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abstract

The aim of this study was to assess the scale of pyrogenic losses of
artificial pine plantations in the Oleshky Sands during the three
years following the onset of the region’s occupation as a result of
the armed aggression of the Russian Federation against Ukraine, as
well as to evaluate their potential ecological consequences. Using
Sentinel-2 remote sensing data and machine-learning methods
based on an artificial neural network, we modelled the distribu-
tion of pine plantations as of 23 February 2022 and 12 February
2025. A comparison of these results revealed that, over the study
period, the pine plantations of the Oleshky Sands experienced un-
precedented decline and fragmentation due to fires, losing around
30,000 ha, or 64.3% of their pre-invasion extent. In absolute terms,
the greatest losses occurred on the Oleshkivska and Kozachola-
herska arenas, where 8.818 thousand ha and 5.896 thousand ha
of pine stands burned, respectively. In relative terms, the most
severely affected were the artificial forests of the Kinburn Penin-
sula, where 4.808 thousand ha of pine plantations — amounting to
86.1% of their area as of early 2022 — were destroyed by fire with-
in three years of the full-scale invasion. The cumulative pyrogenic
losses incurred over previous decades in peacetime, together with
those of the occupation period, have resulted in the semi-natural
pine-forest ecosystem that developed during the second half of the
twentieth century losing its dominant role in the landscapes of
the Oleshky Sands. It is assumed that such extensive forest loss
will trigger profound restructuring of the region’s ecosystems, in-
cluding successional dynamics, the spatial organisation of plant
and animal communities, hydrological regimes, and soil chemical
properties. The article outlines several potential directions of these
transformations. The findings allow the formulation of hypotheses
regarding future changes in the Oleshky Sands, including those
that can be verified through remote-sensing monitoring. The
latter primarily concern the rate of deadwood decay on burned
sites, spontaneous vegetation recovery, and the development and
spread of deflation processes. Establishing a systematic monitor-
ing framework to test these hypotheses, followed by broader post-
deoccupation research into the environmental consequences of
the war, will form the basis for developing an adaptive manage-
ment strategy for the Oleshky Sands aligned with conservation
objectives.
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Biiina i mTy4Hi cCOCHOBI HacajyKeHHA O/IemKiBChKIX
IIiCKiB: HAa IIOPO3i HOBOI pealTbHOCTI

I0piin Mockanenko, Mapia Hitouko, Cepriit IInro

Pestome. MeToto mocmipkeHHs Oy/0 BUSHaUYeHH:A MacIITabiB MipOTeHHMX BTPAT IITYYHNMX COCHOBUX Ha-
capkeHb OJIeNIKiBCbKUX ITICKIB 3a TPU POKU Bifl IOYATKy OKYIaLil perioHy BHacIifOK 30poiiHoi arpecii
Pociiicpkoi @epepanii npotu YKpainu Ta iX MOX/INBUX HACTIIKIB 171 IPUPOAY HOCTIPKYBAaHOTO peTiony.
Ha ocHOBI faHMX AMCTaHIIHOTO 30HAyBaHHs Sentinel-2 Ta 3 BUKOPUCTaHHIM METOJIB MAIIVHHOTO Ha-
BYaHHA 3aCHOBAHOTO Ha HITY4YHill HEMIPOHHIN MepexXi 3MOfie/IfoBaNy MOIIMPEHHA COCHOBUX HAaCaJ[KEHb
craHoM Ha 23 mororo 2022 p. Ta Ha 12 mrororo 2025 p. ITopiBHIOIOYM OTPMMaHi pe3y/nbTaTyi BCTAHOBM-
1M, 1110 3a HOCTiIXKyBaHUI IPOMDKOK 4acy COCHOBI HacaiykeHHA OJelKiBCbKIUX MiCKiB BHACTITOK MOXKeX
3a3Hamu GesIpellefleHTHOIO CKOpOYeHHs Ta (pparmenTanii, Brpatusum 6mm3bko 30 Tic. ra abo 64.3 %
Biff iX IIOIIi HA MOMEHT II0YaTKy IIOBHOMACIITAOHOIO BTOPTHEHH:A. Y a0COMIOTHYX 3HAUYCHHAX HallbiIb-
HIMX BTPAT 3a3Hamyu cocHsAkM OnemkiBebkoi Ta Kosayonarepcbkoi apeH, fie sropino BifnosigHo 8.818 Tuc.
ra ta 5.896 tuc. ra. Y BiITHOCHUX 3HaYeHHAX Hallbiblle mocTpaxkaamy mry4Hi micn KinbypHcbkoro miB-
OCTpPOBa, Jie 32 TPU POKU BiJj II0OYaTKy IOBHOMACIITAOHOIO BTOPrHEHH: BUropino 4.808 Tiuc. ra COCHAKIB
a60 86,1 % Bif ix oy cranoM Ha moyaTok 2022 p. CyKymHi X miporeHHi BTPATH COCHSKIB 3a MOMepeHi
KiJIbKa JeCATU/ITh Y MUPHMIA Yac Ta IPOTATOM JOC/I)KYBaHOIO NEPIOAY OKyIalil periony mpusBenu o
TOTO, 1J0 KBa3iMpMpOHA eKOCUCTEMa COCHOBIX HACaKeHb, 110 cHopMyBanacsa IPOTArOM APYroi momo-
BuHY 20 CT., OCTaTOYHO BTpATWIA NaHIBHY ponb y maHAmadTax OnemkiBcbKux mickis. IIpuiyckaernbes,
IO TaKe MacIITabHe CKOPOYEHHs COCHOBUX JIiCIB MaTyMe HAaCIiKOM ITTMOOKY IepebynoBy eKOCUCTEM I0-
CIIKYBAHOTO PErioHy, y TOMY 4MC/Ii CYKIIeCiiHOI IMHAMIiKI, IIPOCTOPOBOI OpraHisalii pOCIMHHMKX i TBa-
PUHHUX YTPYIIOBaHb, TifIpONIOTIYHOTO PEXUMY, XiMiYHMX BIACTUBOCTEN I'PYHTIB TOIIO. Y CTATTi y 3araib-
HIIX PICax 0OTOBOPIOIOTHCS [esKi MOXK/IUBI HATIPSIMIU TaKMX 3MiH. ¥ MifICyMKY 3p06/IeHO BUCHOBOK, 1110 Ha
OCHOBi OTpUMaHNX JAaHNUX MO>KHA (POPMY/IIOBATH riOTesN LIOKO MOJANbLMX 3MiH OMeIKiBChbKMX IiCKiB,
y T. 4. Taki, o migganTbesa Bepudikalil yepe3 MOHITOPMHT AuUCTaHLiHIMY MeTofiaMu. Cepef OCTaHHIX
Hajinepuie CjIifi BKa3aTy TilloTe3N, AKi CTOCYIOThCA IBUAKOCTI po3nasly MEPTBOI lepeBMHN Ha 3rapuinax,
iX CIIOHTAHHOTO 3aPOCTAHHSI Ta PO3BUTKY i onMpeHHs gedAaniiHux mpouecis. Opraxisaris cucTeMHOro
MOHITOPMHIY /ISl iX IIepeBipKM 3 HACTYIIHUM POSIIVPEHHAM CIIEKTPa JOCTiPKEHDb HAC/IiIKIB BiJiHM ITiC/IA
IeOoKyIallii perioHy CTaHYTb OCHOBOIO /L1 BUOY/IOBYBaHH CTparerii MeHekMeHTy OIenKiBCbKIX ITiCKiB
3 ypaxXyBaHHAM IPUPOJOOXOPOHHMX IIi/IeI.
KniouoBi cioBa: OnenkiBebKi iCKy, IITYYHI COCHOBI Hacafi)KeHHs], BIUIMB BillHM Ha JOBKULILA, fedrsis,
MIOCTHipOTeHHa CYKIIeCid, AMCTaHIIiiHe 30H[yBaHHA 3eMJIi.

