regularisation multi-
plier value, the feature class combination (linear — L, quadratic — Q, hinge — H,
product — P, and threshold — T), and the RSD, were selected by calibrating the
model using the ‘kuenm’ R package, which automates key calibration procedures
(Cobos et al., 2019). Following Simoes et al. (2020), model performance during cali-
bration was assessed based on three criteria in the following order: statistical signif-
icance (partial ROC), predictive ability (omission rates < 5%), and model complexi-
ty (AICc — Akaike’s Information Criterion corrected for small sample sizes). The
final decision to accept or reject a model was made based on a predictive ability test
using an independent dataset — a model was considered acceptable if the omission
rate in this test was less than 5%.

During parameter tuning, the calibration dataset was randomly split into train-
ing (80%) and testing (20%) subsets for model performance evaluation. In both the
calibration phase and the development of the final model, the number of randomly
generated background points was set to 30,000.

The final model was fitted using a total of 119 occurrence points (i. e., combined
calibration and testing subsets), based on 30 Maxent bootstrap replicates, with mod-
el parameters and the RSD dataset as selected during the calibration process. To
evaluate the performance of the final model and to assess the contributions of the
predictor variables, 20% of the occurrence points were allocated as a test subsample.

Results

Optimal parameters for model training were selected after several iterations of cali-
bration, performed using the ‘kuenm’ package. During the initial iterations, we eval-
uated sets of models based on individual feature classes (L, Q, H, P, and T) and all
their possible pairwise combinations, using all four sets of TCT components. Fol-
lowing these evaluations, the threshold feature was discarded due to signs of overfit-
ting: although models including this feature showed good performance on training
and testing datasets, omission rates on the independent dataset were excessively
high. For the same reason, the TCT component set from 30 August 2015 was exclud-
ed. During the final iteration of calibration, we evaluated 480 candidate models en-
compassing all possible combinations of 16 regularisation multiplier values (0.1, 0.2,
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Fig. 2. Model evaluation results based on AUC: a) Barplot showing training and test AUC (mean
of 30 runs shown as bars with +1 SD error bars); b) Density plot and boxplot visualizing the dis-
tribution of the differences between training and test AUC values

0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1, 2, 3, 4, 5, 6, 7), 10 feature class combinations (L, Q, P,
H, QP, LQ, LP, LH, QH, PH), and 3 sets of TCT components (Set 2 — 15 July 2016;
Set 3 — 29 April 2017; and Set 4 — 31 May 2017). All candidate models were found
to be statistically significant. Of these, 332 models exhibited an omission rate of less
than 0.05, and three also met the AICc criterion (AAICc <= 2), as detailed in Table 1.
Evaluation of these three models on the independent dataset demonstrated their
good performance (Table 2). The calibration parameters from candidate model #1,
which had the lowest AICc value, were selected for building the final model.

Table 1. Calibration parameters and performance statistics
for candidate models meeting all selection criteria

Candi- Combination Mean | Partial Omissi Delt W No.
date of the calibration AUC ROC fission AlICc cra Para-
. rate at 5% AICc | AICc
model parameters ratio | (p-value) meters
1 M:0.3; F: LQ; Set2 1.645  0.000 0 2190.110 0.000 0.158 4
2 M:0.4; F: LQ; Set2 1.645  0.000 0 2190.297 0.188 0.144 4
3 M:0.2; F: LQ; Set2 1.644  0.000 0 2192.119 2.009 0.058 5

Note. M — regularisation multiplier value; F — feature class combination; Set2 — TCT compo-
nents calculated from remote sensing data acquired on 15 July 2016.

Table 2. Evaluation results of candidate models based on the independent dataset

Candidate Combination of the Mean AUC Partial ROC Omission rate
model calibration parameters ratio (p-value) at 5%
1 M: 0.3; F: LQ; Set2 1.593 0 0.036
2 M: 0.4; F: LQ; Set2 1.593 0 0.036
3 M: 0.2; F: LQ; Set2 1.570 0 0.036
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The final model of habitat suitability for S. t. falzfeini exhibits relatively high
AUC values, with a training AUC of 0.869 (SD = 0.007) and a test AUC of 0.867
(SD =0.019) (Fig. 2, a). According to the AUC value range scale provided by Araujo
et al. (2005), the model demonstrates good predictive accuracy. Furthermore, only a
small difference between the training and test AUC values was observed (Fig. 2, b).
As noted by Abdelaal et al. (2019), this suggests the absence of substantial overfitting.

