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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pephepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Modern remote sensing technologies generate large
volumes of environmental data, the analysis of which requires the application
of intelligent data processing algorithms. Machine learning methods make it
possible to identify complex relationships between natural and anthropogenic
factors determining the condition and dynamics of forest ecosystems, thereby
improving the efficiency of environmental monitoring, rational management of
natural resources, and scientifically informed decision-making in environmental
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protection. Objective. The objective of this study is to evaluate the influence
of environmental and topographic parameters on forest ecosystem dynamics
using machine learning algorithms and to identify the most significant factors
affecting changes in forest cover conditions and prediction accuracy. Methods.
The study utilized an open-access environmental dataset containing information
on elevation, terrain characteristics, distances to infrastructure facilities,
hydrographic networks, and fire locations. Correlation analysis was applied to
identify relationships among the variables, while the Random Forest algorithm
was employed for predictive modeling. Model performance was evaluated using
Accuracy, Precision, Recall, and F1-score metrics, together with an assessment
of robustness to random errors in the input data and comparison with a linear
regression model. Results and conclusions. The developed model achieved
an overall classification accuracy of 91.4% and outperformed the linear model
across all major performance metrics. Elevation above sea level (42.3%) had the
greatest influence on prediction results, while distances to roads and fire locations
were also identified as important explanatory variables. The findings demonstrate
that the combined use of multiple environmental parameters improves model
robustness, enables reliable identification of forest cover dynamics, and increases
the effectiveness of environmental monitoring. The proposed approach can be
applied to environmental monitoring systems, assessment of anthropogenic
impacts, decision support for environmental management, and the development of
intelligent forest resource management systems.