Appeca nns 38’a3ky: IOpiit Mockanenko; YopHomopcbkuit 6iocdepunit sanosinunk HAH Ykpainu, Byi. Jle-

6enmHa 1, Tona Ipucrans 75600, Ykpaina; e-mail: strix@strix.ks.ua.

Introduction

Sandy-landscape geosystems are commonly regarded as among the most vulnerable types of natu-
ral systems (Kotenko et al., 1999), and the Oleshky Sands provide a compelling example of this. In
less than half a century of economic exploitation, their landscape underwent drastic transforma-
tion. Deforestation and, in particular, pasture degradation caused by excessive sheep grazing led to
sand deflation, and by the 1830s the problem of stabilising the sands had already become evident
(Gordienko, 1969). Although it had been clear since the mid-nineteenth century that halting livestock
grazing within the Oleshky Sands would be the most effective measure to counter deflation, such an
approach was inconceivable at the time, as it directly conflicted with the immediate economic inter-
ests of the local population (Military..., 1849). Other approaches to sand stabilisation proved ineffec-
tive, leaving the issue unresolved even a century later.

The 1950s marked a turning point both in the history of land use in the Oleshky Sands and in
efforts to combat deflation. This period was preceded by extensive investigations of the region’s natu-
ral conditions conducted by numerous scientific expeditions and by the Oleshky Sand-Amelioration
Station, established in 1925. Their collective research laid the groundwork for developing and im-
proving silvicultural techniques for growing monoculture pine plantations, which made it possible —
within just a few decades (from 1949 to the late 1980s) — to establish artificial pine forests over ap-
proximately 70,000 ha of the Oleshky Sands (Shevchuk et al., 2012). The pine stands cultivated here
are characterised by low productivity, high fire hazard, inability to self-regenerate, and susceptibility
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to mass pest outbreaks, all of which, coupled with changes in the hydrological regime, repeatedly
resulted in forest dieback (Sirik, 2000; Kolomiyets & Burda, 2007; Mykhailov & Nazarenko, 2007;
Shevchuk & Tymoshchuk, 2017; Tymoshchuk, 2019). In essence, the Oleshky Sands became a large-
scale long-term experiment that produced an extensive forest ecosystem which, owing to its artificial
origin, superficial resemblance to natural systems, and the absence of inherent self-sustaining mecha-
nisms as defined by Reimers (1994), should be classified as semi-natural.

The maintenance of these pine stands was constantly supported by forestry enterprises, including
through fire-prevention measures and reforestation of burned areas. Key scientific support for this
work was provided by the Steppe Branch of the Ukrainian Research Institute of Forestry and Forest
Melioration named after V. M. Vynogradov, whose specialists investigated the full range of factors
negatively affecting the pine forests and developed optimal strategies for their preservation and re-
generation (Fomin ef al., 2017).

Beyond the inherent challenges of establishing and maintaining extensive monoculture pine plan-
tations, this transformation also had significant consequences for the biodiversity of the Oleshky
Sands. In many areas where pine plantations were established, there had been no genuine need to
combat deflation. For example, deflation was never an issue on the Kinburn Peninsula, and the cre-
ation of pine plantations there reflected the broader Soviet tradition of large-scale melioration rather
than actual environmental necessity (Kryvulchenko, 2016).