The averaged response curves generated from the 30 Maxent runs during the
construction of the final model exhibit a classical unimodal, bell-shaped pattern
(Fig. 3). However, the curves for TCB and TCW appear truncated (on the right for
TCB and on the left for TCW), which indicates that completely unsuitable condi-
tions for S. t. falzfeini occur only at one end of the gradients of these variables.

In the final model, TCW exhibited the highest significance in the permutation
tests, followed by TCG, while TCB showed the lowest permutation importance
(Fig. 4, a). Considering the estimates of the relative contributions of the environ-
mental variables, TCW received the highest score, whereas the contributions of TSG
and, particularly, TSB were low (Fig. 4, b).
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Fig. 3. Response curves of environmental variables in the Maxent potential habitat suitability
model for S. t. falzfeini (mean of 30 runs in black, £+ 1 SD in grey)
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Table 3. Habitat areas classified by suitability probability for S. t. falzfeini within the OS

Classes of habitat suitability probabilities
0-0.125 0.125-0.25 0.25-0.50 0.50-0.75 0.75-1 Total
Arenas of OS Unsui- Low Medium Good Excellent
table Suitability | Suitability | Suitability | Suitability
ha % ha % ha % ha | % | ha | % ha %
Kakhovska 3314 784 335 79 324 77 204 48 50 1.2 4227 100
Kozachelaherska 23507 56.8 2233 5.4 5439 13.2 9103 22.0 1080 2.6 41362 100
Oleshkyvska 34891 58.7 2462 4.1 3904 6.6 9998 16.8 8239 13.8 59493 100
Chalbaska 11398 65.6 1303 7.5 2166 12.5 1981 114 522 3.0 17371 100
Zburivska 9483 63.7 1172 7.9 1369 9.2 1836 12.3 1027 6.9 14887 100
Ivanivska 7914 553 906 6.3 2102 14.7 2596 18.1 796 5.6 14315 100
Kinburn
Peninsula 17455 80.8 1070 4.9 1524 7.1 1258 58 295 1.4 21601 100
Total: 107962 62.3 9481 5.5 16828 9.7 26976 15.6 12009 6.9 173256 100

sifying the median map of habitat suitability generated by Maxent into five classes:
class 1 (0-0.125) — Unsuitable, class 2 (0.125-0.25) — Low Suitability, class 3
(0.25-0.50) — Medium Suitability, class 4 (0.50-0.75) — Good Suitability, and
class 5 (0.75-1) — Excellent Suitability. For each class of habitat suitability, the
area was calculated individually for each arena, and the summarized results are
provided in Table 3.

Discussion

In our study, we have developed a model that enables to estimate the distribution of
potentially suitable habitats for S. t. falzfeini within the OS. The performance evalu-
ation demonstrated the model’s reasonably accurate predictive capabilities. This al-
lows for an analysis of the spatial distribution patterns of S. t. falzfeini and the iden-
tification of key natural and anthropogenic factors driving its distribution. Further-
more, it provides a foundation for outlining some hypotheses regarding the impact
of temporal dynamics of these factors on the population of the studied species.

One of the main habitat characteristics determining the habitat selection of
S. telum in the western and northern parts of its range is the fraction of vegetation
cover (Shenbrot etal., 1995). For example, at the northern border of its range S. telum
prefers areas with 25-30% grass cover and does not occupy habitats with grass cov-
er above 40% (Khodashova, 1953). Our studies have indicated that in the OS S. ¢. falz-
feini also exclusively prefers areas with the sparse grass cover.