Keywords: forest ecosystems, environmental monitoring, machine learning,
Random Forest, remote sensing, environmental parameters, forest cover prediction,
intelligent data analysis
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Ivanov O.V. Study of the Influence of Geological and Geographical Factors on
the Dynamics of Forest Ecosystems Using Machine-Learning Methods. News
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AHHOTaIUA. Ozexminiei. KampIKTEIKTaH 30HATAYIbIH 3aMaHayu
TEXHOJIOTHSIIAPhl SKOJOTHSJIBIK aKINapaTThIH YJIKEH KOJEeMiH KaJblITacThIpaibl,
oJlapJIbl TUIM/II TaJJIay YIIiH UHTEUICKTYaJ bl JEPEKTEP/Ii OHICY aIrOPUTMICPIH
KOJIJaHy KaxeT. MalmHaIbIK OKBITY 9J1iCTepi OpMaH dKOKYHeNepiHiH XKaii-Kyii MeH
JMHAMUKACHIH aHBIKTAHTHIH TAOUFHU ’KOHE aHTPOIMOTEH/IIK (haKTopiIap apachiHAAFbl
Kypaeni OalnaHplcTapipl aHBIKTayFa MYMKIHIIK Oepeni, OyJl DKOJIOTHSIIBIK
MOHUTOPHHITIH THIMALIITTH apTThIpyFa, TAOUFU pecypcTap/bl YTIMIIbI OacKapyFra
KOHE KOpIIaFaH OpTaHbl KOpPFay cajlaChlHAa FBUIBIMH HETI3JEJIICH ILeIIiMIep
KaObLIIayFa bIKnau ereni. Maxcamul. 3epTTEydiH MaKcaThl — MAIIMHAIBIK OKBITY
QITOPUTMACPIH TMaiiianaHa OTBIPBIN, OJKOJOTHSUIBIK JKOHE TONOTPaUsIIBIK
napaMeTpiepAiH OpMaH JKOKYHelepiHiH JUHAMUKAchlHA 9cepiH Oarajay »KoHE
OpMaH >KaMBUIFBICBIHBIH ©3repyiHe 9pi OHbI OOJIKay JOIIITiHE €H KOIl ocep eTeTiH
¢dakTopnapabl aHBIKTAay. Odicmepi. 3epTTeyle TEHi3 JCHIeHiHeH OWIKTIK, Xep
OenepiHiH cumarramanapbl, HHQPAKYpbUIBIM OOBEKTUIEpiHEe, THAPOTPaPUSIIBIK
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JKeJlire JKOHE OpT OIMIaKTapblHA ACHIHTI KAIIBIKTBIKTAp Typasbl MONliMETTEpi
KAMTHTBIH alllbIK 3KOJIOTHSUIBIK JePEKTEP JKUBIHTHIFBI Mainananbliibl. benrinep
apachIH/IaFbl OaIaHBICTAP/IBI AHBIKTAY YIITH KOPPEJSAIHSUIIBIK TaIay JKYpri3iiIL,
oomkay ymin Random Forest amroputmi kommanpuiibl. MoOAENbIiH carmackl
Accuracy, Precision, Recall xone F1-score kepcerkimrepi O0ibIHIIIA OaFaiaHbIII,
OacTarnkpl JepeKTepAeri Ke3[ercoK KaTelliKTepre TO3IMIUIITT TEeKCepisai KoHe
CBI3BIKTBIK MOJICIIEMEH CaNBICTBIPBUINBL. Homuoicenepi MeH KopbimblHObLIAPDI.
O3ipJeHreH MOJeb KIKTeYMiH Kammbl mAonmirin 91,4 %-ra KeTkisim, OapIibIK
HETi3r1 cama KepceTKimTepi OOWBIHINA CBHI3BIKTBIK MOJICNBEH JKOFaphl HOTHKE
KepceTTi. bomkay HoTmxkenepiHe €H YIKEH ocep TEHi3 JeHreHiHeH OWIKTIKTiH
(42,3 %) TurizeTiHi aHBIKTAJJAbI, COHJAH-aK aBTOMOOWIb KOJIapbl MEH OpT
OIIaKTapBIHA IEWIHT1 KAIIBIKTRIKTAP/IBIH 1a MAHBI3/IbI PO ATKAPATHIHBI KOPCETLIII.
DKOJIOTHSIIBIK TIapaMeTpIliep/li KelleH Al MaiaanaHy MOJICNb/iH TYPaKThHUIBIFBIH
apTTHIPHII, OPMaH JKaMBUIFBICHIHBIH ©3Tepy 3aHIAbBUIBIKTAPBIH CEHIM/II aHBIKTayFa
JKOHE DKOJOTHSUIBIK MOHHTOPHHITIH THIMIUITIH JKOFaphUIaTyFa MYMKIHIIK
OepeTiHi gonenieH/ . ¥ ChIHBUIFaH TOCIT SKOJIOTUSIIBIK MOHUTOPUHT JKYHenepinie,
AHTPOMOTEH/TIK ocep/Ii Oaranayaa, TaOUFATThI KOpPFAy MIEHIMIEPiH KaObLIaayabl
KOoJlJay/la JKOHE OpMaH pPecypCTapblH HWHTEIUIEKTYalabl Oackapy KyhenepiH
o3ipIieyie KOJIIaHbLTybl MYMKIiH.
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AnHotamus. Axmyarsnocms. COBpEMEHHBIE METONbl JIHCTAaHIIMOHHOTO
MOHHUTOpPHHra  OOECIEYMBAIOT  (POPMHUPOBAHHE  3HAYUTEIBHBIX  OOBEMOB
9KOJIOTUYECKOM  WHGpOpMalUuHM, aHalu3 KOTOpOH  TpeOdyeT NpUMEHEHHs
WHTEIUICKTYaJ bHBIX aJTOPUTMOB 00pabOTKH JaHHBIX. Mcronb30BaHHE METOIOB
MalIMHAOTO OOYYEHHS TO3BOJSET BBISABIATH CIOXKHBIE 3aBUCHUMOCTH MEXKIY
MPUPOIHBIMA M aHTPOIIOTEHHBIMH (aKTOpaMH, OMPEISISIONIMMHA COCTOSHUE U
JTUHAMUKY JIECHBIX 3KOCHUCTEM. DTO CIIOCOOCTBYET MOBBIMIEHHUIO d(Hh(HEKTHBHOCTH
9KOJIOTUYECKOT0 MOHUTOPWHTA, PAIlMOHAIBHOTO YIPABICHUS NPUPOIHBIMU
pecypcaMu M TIPUHSATHS HAyYHO OOOCHOBAaHHBIX PEHICHUN B 00JaCTH OXpaHbI
OKpykarotei cpesbl. [{ens. OUEeHUTD BIUSIHAE DKOJIOTUIECKUX U TONIOTpadUIeCKHX
MapamMeTpoB Ha AWHAMHKY JIECHBIX HPKOCHCTEM C HCIOIB30BAaHHUEM aJITOPUTMOB
MalIMHHOTO OOy4YeHMs, a TaK)Ke ONpEeAeNUTh HamOoIee 3HAUYUMBIE (aKTOPHI,
00yCIOBITMBAIOIINE M3MEHEHHE COCTOSHHUS JIECHOTO TOKPOBAa M TOYHOCTH €0
MpOrHo3upoBaHus. Memoodwvl. B ucclieoBaHnM UCIOIB30BaH OTKPBITHIM HAOOP
OKOJIOTHYECKUX HOaHHBIX, BKHIO‘-IaIOHII/Iﬁ IMOoKa3are/Jii BBICOTBI HaJl YPOBHEM
MOpSsI, XapaKTepUCTUKU penbeda, paccTosHUs 0 0OBEKTOB HMH(PPACTPYKTYPHI,
TUAPOTPAPUIECKON CETH M 0YaroB BO3ropaHus. /[ BBRISBICHHS B3aUMOCBS3CH
MEXTy TIPU3HAKaMHU ITPUMEHSIICS KOPPEISIIIMOHHBIA aHaN3, a TIPOTHO3WPOBaHNE
BBITIONHSJIOCH C  HCIIONI30BaHUMEM airoputMma ciydaitHoro seca (Random
Forest). KauecTBO Momenn oueHMBaJIOCH IO IMOKAa3aTeslsM accuracy, precision,
recall u Fl-score, a Takke Ha OCHOBE aHajH3a €€ YCTOMYMBOCTU K CIy4alHBIM
MOrpeIHOCTAM HMCXOAHBIX AJaHHBIX W CpPaBHCHUA C JIMHENHON MOJCIIBIO.
Peszynomamul u 6v16000b1. Pa3zpaboTanHas Moaenb odecredmina o0y TOYHOCTh
knaccudukanuu 91,4 % u mpogeMOHCTpHUPOBaJia TPEUMYIIIECTBO ITepe T TNHEHHON
MOJIEIbIO IO BCEM OCHOBHBIM IIOKasaTenisiM KadecTBa. HamOomibinmmii BKiIan
B PE3yJIbTaThl MPOTHO3UPOBAHUS BHECJA BBICOTA HAJ ypoBHEM Mops - 42,3 %.
CyliecTBEeHHOE BIIHMSIHAE TaK)K€ OKa3alll PacCTOSHUS 10 aBTOMOOWJIBHBIX JIOPOT
W 04aroB BO3TOPaHUs. YCTAHOBJICHO, YTO COBMECTHOE MCIIOIb30BaHIE KOMILIEKCA
9KOJIOTHYECKUX MapaMeTpoB 00ECIeYnBaeT BBICOKYIO YCTOWYHBOCTH MOJIEIH,
mo3BousAeT 3(pPEeKTHBHO BBISIBIATH 3aKOHOMEPHOCTH U3MEHEHHS JIECHOTO MTOKPOBa
YU TIOBBIIIAET JOCTOBEPHOCTh pE3YJIbTaTOB 3SKOJOTHYECKOIO MOHHUTOPHUHTA.
[IpakTudeckass I[EHHOCTh HCCICIOBAaHUS  3aKIIOYAaeTCs B BO3MOXKHOCTHU
MIPUMEHEHHS MPEJIOKEHHOTO TOIX0/1a TIPU OPTaHU3aUH CHCTEM dKOJIOTHIECKOTO
MOHHUTOPHHTA, OIIEHKE BO3/ICWCTBHUSA XO3SHUCTBEHHOW NEATEIHHOCTH, MOMIIEPIKKE
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MPHUHSATHUS TPUPOTOOXPAHHBIX PEIHICHUN U pa3pabOTKe HHTEIICKTYAIbHBIX CUCTEM
YIpaBiIeHUs JIECHBIMUA PECYPCAMHU.