As a result, in some parts of the Oleshky Sands the afforestation programme affected areas origi-
nally covered by native sandy vegetation. These natural communities were first damaged through
site preparation and planting, and later, as the stands closed, were completely eliminated beneath the
tree canopy (Umanets, 1999; Umanets et al., 2002). At the same time, the biodiversity of the artificial
pine stands themselves remained extremely poor. Studies of avifauna revealed that bird assemblages
of pine plantations were markedly poorer in species composition, diversity, and ecological structure
compared to those of natural Oleshky Sands habitats (Moskalenko, 2015). Similar patterns have been
documented for other faunal groups (Kotenko, 1997; Kotenko & Kotenko, 2002). The full-scale in-
vasion and occupation of the region resulting from the armed aggression of the Russian Federation
against Ukraine should be regarded as a new turning point in the conservation and management of
the Oleshky Sands, as war has profoundly disrupted all pre-existing practices, affecting both people
and nature (Zagorodniuk, 2023). By early May 2022, when large wildfires engulfed pine plantations
on the Kinburn Peninsula and in the Ivanivska and Oleshkivska arenas, the shortage of personnel
and resources needed to combat the fires became the first sign of wartime collapse of forestry man-
agement. The transformation of the Oleshky Sands into an active war zone in 2022-2023 brought an
end to all forms of forest management, including operations conducted by illegal forestry structures
established by the occupying authorities.

Despite the ongoing occupation, there is already a pressing need for a professional discussion
about the future of the Oleshky Sands, similar to current debates regarding the fate of the Kakhovka
Reservoir (Zagorodniuk, 2023; Vasyliuk et al., 2025). To initiate such a discussion meaningfully, at
least a general understanding is required of the nature and scale of changes occurring within the pine
plantations, as well as their potential consequences. Such understanding will make it possible not
only to formulate hypotheses regarding possible scenarios of landscape transformation, but also to
organise systematic monitoring to test them, ultimately informing an adaptive management strategy
aligned with conservation objectives.

Given that field observations are currently impossible due to the occupation, assessment of the
present state of the Oleshky Sands must rely exclusively on remote methods, particularly analyses of
land-cover change using satellite imagery. Accordingly, the aim of this study is to quantify the extent
of artificial pine-forest losses in the Oleshky Sands based on remote-sensing data and to establish an
overall picture of their current condition, serving as a baseline for modelling future transformations
of the region’s natural and semi-natural landscapes.
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Materials and methods
Remote-sensing data and preprocessing

Modelling the loss of pine plantations was carried out using Sentinel-2 remote-sensing data (MSI
instrument) (ESA, 2015). For this purpose, two winter scenes were selected — 23 February 2022 and
12 February 2025 — both of which were cloud-free over the study area. Winter scenes were preferred
because, during the cold season, green pine stands exhibit more distinct spectral differences from
other land-cover types, allowing higher accuracy in their detection during supervised classification.

As geospatial predictors for supervised classification, we selected the components of the Tasselled
Cap Transformation (TCT) — Tasselled Cap Brightness (TCB), Tasselled Cap Greenness (TCG),
and Tasselled Cap Wetness (TCW) (Shi & Xu, 2019) — as well as the following spectral indices:
the Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index (NDWI),
Green-Red Vegetation Index (GRVI), Modified Soil-Adjusted Vegetation Index (MSAVI2) and
Normalized Sand Index (NSI). TCT components were derived from Sentinel-2 Level-1C (Top of
Atmosphere Reflectance, TOA), while the remaining indices were computed using Sentinel-2 Level-
2A (Surface Reflectance, SR) products. Formulae for all geospatial variables used are provided in
Table 1.

Ta(éirle 1. Formulae for calculating the components of the tasselled cap transformation and the spectral
mndices

Tabnuys 1. DopMynn po3paxyHKy KOMIIOHEHTIB IIePETBOPEHHS «KOBIIAK 3 KUTUIICIO» Ta CIEKTPATBHUX
1HJEKCIB

Indices Formulae for calculating Source

TCB 0.351 * B2 + 0.3813 * B3 + 0.3437 * B4 + 0.7196 * B8 + 0.2396 * B11 + 0.1949 * B12  Shi & Xu, 2019
TCG -0.3599 * B2 - 0.3533 * B3 - 0.4734 * B4 + 0.6633 * B8 + 0.0087 * B11 - 0.2856 * B12 Shi & Xu, 2019
TCW  0.2578 * B2 + 0.2305 * B3 + 0.0883 * B4 + 0.1071 * B8 - 0.7611 * B11 - 0.5308 * B12 Shi & Xu, 2019

NDVI (B8 -B4)/ (B8 + B4) Lemenkova & Debeir, 2023
NDWI (B3 -B8)/ (B3 + B8) Lemenkova & Debeir, 2023
GRVI  (B3-B4)/(B3+B4) Motohka et al., 2010
MSAVI2 05*(2* B8+ 1 -sqrt((2*B8+1)2 —8* (B8 - B4))) Lemenkova & Debeir, 2023
NSI (B3 + B4) / (log(B11)) Secu et al., 2022

Note: B2, B3, B4, B8 and B11 refer respectively to the 2nd, 3rd, 4th, 8th and 11th spectral bands of Sentinel-2
remote-sensing data.

Almost all stages of predictor preparation from satellite imagery for subsequent supervised classi-
fication were performed using the Google Earth Engine (GEE) cloud platform (Gorelick et al., 2017).
These included retrieving the selected remote sensing scenes from the “Harmonized Sentinel-2 MSI:
MultiSpectral Instrument, Level-1C (TOA)” (for TCT computation) and “Harmonized Sentinel-2
MSI: MultiSpectral Instrument, Level-2A (SR)” collections (for all other spectral indices), applying
scale factors, calculating the geospatial variables, reducing high-frequency noise with a 3x3-pixel
median filter, per-band mosaicking, clipping results to the Oleshky Sands region, and exporting the
outputs as GeoTIFF rasters at 10-m spatial resolution. All processing steps were implemented via a
custom GEE JavaScript API script, which is provided in the supplementary materials.