All geospatial environmental variables selected as proxies for modelling the spa-
tial distribution of S. . falzfeini reflect, to some extent, the spatial heterogeneity of
the vegetation cover within the OS, albeit in different physical ways. For instance, it
is well established that TCG correlates with vegetation parameters such as vegetation
fractional cover, fresh biomass, and leaf area index. This correlation arises from
TCG’s response to the combination of high absorption in the visible spectrum (due
to plant pigments and particularly chlorophyll) and high reflectance in the near-in-
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frared spectrum (due to the internal leaf structure and the resultant scattering of
near-infrared radiation), which is inherent in green vegetation (Crist & Cicone,
1984). The next geospatial variable, TCB, correlates with the total reflectance coefh-
cient and reflects the physical processes that affect this coefficient (Vorovencii, 2007).
The value of this variable increases with the thinning of vegetation (up to its com-
plete absence) and with a decrease in soil humus content, reaching its highest values
on bare sandy soils (Yousuf & AL-Khakani, 2021). Finally, TCW is determined by
soil and vegetation moisture content (Crist & Cicone, 1984).

To better understand how the selected geospatial variables influence the spatial
distribution of S. t. falzfeini, we closely examined their response curves (Fig. 3) while
simultaneously analysing their spatial variation across the OS landscapes, compar-
ing it with vegetation patterns observed in Sentinel-2 RSD imagery (using band
combinations 12-8-3 and 8-4-3) within the QGIS software. As shown by the response
curve for TCB (Fig. 3, a), areas with the lowest values of this variable are unsuitable
for jerboa. As TCB increases beyond 0.2, the cloglog output rises exponentially,
reaching its peak at around 0.65, after which it begins to decline. This decline is ac-
companied by increasing standard deviation values, indicating substantial variability
in habitat suitability across areas with high TCB values. This can be explained by the
fact that, within the OS, the highest TCB values are typical of both elevated areas
with very sparse vegetation and low-humus soils, which are suitable for the jerboa,
and dry lakebeds with light sandy substrates, which are unsuitable.

Response curve for TCG (Fig. 3, b) shows very low variability, and its shape in-
dicates that complitely unsuitable conditions for S. t. falzfeini occur at both extremes
of the gradient of this variable within the OS. Moreover, the elongated shape of the
curve suggests that only a very narrow range of TCG values is suitable for S. t. falz-
feini. Areas with TCG values below -0.03 are entirely unsuitable for the jerboa, as
such values are typical of water bodies. Likewise, areas with TCG values above 0.03
are also unsuitable, as the vegetation there is either too dense (in the case of herba-
ceous communities) or consists of forest cover.

The left slope of the response curve for TCW (Fig. 3, ¢) lies entirely within the
suitable habitat range, although the standard deviation values reveal considerable
variability in the cloglog output across this portion of the curve, particularly in areas
with TCW values below 0.27. Overall, TCW values along the left slope of the re-
sponse curve (i. e., below -0.20) correspond to areas within the OS characterised by
extremely sparse vegetation or, in some cases, by its near-complete absence (in which
case TCW values fall below 0.27). Such areas are found almost exclusively on the
Kozachelaherska Arena and, to a significantly lesser extent, on the Oleshkyvska Are-
na, while areas of any appreciable size with TCW values below 0.27 occur solely
within the Kozachelaherska Arena. For TCW values greater than -0.20 (i. e., on the
right slope of the curve), cloglog output values decrease, reaching zero at approxi-
mately -0.025. As TCW values increase within this range, vegetation cover becomes
visibly denser. Areas with TCW values above -0.025 correspond to meadow, wet-
land, or forest vegetation, or open water bodies, and are entirely unsuitable for
S. t. falzfeini.

Analysis of the habitat suitability map generated during the modelling process
indicated that a substantial portion of the OS is unsuitable for S. t. falzfeini. An as-
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Fig. 7. A burrow of S. t. falzfeini in natural sparse
sandy-steppe vegetation (Ivanivska arena of OS, Iva-
no-Rybalchanska section of the Black Sea Biosphere
Reserve, 5 May 2009)

”

Fig. 8. A burrow of S. t. falzfeini in a site with san-
dy vegetation at an early stage of regenerative suc-
cession following anthropogenic transformation
(Kozachelaherska arena of OS, 12 October 2017)

Fig. 9. A burrow of S. . falzfeini in a site with sandy
vegetation regenerating on a burnt area that replaced
a closed artificial pine forest following a large-scale
fire in August 2007. A row of stumps near the bur-
row indicates that a forest once stood here (Olesh-
kyvska arena of OS, 26 May 2017)

Yu. Moskalenko

sessment of habitat extent across
the suitability classes (see Table 3)
showed that approximately three-
fifths of the OS area is entirely un-
suitable for the species. In specific
arenas, this proportion ranges from
55.3% to 65.6%, reaching as high as
78.4% in the Kakhovska arena and
80.8% on the Kinburn Peninsula.