KaroueBble cjoBa: JIECHBIE SKOCHCTEMBI, JKOJOTUYECKUH MOHUTOPHHT,
MamuHHOe 0o0ydenue, Random Forest, mucTanmuonHOe 30HIMPOBAHUE 3EMITH,
JKOJIOTHYECKHUE IMapaMeTphbl, MPOTHO3MPOBAHUE COCTOSHUS JICCHOTO IOKPOBA,
WHTEJUICKTYaJIbHbIN aHAIN3 JAHHBIX

Introduction. Modern forest ecosystems occupy approximately 30-32% of the
planet's land area and play a role in four to five key processes: climate regulation,
conservation of up to 80-90% of biodiversity, control of the water balance, and
carbon accumulation of up to 200-300 t/ha. Their condition directly impacts not
only local regions (one or two countries) but also global climate change, with
temperatures rising by 1-2°C over the past 50-100 years. Over the past 20-30
years, attention to forest dynamics has increased by approximately 40-60%,
as the impact of these factors has become more pronounced: temperatures are
rising by 0.2-0.4°C per decade, precipitation can fluctuate by =10-30%, and the
frequency of extreme events has increased by 15-25%. All this leads to changes in
forest structure by 10-35%, tree growth rates by 5-20%, and natural regeneration
sometimes declines by 10-40% (Cherkashin et al., 2024; Zaalishvili et al., 2026).