Sample preparation

A dataset of 10,000 points for modelling pine-forest distribution as of early 2022 was generated
in QGIS using the “Random points inside polygons” tool. Given that the area of pine plantations is
approximately three times smaller than the total area of the Oleshky Sands, random sampling across
the entire sand-dune region would have produced a markedly imbalanced dataset, with far fewer pine
points than non-pine points. To avoid this, the sample was generated within a custom multipolygon
created from georeferenced forest-plantation plans outlining the boundaries of the forest fund, sup-
plemented with polygons delineating pine stands outside forest-fund lands. Each point was attributed
in QGIS with one of two classes: “Pinus” if it fell within a pine stand, and “nonPinus” otherwise. The
classification of points was based on a Sentinel-2 colour composite from 23 February 2022. In the
resulting sample, the “Pinus” class comprised 4,037 points and the “nonPinus” class 5,963 points. This
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same sample was reused for modelling pine-forest distribution for the winter of 2024/2025, after reas-
signing the class attribute from “Pinus” to “nonPinus” for points corresponding to pine stands burned
between 2022 and 2024. Because the number of “Pinus” points after this adjustment (1,445 points)
became much smaller than the number of “nonPinus” points (8,555 points), a class-balancing pro-
cedure was applied to avoid dominance of the majority class during model training and to improve
the detection of the minority class. To achieve this, an random undersampling procedure was used
[Haibo & Garcia 2009], reducing the number of “nonPinus” points so that they exceeded the number
of “Pinus” points by only a factor of two.

Supervised classification

A single-hidden-layer artificial neural network (ANN) designed for binary classification was used
as the classification algorithm. The model was implemented in R version 4.5.1 (R Core Team, 2021)
using the nnet package (v.7.3-20) (Venables & Ripley, 2002).

Following established best practice (Lones, 2024), the ability of the models to generalise was as-
sessed using independent test samples that were not involved in model training or hyperparameter
tuning. The training, validation, and test subsets were selected using spatial blocking, because random
sampling across the entire spatial domain would, due to spatial autocorrelation, inflate estimates of
model performance (Roberts et al., 2017). Using the blockCV package (v. 3.1.5) (Valavi et al., 2019),
both datasets were divided into six spatial blocks. One block from each dataset was randomly selected
as an independent test set used for the final model evaluation. Points in the remaining blocks served
as training data, including for hyperparameter optimisation via cross-validation implemented using
the caret package (v. 7.0.1) (Kuhn, 2008). Hyperparameter tuning involved identifying optimal values
for the number of hidden-layer neurons (tested values: 2-8) and the L2 regularisation parameter (de-
cay; tested values: 0.0001, 0.001, 0.01, 0.1, 0.2, 0.3, 0.4, 0.5). Thus, 64 hyperparameter combinations
were evaluated for each model. The selection criterion was the area under the ROC curve (AUC),
computed using the pROC package (v. 1.18.5) (Robin et al., 2011).

Final model evaluation on the test samples employed AUC together with the following per-
formance metrics: Accuracy, Balanced Accuracy, Cohen’s Kappa, Sensitivity, Specificity, Positive
Predictive Value, and Negative Predictive Value (Sokolova & Lapalme, 2009; Kuhn, 2008). Additional
R packages used for data import, processing, and visualisation included terra (v. 1.8-50) (Hijmans,
2025), sf (v. 1.0-21) (Pebesma, 2018), dplyr (v. 1.1.4) (Wickham et al., 2023), NeuralNetTools (v. 1.5.3)
(Beck, 2018), and ggplot2 (v. 3.5.2) (Wickham, 2016). All R code listings used in the workflow are
provided in the supplementary materials.

Post-processing of classification results

Binary raster outputs were converted to vector format in QGIS using the “Polygonize” tool, after
which polygons corresponding to non-pine areas were removed. Post-classification cleaning was then
applied to reduce classification artefacts: polygons smaller than 500 m* were removed, and internal
holes below the same threshold were filled. Subsequent processing differed between the 2022 and
2025 pine-distribution vectors. The 2022 dataset was processed twice using the “Intersection” tool:
first with a shapefile of the Oleshky Sands arenas boundaries as the mask, and second with the shape-
file of forest-fund boundaries (supplemented with pine patches outside forest-fund areas). The 2025
pine-distribution vector was intersected with the cleaned 2022 pine layer. This resulted in two vector
layers cleaned of artefacts and containing attribute information on the arenas to which each polygon
belonged. Polygon areas were then calculated using the field calculator, and the attribute tables were
exported for further analysis in R. To analyse the nature of pine-forest losses, we computed not only
the total area of pine plantations (both per-arena and across the entire Oleshky Sands), but also sev-
eral landscape-pattern metrics at the patch level. These included total number of pine patches (NP),
mean patch area (AREA_MN), standard deviation of patch area (AREA_SD), the largest patch index
(LPI), and the coeflicient of variation of patch area (AREA_CV) (Wang et al., 2014).
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Results

During model preparation, both point datasets were partitioned into spatial blocks, as shown in
Fig. 1. The test set for the 2022 model was randomly selected as the block containing 2,718 points
located within Block 4 (Fig. 1a), while for the 2025 model the test set consisted of 3,688 points located
within Block 1 (Fig. 1b). Hyperparameter calibration showed that, for the model based on the 2022
data, the optimal architecture consisted of seven neurons in the hidden layer and an L2-regularisation
value of 0.1. For the 2025 model, the best-performing configuration included five neurons in the
hidden layer with the same L2-regularisation value of 0.1. The neural-network architectures for both
models are in Fig. 2.

The confusion matrices obtained from the test datasets are shown in Fig. 3, and the model per-
formance metrics derived from them are presented in Table 2. Figure 4 shows the ROC curves and
corresponding AUC values with 95 % confidence intervals for both models.