We compared the distribution
of habitats with different degrees of
suitability for S. t. falzfeini with the
distribution of various plant com-
munities within the OS. It was ob-
served that in all arenas, the largest
area of unsuitable territories is rep-
resented by artificial pine planta-
tions and, to a lesser extent, grassy
associations that formed in relative-
ly favorable hydroedaphic condi-
tions and exhibited a higher fraction
of vegetation cover. Due to the prev-
alence of such associations on the
Kinburn Peninsula and the exten-
sive presence of lakes within its bor-
ders, the proportion of habitats suit-
able for S. t. falzfeini on this penin-
sula is considerably lower compared
to other arenas. As for the Kakhovs-
ka arena, the substantial share of un-
suitable habitats is largely due to the
fact that nearly half of its area is cov-
ered by built-up areas.

The habitats suitable for
S. t. falzfeini primarily consist of el-
evated areas within the OS, charac-
terized by sparse sandy-steppe veg-
etation associations that have devel-
oped due to limited soil moisture.
These suitable habitats can include
both primary natural plant associa-
tions, such as those found in the
wood-steppe sections of the Black
Sea Biosphere Reserve (Fig. 7), and
associations at various stages of re-
storative succession following graz-
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ing disturbances (Fig. 8). They are also represented in areas where sparse psammo-
philous steppe vegetation is regenerating following the destruction of artificial pine
plantations by fire (Fig. 9). Additionally, areas with suitable conditions for S. t. falz-
feini are those where vegetation density is maintained at an appropriate level through
cattle grazing. However, such sites are scarce within the OS due to decline of cattle
breeding in the region in last decades.

It is important to note that the extensive network of unsuitable areas greatly frag-
ments the habitats of S. t. falzfeini, creating isolated patches of varying sizes and leading
to the separation of the species population into distinct subpopulations. These isolated
patches of potentially suitable habitats for S. t. falzfeini often include areas where the
species is absent, as their size is insufficient to support isolated subpopulations. As a
result, the fragmentation of habitats in the OS significantly reduces the overall habitat
area for S. t. falzfeini, restricts gene flow, and has a negative impact on the overall pop-
ulation status, thereby increasing the risk of extinction for this subspecies.

When examining the distribution of suitable habitats for S. t. falzfeini in terms of
land use, the largest area is located within forest fund lands. These areas are inherent-
ly vulnerable due to the ongoing threat of afforestation with artificial plantations,
which has long been regarded as one of the most significant negative factors affecting
S. t. falzfeini populations (Hyzenko 1985; Selyunina 2009). A further portion of suit-
able habitats falls within lands administered by rural territorial communities, where
they are also under threat due to the common practice of allocating such areas for
farming activities. Only the habitats situated within Nature Reserve Fund lands can
be considered protected. Among these, the most important site for the conservation
of S. t. falzfeini is the Black Sea Biosphere Reserve, as it preserves habitats in their
natural condition.

Conclusions

The results obtained open up new opportunities for the study of S. t. falzfeini. The
successful modelling of the species’ spatial distribution using selected, temporally
comparable satellite-derived metrics enables a retrospective analysis of changes in
the distribution of S. t. falzfeini within the Oleshkyvski Sands, followed by a detailed
evaluation of the factors that have influenced these changes over recent decades.
Furthermore, the collected dataset of S. . falzfeini burrow occurrence points and the
model based on it capture the pre-war state of the jerboa population and may serve
as a baseline for future assessments of the impacts of the occupation and military
actions on this population.
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Supplementary materials. Supplementary materials for this article are availa-
ble on the Zenodo repository at https://doi.org/10.5281/zenodo.15389095. They in-
clude a dataset of S. t. falzfeini burrow occurrence coordinates formatted according
to the Darwin Core Standard; full-resolution georeferenced habitat suitability mod-
els for S. t. falzfeini (both as Maxent cloglog output and as a reclassified suitability
map) in GeoTIFF format with a spatial resolution of 30 m/pixel; and Fig. 6 in high
resolution. In addition, the repository contains JavaScript and bash scripts used for
the preparation of the RSD.
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