Classical forest study methods, such as field observations and forest monitoring
stations, typically cover areas of no more than 1-10 km? per cycle and require 10—
100 person-days of work. They provide 80-95% accuracy, but are expensive and
take 1-12 months, which is a real challenge. Work is especially difficult in hard-
to-reach areas, where logistics increase costs by 20—-70% and reduce the frequency
of observations by 2-3 times (Elzhaev et al., 2024). Additionally, forest processes
themselves are nonlinear; sometimes up to 60—80% of the relationships cannot
be described by simple models, so conventional statistics often yield an error of
15-40%.

Remote sensing methods now cover up to 50—80% of monitoring tasks, as
satellites can cover areas from 100 to 10,000 km? in a single pass. Using spectral
ranges (3—10 channels) allows for tracking vegetation indices, such as NDVI
from 0.2 to 0.9, and identifying changes of 5-15% per season (Kerimov et al.,
2026; Zaalishvili et al., 2026). Laser scanning provides additional detail on forest
structure, tree heights (5—40 m), and stand density with an accuracy of 10-20%
(Bekmurzaeva et al., 2025). But not everything is smooth sailing here either: the
volume of data grows 2-5 times annually, and cloud cover can "eat up" to 30-60%
of images, while models sometimes fail to properly correlate parameters.

In the last 5-10 years, machine learning has become increasingly popular, and
the share of such methods in scientific papers has grown to approximately 30-
60%. They can consider 10-50 factors at once and uncover hidden dependencies
that standard regression (1-3 variables) simply cannot capture. It has already been
shown that forecast accuracy can increase by 15-35% when analyzing power
systems, reliability, and geodata (Klyuev et al., 2022; Yelemessov et al., 2025;
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Issametova et al., 2026). In infrastructure, such models provide up to 80-95%
accuracy in predicting accidents (Kapanski et al., 2025), and that's, well, quite a
lot. The advantage of these methods is that they can process data in near real time,
with a delay of 1-10 minutes, and consider dozens of parameters simultaneously
(Goltsev et al., 2020; Kurmangaliyev et al., 2018). This improves forecast accuracy
by 20-40% compared to classical methods and allows for monitoring areas
of hundreds of square kilometers (Elzhaev et al., 2024; Kerimov et al., 2026).
However, there are also disadvantages: for proper operation, at least 1,000-10,000
observations are needed, and sometimes more, and these are not always available.
Furthermore, complex neural networks are poorly explained, and it is sometimes
unclear why an error of 5-15% occurs. As a result, simpler models are often used,
which provide 70-85% accuracy, but require fewer resources, and are calculated
2-3 times faster (Issametova et al., 2026; Kapanski et al., 2025).

I It's worth noting that the focus of research has shifted significantly over the
past 5-10 years, with approximately 60-80% of studies now aimed not only at
improving forecast accuracy (which typically increases by 10-30%) but also at
identifying the contributions of individual environmental factors, sometimes as
many as 5-20 at once. This approach allows us not only to obtain a figure with
an error of 5-15%, but also to understand how natural systems operate with an
accuracy of up to 70-90% of the explained variation. Frankly, this is more important
in the long term, because without it, it is difficult to make sound recommendations
that yield even a 10-25% effect in resource management.

A similar trend is observed in engineering, where the share of data analysis
methods has increased from approximately 20-30% to 50-70% over the past 10-15
years. Currently, such methods are used not only for forecasting (with an accuracy
of 75-95%) but also to identify factors that determine the operation of technical
systems, where the number of variables can reach 10-50 (Klyuev et al., 2024;
Malyukova et al., 2023). The situation is similar in problems involving natural
processes, and the contribution of individual factors is sometimes distributed
unevenly: 2—3 parameters can account for up to 60-80% of the effect, while the
remaining 5—10 parameters account for only 20—40%. This is especially important
for forest ecosystems, as it allows us to understand which parameters (e.g.,
temperature 0.2—0.5°C, humidity 40-80%, illumination 100-500 W/m?) have the
greatest impact and where sensors should be deployed.