Overall, assessment across all reported performance metrics showed that both models were able
to reliably distinguish between the Pinus and nonPinus classes.

Table 2. Values of selected model performance metrics calculated from the confusion matrices
Tabnuys 2. 3HaYEHHS JeAKNX METPUK SIKOCTi MOeel, 004YICIeHNX 3a MATPULSIMY HePeITy TYBaHH

Performance metrics as 01 53 Pebruary 2032 as o 12 February 2035
Accuracy 0.9588 (95% CI: 0.9506, 0.966) 0.9599 (95% CI: 0.9531, 0.966)
Kappa 0.9097 0.8353

Sensitivity 0.9386 0.9196

Specificity 0.9698 0.9661

Positive Predictive Value 0.9445 0.8051

Negative Predictive Value 0.9665 0.9875

Balanced Accuracy 0.9542 0.9428

The modelled maps of pine-forest distribution across the Oleshky Sands are shown in Fig. 5, and
the spatial-structure metrics derived from them are provided in Table 3. As these results show, over
the three years following the full-scale invasion, wildfires decreased the total area of pine plantations
by approximately 30 thousand hectares, or 64.3 %. Among all arenas, the greatest absolute losses oc-
curred in the Oleshky (8.818 thousand ha) and Kozacholagerska (5.896 thousand ha) arenas — those
that had initially contained the largest pine-forest areas.

Table 3. Area of pine plantations and selected landscape metrics based on modelling as of 23 February 2022
and 12 February 2025.

Tabnuys 3. TInoma cOCHOBUX HAacaJ)KeHb Ta 3HAYEHHs OKPEMUX METPUK IX MPOCTOPOBOI CTPYKTYPH 3a
JAHVMM MOJIETIOBAaHHA CTAHOM Ha 23 mroToro 2022 p. ta 12 mororo 2025 p.

Arenas Year Total area, ha (%) NP AREA_MN,ha AREA_SD, ha LPI, % AREA_CV, %
Kakhovsk 2022 686 (100) 75 9.15 32.7 33.1 357
axnovska 2025 459 (66.9) 115 3.99 17.9 33.0 448
Kozacholaherska 2022 10756 (100) 750 14.34 83.3 11.8 581
ozacholaherska — 5g>g 4860 (45.2) 1656 2.93 16.8 5.8 573
Oleshkivsk 2022 14775 (100) 2422 6.1 35.9 3.6 589
eshxivska 2025 5957 (40.3) 2937 2.03 13.5 5.8 664
Chalbask 2022 4996 (100) 829 6.03 44.8 19.5 744
albaska 2025 1552 (31.1) 1006 1.54 7.9 10.2 511
Zburivsk 2022 6489 (100) 306 21.2 161.0 412 759
urivska 2025 1822 (28.1) 714 2.55 10.3 6.8 405
Ivanivsk 2022 3358 (100) 401 8.38 46.1 22.8 550
vanivska 2025 1211 (36.1) 454 2.67 12.6 15.8 471
Kinburn Peninsula 2022 5582 (100) 1001 5.58 353 16.1 633
inburn reninsuia - 5455 774 (13.9) 935 0.83 3.6 11.6 431
Total: 2022 46642 (100) 5784 8.06 59.0 5.73 732
otal: 2025 16636 (35.7) 7817 2.13 12.7 2.08 597
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Fig. 1. Scheme and numbering of
spatial blocks for splitting the da-
taset into training and test subsets:
(a) for data as of 23 February 2022;
(b) for data as of 12 February 2025.

Puc. 1. Cxema i Hymepa1iis npocro-
POBUX ONIOKIB /s PO3NiNEHHA BU-
6ipky Ha HaBYA/JBHY Ta TECTOBY:
(a) mrs panHwmx 3a 23 motoro 2022 p.;
(b) pna manux 3a 12 mororo 2025 p.

Fig. 2. Neural network architecture diagram: (a) for the
model based on data as of 23 February 2022; (b) for the
model based on data as of 12 February 2025.

Puc. 2. Cxema apxiTeKTypu HelfpoMepex: (a) A Mo-
meni 3a gaHuMM 3a 23 motoro 2022 p.; (b) msa Mogmeni
3a faHuMmu 3a 12 mororo 2025 p.

Fig. 3. Confusion matrices on the
test subsets: (a) for the model based
on data as of 23 February 2022;
(b) for the model based on data as of
12 February 2025.

Puc. 3. Matpuni nepemyTyBaHHs,
sIKi Oy/Iu OTpMMaHi Ha TECTOBMX BM-
6ipxax: (a) o1 MOfieri 3a JaHMMIU 32
23 motoro 2022 p.; (b) mis momeni
3a JaHuMu 3a 12 mororo 2025 p.
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Fig. 4. ROC curve plots: (a) for the model based on data as of 23 February 2022; (b) for the model based on data
as of 12 February 2025.

Puc. 4. iarpamu ROC-kpuBux: (a) aas Mogeni 3a gaHumu 3a 23 mrortoro 2022 p.; (b) mns Mopeni 3a gaHuMu
3a 12 moToro 2025 p.

Fig. 5. Distribution of pine plantations within the Oleshky Sands based on modelling: (a) as of 23 February
2022; (b) as of 12 February 2025. Arenas of the Oleshky Sands: 1 — Kakhovska; 2 — Kozacholaherska; 3 —
Oleshkivska; 4 — Chalbaska; 5 — Zburivska; 6 — Ivanivska; 7 — Kinburn Peninsula.