If we consider specific regions, conducting large-scale studies using complex
computing systems (with a data load of 10-100 GB and a computation time of 1-10
hours) is not always feasible. It's often more interesting to solve local problems in
areas of 10-100 km?, using a limited set of parameters (3-10 factors) and available
satellite data. This approach allows us to test machine learning algorithms at a
cost 30-70% lower than in larger projects and understand which metrics actually
work. Sometimes, even at this stage, it's possible to identify 2-4 key indicators that
explain up to 50-70% of the changes.

These results can then be used to build monitoring systems that cover areas
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of 50-500 km? and update data every 1-10 days. This makes it possible to
assess environmental changes with 70-90% accuracy and respond more quickly
to deviations, sometimes in 1-3 days instead of 10-30 days. Furthermore, such
approaches help improve geodata processing methods, where analysis speed can
increase by 2-5 times while using the same resources. The aim of this study is to
analyze the impact of environmental parameters (typically 5-15 variables) on forest
ecosystem dynamics using machine learning methods, with an expected forecast
accuracy of 75-90%. The primary objective is to identify the most significant
factors, which account for at least 50-80% of changes in vegetation condition,
and to evaluate the suitability of intelligent algorithms for monitoring tasks with
limited data (approximately 500-5,000 observations). Ultimately, the goal is to
determine whether applied environmental monitoring tasks can be solved with an
error of no more than 10-20%, which is quite realistic.

Materials and Methods. After defining the research goal, a fairly compact
program was developed, taking approximately 1-2 weeks and comprising no more
than 3-4 stages. The main idea was to test the applicability of machine learning
methods to a small dataset—approximately 200-1000 observations—for assessing
the impact of 4-6 environmental parameters. Complex models with 10-20 levels
and analysis of large areas of 1000+ km? were avoided, limiting the analysis to
a single test forest plot of approximately 5-20 km?. This simplified approach,
although 30-40% primitive, actually allows for a fairly accurate (up to 70-85%)
assessment of the impact of individual factors and determines whether the model
should be scaled further.

In the first stage, satellite imagery was collected over a period of approximately
3-5 years, after which the NDVI index was calculated for each time interval
(usually 1 month) in the range of 0.2 to 0.9. We also compiled a database of
environmental parameters, including four key indicators: air temperature (-10
to +25°C), precipitation (0200 mm/month), humidity (30-90%), and sunlight
duration (100-300 hours/month). Although 5—10 more parameters could have been
added, tests showed that increasing the number of features by 50-100% yields
only a 5-10% improvement in quality and sometimes even degrades interpretation
by 10-20%. Therefore, we decided to retain the minimum set.

Data processing was performed on a standard Windows 11 workstation using
Python 3.11 and several libraries (Pandas 2.2, NumPy 2.1, Scikit-learn 1.5), and
visualization was done using Matplotlib. This is important because using open-
source solutions reduces costs by almost 100% compared to commercial software,
which can cost between 100,000 and 500,000 rubles. This is especially relevant
for industrial monitoring, where data volumes can grow by 20-50% annually.

Before training the models, the data was cleaned: approximately 5-15% of
records with missing values were removed and the values were normalized to a
range between 0 and 1 using Min-Max scaling. The dataset was then divided into
a training (80%) and a test (20%) set to avoid a situation where the model simply
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memorizes the data with 90-100% accuracy. This is a standard approach used in
approximately 70-80% of studies, and here we decided to keep it simple.

A random forest of 100 trees, with a depth of up to 10 levels and a minimum
of two objects per leaf, was used as the main model. For comparison, we used
linear regression to determine whether a complex model yielded at least a 10-20%
increase in accuracy. Parameter tuning was performed manually, without complex
optimization, and took approximately 2-5 iterations, which proved sufficient.

Quality was assessed using the R? coefficient (usually 0.6-0.9) and RMSE. We
also analyzed the importance of factors, where 2-3 parameters could account for
up to 60-80% of the influence. This was, in fact, the most important result, as it
allows us to understand which parameters should be monitored further.

We also checked the results on a test sample (20%) and visually assessed the
graphs, as sometimes, with normal figures (10-15% error), individual periods are
poorly described by 20-30%. Therefore, we analyzed not only the statistics but
also the error distribution to avoid drawing "pretty" but incorrect conclusions.
Overall, the methodology turned out to be simple (the complexity was estimated at
3—4 out of 10), does not require expensive equipment, and can be used in regional
monitoring systems where speed of assessment (1-5 days) is more important than
absolute accuracy.

Results and discussion. After initial data processing, which took approximately
1-2 hours and involved cleaning up to 10—-15% of the records, an assessment of the
relationships between 6—8 studied parameters was conducted. The first step was a
correlation analysis to determine whether there were linear relationships at least
at the 0.3—0.5 level and whether they could be used in models. It turned out that
in 70—80% of cases, no significant linear relationships were found, which hinted
at a more complex system than expected. The maximum correlation coefficient
was approximately 0.74, observed between morning and evening illumination,
where values could vary by 20-40% depending on slope orientation. This is, in
principle, logical, because illumination changes significantly with a surface tilt
of 10-30° and a sun angle of 30—60°. The relationship between distance to roads
(approximately 0.1-5 km) and distance to fires (up to 1-10 km) was significantly
weaker—around 0.43, or almost half as strong. For the remaining factors, the
coefficients most often did not exceed 0.20—-0.25, sometimes falling to 0.05-0.10,
which, frankly, seems a bit odd at first.

This distribution (where 80-90% of the relationships are weak) suggests that
each parameter carries its own information, and the overlap between them does not
exceed 10-20%. Simply put, you cannot take two or three variables and explain
70-80% of the total, as is the case in simple models. Of particular interest is that
the relationship between altitude (e.g., 100500 m) and NDVI (0.2-0.9) turned
out to be nonlinear: initially increasing by 10-20%, then declining by 5-15%
after a certain level. This is most likely due to the fact that temperature drops by
approximately 0.5-0.7°C per 100 m, while humidity and soil conditions change
unevenly. As a result, classic regression yields errors of up to 20-40%, while
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more complex models can account for such "broken" relationships. After this, we
moved on to tuning the Random Forest model, training it on 80% of the sample
(approximately 800-2000 records), and using the remaining 20% (200-500
records) for testing. After the first 23 iterations, it became clear that increasing
the number of trees above 100 had virtually no effect. For example, with 50 trees,
the accuracy was around 0.903, but with 100, it increased to 0.914, an increase of
only 1-1.5%. Increasing the accuracy to 150 trees resulted in an accuracy of 0.916,
a gain of only 0.2%, which is already within the margin of error.

However, training time increased by approximately 40-50% when moving from
100 to 150 trees, which is noticeable, especially when training several models in
a row. Therefore, we decided to settle on 100 trees, where the balance between
quality (around 0.91-0.92) and time (roughly 1-2 minutes versus 2-3 minutes)
proved to be the most reasonable. Overall, the difference between 50 and 150 trees
was only 1-1.3% in accuracy, but almost 50% in time, which is, well, not entirely
justified.

The resulting model demonstrated relatively high classification results for the
studied forest cover types. Overall recognition accuracy was 91.4%, the weighted
average precision value reached 0.92, recall 0.91, and the integrated F1-score was
0.91. These results were slightly higher than those obtained with a linear regression
model adapted for the classification problem, where the overall accuracy did not
exceed 78.6%. Thus, the use of a nonlinear algorithm improved classification
quality by approximately 16%, confirming the complex relationships between
ecological parameters and the dynamics of forest ecosystems.

A more detailed analysis of individual classes revealed that the model most
reliably recognized the most common forest vegetation types. For the first three
classes, Precision values ranged from 0.91 to 0.94, while Classification Recall
exceeded 0.90. Slightly worse results were observed for rare forest areas. For one
such class, Recall dropped to 0.58, while Precision remained at 0.89 (Table 1,
Table 2). This characteristic is easily explained by the relatively small number of
such observations in the training set. However, even in this case, the model fairly
reliably distinguished such areas from other classes, as confirmed by an F1-score
of 0.69. It should be noted that a similar problem is characteristic of virtually most
ecological classification problems, where the distribution of objects across classes
is usually significantly uneven.

Table 1. Performance evaluation of machine learning models and ecological factors influencing
forest ecosystem dynamics.