Puc. 5. [lompeHHs COCHOBUX Haca/pKeHb B Mexkax OJIeMKiBChbKIX TICKIB 3a JAHUMM MOJENIOBaHH: (a) CTa-
HOM Ha 23 jmortoro 2022 p.; (b) cranom Ha 12 jororo 2025 p. Apenn OnemkiBcbKux mickis: 1 — KaxoBcbka;
2 — Kosavonarepcobka; 3 — OnenikiBcbka; 4 — Yanbacbka; 5 — 36yp’iBcbka; 6 — IBaHiBCbKa; 7 — KiH6ypHCbKM17[
iBOCTPIB.
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In the Kakhovska arena, which had the smallest initial pine-forest area (686 ha), only 227 ha
of pine stands were destroyed. Across the remaining arenas, absolute losses ranged from 2.147 to
4.808 thousand ha. In relative terms, pine-forest loss varied considerably among arenas. The smallest
proportion of burnt pine stands (33.1 % of the initial area) occurred in the Kakhovska arena, likely
due to the fragmentation of local forests by settlement zones, which may have reduced the number
of artillery strikes and facilitated more effective suppression of fires. The most severe losses occurred
on the Kinburn Peninsula, where 86.1 % of pine forests disappeared between February 2022 and
February 2025. The Zburivska and Chalbaska arenas ranked second and third in proportional losses,
with 71.9 % and 68.9 % of pine stands destroyed, respectively. In all other arenas, losses ranged from
54.8 % to 63.9 %.

The spatial-pattern metrics clearly illustrate that, alongside the dramatic reduction in total area,
pine stands became markedly more fragmented during the study period. As shown in Table 3, the
total number of pine patches (NP) increased nearly 1.4-fold, while their mean area (AREA_MN)),
standard deviation of area (AREA_SD), and largest patch index (LPI) decreased by factors of 3.8, 4.6
and 2.8, respectively. The coefficient of variation of patch area (AREA_CV) also decreased, indicating
a reduced spread of patch sizes, though its absolute value remains high — typical of mosaic natural
landscapes.

In summary, wildfires across the Oleshky Sands resulted in substantial reductions in pine-forest
area and a marked increase in their fragmentation.

Discussion

Because of their monocultural structure and the specific environmental conditions of the region,
the pine plantations of the Oleshky Sands belong to the highest fire-hazard class, requiring a per-
manent mobilisation of considerable human and material resources to prevent wildfires (Shevchuk
& Tymoshchuk, 2015). Although fires in these plantations were not uncommon even after the first
closed-canopy stands appeared, they became a major factor driving substantial reductions in for-
est area only from 1990 onwards, when the first large-scale fire on the Oleshkivska arena occurred,
affecting approximately 0.8 thousand hectares of forest stands (Shevchuk & Tymoshchuk, 2015). A
series of extensive fires in the region led to a reduction of pine-forest area to approximately 46.6
thousand hectares by the beginning of the full-scale invasion, according to our remote-sensing-based
estimates (Table 3). Total losses between 1984 and 2021 amounted to roughly 23.8 thousand hect-
ares (Moskalenko, 2021). The underlying cause was clear: the forestry sector — according to Popkov
(1997), one of the most unprofitable in Ukraine — was structurally unable, under the conditions
of the economic collapse of the 1990s and subsequent transition to a market economy, to maintain
the full spectrum of fire-prevention measures required for the most fire-prone forest types.

The cessation of all forest-management activities due to the full-scale invasion and occupation
drastically accelerated the destruction of pine stands by fire. Over the three years of occupation, fires
directly or indirectly caused by military action destroyed an area of pine plantations roughly one-
and-a-half times larger than the accumulated losses of the previous three decades. It is important to
stress that this is not the end of the decline: throughout the preparation of this article, during 2025,
the study area remained an active combat zone and its forests continued to burn regularly.

Thus, regardless of how the situation in the region develops, it can already be stated that the semi-
natural pine-forest ecosystem has irreversibly lost its dominant role in the landscapes of the Oleshky
Sands. This will inevitably lead to large-scale landscape restructuring, including profound changes in
habitat types and associated biotic communities. It is therefore essential to develop an understanding
of the initial conditions and major drivers of this transformation.

Unfortunately, successional processes on the burned areas formed after the destruction of pine
stands on the Oleshky Sands remain poorly studied. One of the few examples of such research exam-
ined post-fire demutation on recent burned areas on the Kinburn Peninsula (Kolomiiets & Burda,
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Fig. 6. A fragment of Compartment 6 of the
Ivanivske Forestry with completely burnt
pine stands on a high-resolution satellite
image dated 30 July 2024 (image source:
Google Earth Pro). Coordinates of the cen-
tre of the depicted fragment: 46.4511° N,
32.0796° E.

Puc. 6. ®parmenT 6 kBapTany IsaHiBcbKO-
IO JMiCHMITBA 3 IOBHICTIO BUIOPiBIIMMMU
COCHOBMMM HAaCaJKeHHAMM Ha CYOyT-
HUKOBOMY 3HIMKY BMCOKOi PO3JiTbHOCTI
Big 30 ymumua 2024 p. (mxepeno sHiMKa:
Google Earth Pro). Kooppunatu nenrpy
306paxeHoro ¢parmenTa: 46.4511° ITH.m.
32.0796° Cx.p.

2007). The authors showed that within 3-7 years, spontaneous recovery of plant species typical of
psammophytic steppe with small patches of broadleaved woodland in depressions — communities
present before anthropogenic transformation — had already begun.

In his study, Moskalenko (2021) analysed long-term NDVI dynamics as a proxy for vegetation re-
generation rates on burned areas of pine stands in the Oleshky Sands. He concluded that in most cases
spontaneous revegetation proceeds relatively rapidly, whereas only in certain areas — with unfavour-
able soil and hydrological conditions and without nearby patches of preserved psammophytic steppe
vegetation that could serve as seed sources (e.g., the southern part of the Kozacholagerska arena or
the centre of the south-western half of the Oleshkivska arena) — deflation processes may prevail and
regeneration proceeds slowly.