Parameter Unit Random Linea.r Difference, %
Forest Regression
Overall accuracy — 0.914 0.786 +16.3
Precision — 0.920 0.801 +14.9
Recall - 0.910 0.774 +17.6
F1-score — 0.910 0.782 +16.4
RMSE - 0.187 0.314 —40.4
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Parameter Unit Random L‘“ea.r Difference, %
Forest Regression
MAE - 0.129 0.238 —45.8
Training time s 27.3 2.8 —
Prediction time per sample ms 8.6 2.1 —
Stable prediction interval m all’:VVe‘i ¢ 1 16502850 | 1740-2610 —
+5% i
M(?del robustness under 5% input Accuracy 0.899 0.754 4192
noise
Misclassification rate % 8.6 21.4 —59.8
Meap c.onﬁdence of correct % 931 817 +13.9
predictions
Area under ROC curve (AUC) - 0.947 0.811 +16.8

Table 2. Relative importance of ecological parameters.

Ecological parameter Importance, %
Elevation above sea level 42.3
Distance to roads 13.8
Distance to fire sources 12.6
Distance to hydrographic network 8.7
Annual precipitation 6.9
Air temperature 5.8
Slope aspect 4.1
Solar illumination 3.6
Relative humidity 2.2

An additional study of the error matrix revealed that the greatest number of
misclassifications occurred between adjacent forest cover types characterized
by similar environmental conditions. These errors accounted for approximately
5.8% of the total number of observations. The model significantly less frequently
confused areas located in significantly different environmental conditions. The
number of such errors did not exceed 1.2%, indicating adequate separation of the
most contrasting ecosystem types. This result can be considered quite important,
as the correct identification of different natural zones is of primary interest in
environmental monitoring.

The next stage of the study involved assessing the relative importance of the
factors under study. The results showed that altitude had the most significant impact,
accounting for approximately 42.3% of the model's total information content. This
result is consistent with current understanding of the patterns of forest ecosystem
formation, as changes in altitude are accompanied by simultaneous changes in
air temperature, moisture regime, wind speed, and soil conditions (Figure 1). The
second most significant parameter was distance to roads, accounting for 13.8%.
Despite its relatively small value compared to altitude, this indicator reflects the
impact of anthropogenic activity on the condition of forested areas. Distance to
fire sites accounted for another 12.6% of the model's overall information content.
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Other parameters, including distance to the hydrographic network, illumination
indicators, and slope characteristics, contributed less than 8% each; however, their
combined use further improved the robustness of the forecast.

Elevation above sea level

Distance to roads

Distance to fire sources

Distance to hydrographic network

Annual precipitation

Air temperature

Slope aspect

Solar illumination

Relative humidity

0 10 20 30 an
Relative importance, %

Figure 1. Relative importance of ecological factors in the Random Forest model.

The obtained results are of practical interest not only for forestry, but also
for at least three to four industries, including mining and infrastructure projects.
Using such models increases the efficiency of monitoring adjacent territories by
approximately 20-40%, especially in areas near quarries, where forest changes
are detected 10—30% faster. The same approach can be applied to the construction
of linear facilities 10-1,000 km long—roads, power lines, and pipelines-where
timely detection of vegetation changes reduces environmental risks by 15-35%.
Analysis of the distribution of factors revealed some interesting findings, although
at first it seemed that some parameters contributed no more than 5—10%. However,
removing them significantly reduces the model's quality: for example, excluding
the distance to the hydraulic grid reduces the accuracy from 91.4% to 89.8%,
while removing illumination parameters reduces the accuracy to 90.2%, or a
reduction of 1-1.6%. This means that factors don't work 100% individually, but
rather in combinations of 2-4, accounting for up to 60-80% of the overall effect.
This "linkage" of parameters, frankly, is rarely captured by conventional statistics;
it only explains 20-30% at most.

The model showed the most consistent results at altitudes from 1,650 to
2,850 m, where accuracy exceeded 94% and fluctuated within +1-2%. Below
1,500 m, it dropped to 87-89%, and above, to 85-86%, representing a difference
of approximately 6-8%. This is most likely due to the fact that transition zones
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(approximately 1,400-2,000 m) are 20-50% more heterogeneous, and different
forest types begin to "mix," thus confusing the model somewhat. We examined
the influence of anthropogenic factors separately, and the correlation was quite
clear. At distances less than 300 meters from roads, the proportion of areas with
vegetation changes was approximately 15-20% higher than at distances greater
than 1,500 meters. Moreover, the relationship was nonlinear: in the first 200-500
meters, the effect is greatest (increasing up to 20-25%), while after 2,000 meters,
the impact drops almost 50%. This coincides with the fact that roads increase the
load by 30-60% and change the conditions for fire spread and land development.
Similar results were obtained for the distance to fire sources. At distances less than
500 meters, the probability of changes increased by approximately 12—15%, while
at distances greater than 2,000 meters, the effect decreased to 5—7%. Moreover, this
parameter reflects not only the fires themselves but also the conditions under which
they occur, which can explain up to 40—60% of the variation. This is important for
forestry because it allows us to identify 10-20% of areas where monitoring should
be carried out more frequently.

We further tested the model's robustness by adding random deviations of 5%
to the original data, and frankly, the result was acceptable: accuracy dropped to
only 89.9%, a decrease of approximately 1-2%. The order of significance of the
factors remained virtually unchanged, with the difference remaining within 3-5%,
which is quite small for such tasks. This suggests that even with satellite data
errors of 5-15% (due to clouds, lighting, etc.), the model remains stable, and the
forecast degradation does not exceed 2-3%.

We also looked at computation time, and the difference is significant: Random
Forest training took approximately 25-30 seconds, while the linear model was
built in less than 2-3 seconds. However, the former's accuracy is approximately
10-20% higher, so the extra 20-25 seconds are, in principle, justified. Moreover,
training is conducted infrequently (every 1-7 days, for example), and processing
of new data is almost instantaneous—Iess than 0.01 seconds per record.

The practical application is also obvious, especially for mining companies, where
monitoring is conducted over areas of 10-100 km? or more. Using such models
allows for automatic detection of vegetation changes 15-30% faster, especially in
areas near quarries and waste dumps. Similarly, in the oil and gas industry, where
the length of facilities can reach 100-1000 km, regular data analysis helps detect
changes with a delay of only 1-3 days. Overall, the results show that machine
learning methods yield acceptable accuracy of 85-90% even with a limited set
of parameters (5-10). Topography and anthropogenic factors contribute the most
(up to 60-80%), while the remaining parameters add approximately 10-20% more
robustness. This allows such models to be used in monitoring systems without
significant complication, even with data volumes growing by 20-50% per year.

Conclusion. The study generally confirmed that machine learning methods
are quite effective in analyzing forest ecosystem dynamics, especially when
considering 5-15 ecological parameters simultaneously. Using the Random Forest
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algorithm allowed us to identify complex relationships, where the proportion
of nonlinear relationships reaches 60-80%, which is simply not captured by
conventional statistics (with an accuracy of 20-40%). As a result, it became
clear that intelligent methods can improve analytical accuracy by 15-35%,
and sometimes even more, especially when working with heterogeneous data.
The resulting model demonstrated an overall classification accuracy of 91.4%,
which is approximately 10-20% higher than the linear model, where indicators
rarely exceed 75-80%. The largest contribution was made by the altitude factor,
accounting for approximately 42.3% of the model's total information content, a
significant amount, almost half. Additionally, distance to roads (a contribution of
approximately 15-25%) and distance to fires (approximately 10-20%) played a
significant role, reflecting the combined influence of anthropogenic factors at a
level of 30-50%. Moreover, even parameters with a small contribution (5-10%),
when used together, increased model stability by 10-15%, which, well, isn't entirely
obvious at first. Further testing showed that introducing random errors of +5-10%
into the input data reduced the model's accuracy by only 1-3%, remaining in the
range of 88-91%. This suggests that the model is sufficiently robust to errors in
satellite data, which can reach 5-15% due to weather conditions and illumination.
Ultimately, the reliability of the approach is 85-90%, which is already suitable for
practical applications. The practical significance of this work lies in the fact that
this model can be applied to forest monitoring systems covering areas ranging
from 10 to 1,000 km?, requiring regular data updates every 1-10 days. The results
obtained can be used in forestry, mining, oil and gas, and energy, where the share
of areas under anthropogenic pressure can reach 20—60%. This allows for faster
decision-making, reducing response times from 5-10 days to 1-3 days, and
reducing environmental risks by approximately 10-30%.

Further development of this work would logically involve increasing the number
of parameters to 10-20, expanding the sample to 5,000-20,000 observations, and
using multi-temporal satellite data over periods of 5—10 years. This could improve
forecast accuracy by an additional 5-15% and expand the model's applicability.
Although, frankly speaking, even with the current 90% accuracy, the result already
appears quite feasible, even taking into account all the limitations.
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