However, it is important to stress that burned areas formed after the full-scale invasion differ in
one significant respect. Previously, burnt pine stands were rapidly (typically within 1-2 years after
a fire) harvested and removed by forestry enterprises. Now, at least 30 thousand hectares of burned
areas with large quantities of standing deadwood (Fig. 6) have accumulated across the Oleshky Sands,
and because of ongoing hostilities this material will not be removed. Moreover, even after de-occu-
pation, burned area clearance will remain impossible for a long time owing to mine contamination,
the destruction of forestry infrastructure and large-scale depopulation of the region. Since there is
no prior experience of long-term observation of such burned areas, the course of their regeneration
remains uncertain. Based on our own preliminary observations of individual fire-damaged pine trees,
we can assert that dead trees will rapidly be colonised by xylophagous insects and xylophilous fungi.
Accelerated decay of the lower parts of trunks (below the soil surface, under conditions of higher
moisture) will lead within the first few years to their collapse, producing extensive windthrows. Early
stages of this process were already visible in high-resolution satellite imagery two years after the fires
of 2022. The spontaneous decomposition of windthrown wood will likely be slow under the region’s
arid climate, although secondary fires that burn accumulated deadwood may accelerate the process.
In any case, these processes will constitute a long-term component of the successional dynamics of
burned areas in the Oleshky Sands.

Because the pine plantations of the Oleshky Sands were established to halt deflation, a key ques-
tion now arises: what is the likelihood of renewed aeolian activity following the loss of such vast
forested areas? Forestry experts had repeatedly warned that the appearance of large treeless areas
after the massive fires of the 1990s and 2000s could reactivate deflation (Kuzyk, 2008; Shevchuk et al.,
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2009; Nazarenko et al., 2020). Lubskiy et al. (2023), using a multi-decadal Landsat dataset, even inter-
preted the pyrogenic elimination of artificial pine stands as a process of desertification — a conclu-
sion that is, however, incorrect due to methodological and conceptual shortcomings of their study!.
At the same time, long-term NDVI analyses indicate that in most cases burned areas on the Oleshky
Sands do not pose a serious deflation risk (Moskalenko, 2021). This is expected, since the decline of
pastoralism in the region removed the key factor driving sand deflation. Under current conditions,
with no removal of deadwood from burned areas, the development of deflation processes is even less
likely. In our view, extensive windthrows will serve as barriers to sand movement, providing an anti-
deflation function while their gradual decomposition will create a temporal buffer during which the
early phases of spontaneous sand stabilisation can begin.

One component of the spontaneous revegetation process will be the spread of woody species. This
will primarily involve the typical r-strategist Betula borysthenica, whose rapid formation of groves on
burned areas of the Oleshkivska arena has been observed previously (Moskalenko, 2021). Pyrogenic
elimination of large pine areas removes barriers to long-distance seed dispersal of this species and
simultaneously opens patches with suitable soil conditions for colonisation. Studies of spontaneous
regeneration of Scots pine on the wood-steppe sections of the Black Sea Biosphere Reserve (Umanets
& Pliushch, 2017) suggest that on lower-lying microrelief elements with favourable soil conditions,
Pinus sylvestris is also likely to regenerate from seed, with surviving fragmented stands serving as seed
sources.

Soil-chemical changes induced by fire will also influence the course of spontaneous succession. It
is known that the typically acidic soil reaction beneath pine stands shifts towards near-neutral condi-
tions on burned areas (Zibtsev et al., 2022).

Another important consideration is the spatial heterogeneity that develops on post-fire sites:
burned areas contain a fine-scale mosaic of areas differing in burn severity, ash deposition, deadwood
accumulation and remaining patches of unburnt forest litter. This creates a small-scale pyrogenic
habitat mosaic that strongly influences subsequent successional trajectories. We therefore expect a
multi-directional pattern of vegetation recovery and the emergence of a mosaic of successional stages:
some patches will be rapidly colonised by pioneer psammophytes, while others will remain less pro-
ductive for prolonged periods due to preserved forest litter or allelopathic effects of fire-damaged
pine. The presence of large quantities of standing deadwood and windthrows — which will not be
removed because of military and mine hazards — will further reinforce landscape structural hetero-
geneity. Ultimately, a stable mosaic of psammophytic steppe, meadow, and woody-shrub communi-
ties is expected to emerge, reflecting the interplay of pyrogenic, edaphic, microclimatic and biotic
factors. Overall, this is likely to enhance structural resilience in contrast to the previous monocultural
plantations.

The loss of pine stands over such a vast area will also alter evapotranspiration regimes, likely re-
ducing water-loss components of the hydrological balance and potentially creating conditions for
changes in groundwater levels. As far back as the early 20th century, Academician H. M. Vysotsky
warned that creating continuous forest plantations on sands would lead to groundwater decline —
a prediction later confirmed by practice (Zibtsev et al., 2022). For example, long-term observations at

1 In this work, an error was made in calculating one of the desertification indicators — TCB. First, this indicator was
calculated for all remote-sensing datasets from different Landsat sensors using a single formula, whereas the TCT
coefficients are derived individually for each sensor (the formula applied was derived for the TM sensor, while the study
also used remote-sensing data from TM+ and OLI sensors). Second, TCB was calculated using atmospherically corrected
data (i.e. SR), whereas the TCT coeflicients are generally derived for use with uncorrected remote-sensing data (i.e. TOA).
At a conceptual level, the natural and historical conditions of the Oleshky Sands were not taken into account in this study,
as areas afforested with artificial pine plantations were included in the analysis. A correct conclusion about the presence or
absence of desertification processes in the Oleshky Sands can only be drawn by examining the dynamics of desertification
indicators on non-afforested areas, as well as on burned areas, while excluding pre-fire periods for the latter. Including pine
plantations — whose vegetation, by definition, contains far higher chlorophyll levels than the natural and semi-natural
psammophytic steppe vegetation of the Oleshky Sands — obscures true trends in desertification indicators.
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the “Dalekyi Karabai” hydrological station (Oleshkivska arena) showed that under pine plantations
the mean annual groundwater level fell from —119 cm in 1956 to =270 cm in 2002, and during the
dry early 1990s dropped to —318 cm in 1996 (Shevchuk et al., 2005). Under current conditions, the
opposite trend — gradual groundwater rise — appears plausible. Another aspect to be considered
when modelling the consequences of ecosystem restructuring is the impact on protected areas. Pine
plantations surrounding the wood-steppe sections of the Black Sea Biosphere Reserve, namely the
Solonoozerna, Ivano-Rybalchanska and Volyzhin Forest sections (total area 5,600 ha) largely isolated
these areas from adjacent territories by forming a continuous belt of unsuitable habitat for many
species (Seliunyna & Moskalenko, 2004). This substantially limited the reserve’s potential to support
biodiversity in surrounding unprotected landscapes. At the same time, the reserve’s wood-steppe sec-
tions experienced negative impacts from these plantations.

For example, during the late 1980s, when wild boar (Sus scrofa) numbers increased significantly,
the species concentrated in pine plantations bordering the reserve’s wood-steppe sections and caused
severe damage to populations of rare orchids (Orchidaceae) by foraging on reserve lands (Seliunyna
& Umanets, 1987). Similarly, elevated breeding numbers of the Eurasian goshawk (Astur gentilis) in
the surrounding pine plantations negatively affected several corvid species within the reserve. The
decline or disappearance of corvids — providers of nests — in turn led to marked reductions or lo-
cal disappearance of the eurasian hobby (Falco subbuteo), common kestrel (Falco tinnunculus), red-
footed falcon (Falco vespertinus) and long-eared owl (Asio otus) (Moskalenko, 2015). The fragmenta-
tion of pine plantations around the reserve’s wood-steppe sections caused by recent fires (Fig. 7) will
undoubtedly alter ecological linkages between them and surrounding territory. Similar changes are
expected for ecosystems of the Oleshky Sands National Nature Park (11,671.06 ha), whose sites lie
within the Kozacholagerska and Chalbaska arenas. Substantial transformations will also occur in eco-
systems of the Ivory Coast of Sviatoslav National Nature Park, 9,848.14 ha of which are located on the
Kinburn Peninsula. Most of this area (9,205.2 ha, or 93.5 %) belonged to the forest fund at the time of
the park’s establishment and was largely covered by pine plantations, of which only 13.9 % survived
on the peninsula in general by early 2025 (Table 3).

Fig. 7. Distribution of pine stands around
the Solonoozerna (SL) and Ivano-Rybal-
chanska (IR) sections of the Black Sea
Biosphere Reserve based on modelled
data: (a) as of 23 February 2022; (b) as of
12 February 2025.

Puc. 7. TlommupeHHsA COCHOBUX Hacaji-
>keHb HaBkomo CosnoHoosepHoi (SL) Ta
IBano-Pubansuancekoi (IR) gistaox Yop-
HOMOPCBKOTo 6iocdepHOro 3amoBifHMKa
3a JJAHMMM MOJIETIOBaHHs: (a) CTAHOM Ha
23 motoro 2022 p.; (b) craHoM Ha 12 mio-
Toro 2025 p.
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Finally, assessments of the current state of the Oleshky Sands, modelling of future development
scenarios, and planning of adaptive post-war management should consider not only the regional scale
but also the global context — particularly the region’s role in climate regulation. The loss of artificial
pine plantations over such a vast area means that decades of carbon accumulation in woody biomass
were effectively nullified in a very short time. Thus, the unreliability of artificial pine stands under
the conditions of the Oleshky Sands in terms of sequestering carbon dioxide — one of the principal
contributors to the greenhouse effect — provides an additional argument against their restoration. In
contrast, the recovery of grassland ecosystems, where soils play the dominant role in carbon storage,
seems to be a much more appropriate strategy in line with global objectives of reducing greenhouse-
gas emissions and safeguarding ecosystem carbon stocks.

Conclusions

Over the three years since the beginning of the full-scale invasion, the artificial pine plantations
of the Oleshky Sands have undergone an unprecedented reduction in area as a result of fires directly
or indirectly caused by military action. This is certain to result in systemic ecological consequences
operating across multiple spatial and temporal scales. The monocultural plantations established dur-
ing the second half of the twentieth century have effectively lost their dominant role in the landscape
structure, which will trigger a profound reorganisation of the region’s ecosystems, including changes
in successional dynamics, the spatial organisation of plant and animal communities, the hydrologi-
cal regime, soil chemical properties and more. Unfortunately, the study area remains occupied and
continues to lie within an active combat zone, making direct field research impossible. Even after de-
occupation the accessibility of the area to researchers will remain severely limited for a long time due
to landmine contamination. Nevertheless, the results obtained already allow us to formulate hypoth-
eses about possible future transformations of the Oleshky Sands, including those that can be verified
through remote-sensing-based monitoring. Among such hypotheses, the most immediate concern
the rate of deadwood decomposition on burned areas, the course of spontaneous revegetation, and
the development and spread of deflation processes.

Supplementary materials

Supplementary materials for this article are available in the Zenodo repository at https://doi.
org/10.5281/zenodo.17790480. They include shapefiles of the modelled distribution of pine stands
within the Oleshky Sands as of 23 February 2022 and 12 February 2025, as well as the JavaScript and
R code used for the preparation and analysis of the data underlying this study.
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