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ABSTRACT: Changes in land use/land cover (LULC) are a substantial enmiental subject with considerable
consequences for human well-being, climate, and ecosystemsaitivinvestigations for predicting LULC changes
are essential for eSective land management and sustairdgielopment. is study used Landsat images and
supplementary spatial factors to evaluate spatiotempldthlC changes in Erbil Province, Kurdistan Region-Iraq.

It predicts future changes in 0y¥y using four climates scenbased Shared Socioeconomic Pathways (SSPs). e
Random Forest (RF) model was used to classify and forecast ldblanges, which are crucial for eSective land
management and sustainable development. e RF model wassseskusing performance metrics, such as the overall
accuracy, FO-score, and kappa coescient. e simulated LULC outesndemonstrated the e>ciency of the selected
model, achieving an overall accuracy of A¥.c¥%, a perfectragntén the kappa statistic of y.Ad, and a high
FO-score between y.pO and y.Ac. e study revealed that agradléand declines under SSPO04 but increases under
other scenarios, with SSP — showing the highest gaifyA.A— sqg. km, 0¢.c0%). Barren land increased across all
scenarios, whereas built-up areas consistently increasesstimins in SSPO0a but declined in all other scenarios, with
the most signiscant loss in SSP — @y0.0y sq. km,cO%). e riparian zone gains in SSPO04 but declines in all the
other scenarios. Snow remained stable, but minor losses weervwed in SSPoO¥ , SSP¢by, and SSP — . Water showed
a slight increase in SSPO04 but declined in all other scer@B88€04a showed minor changes, whereas SSP scenarios
¢by and — show severe land transformations, forest lapggetand degradation, and urban expansion, indicating
increased deforestation and degradation. is study highlighihe importance of integrating a scenario-based RF model
with hyperparameter tuning in remote sensing applicationsitprove LULC dynamics predictions, bene-ting land-use
planning, environmental management, and rational decigigking.
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O Introduction

Land use/land cover (LULC) change is critical to global envinental change and profoundly inZu-
ences ecological processes, climate dynamics, and socioeconotainssyk Studying and predicting
future LULC changes have gained prominence in recent decadeadgeohtheir signiecant implications
for biodiversity conservation, resource management, anchguable development]. As human activities
continue to reshape the Earth's surface, predicting LULC chamgssential for informed policy-making
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and e3ective land management strategies. By anticipatingdigcenarios, stakeholders can mitigate adverse
impacts, adapt to environmental changes, and promote mattée development goals,{].

One of the primary motivations for predicting LULC changetsstiole in addressing global and local
environmental challenges, such as deforestation, urbdaiza&nd agricultural expansion. For instance,
deforestation driven by agrarian demands leads to soiliengsandslides, and biodiversity loss, thereby
impacting natural landforms [,4]. Likewise, rapid urbanization modiees landforms through sbruction,
roadways, and interference with natural drainage patterggisiantly aSecting hydrology, air quality, and
ecosystem serviced |

However, LULC change prediction is intrinsically complidt is involves various interacting drivers,
including natural and socioeconomic factorg:[lt is di>cult to make forecasts because these factors a@en
over diSerent temporal and spatial scales. Predictionsatneady complicated, and feedback interactions
between climatic systems and changes in land cover further eoateghis situationf]. e dynamic nature
of LULC change necessitates the integration of advanced rdetbgies and tools, such as remote sensing
(RS), geographic information systems (GIS), and spatial hmagieto identify patterns and forecast future
changes®Y.

Over the past two decades, many regions of the world haveriexped an increased intensity and
frequency of extreme climate events. ese extreme eventseHawen attributed to climate change®f
e eSects of climate change on the world's natural landscaes far-reaching and among the most critical
environmental problems we face today. Changes in precipitgbatterns, melting glaciers, increasing sea
levels, and more intense weather events are all consequengkdalf warming and substantially impact
the surrounding world D]. Moreover, alterations in precipitation patterns can riés droughts or Zoods,
which may modify the river Zzow dynamics and reconegure river vafle Extreme weather events with
heightened frequency and severity, including hurricanesiisoand wilderes, may harm natural landforms
and ecosystemsO].

In this manner, advanced modeling tools have been establigheredict LULC changes, including
statistical models, machine learning (ML) approaches, andgss-based simulatioris} Statistical models,
such as logistic regression and cellular automata, utilizar pmformation to discern trends and forecast
future alterations P[©}-ML methods, such as Random Forest (RF) and Artiscial Neural Nek({ANN),
have become prominent because of their capacity to manageateti non-linear interactions among
variables P4v]. Land Change Modeler (LCM) and Conversion of Land Use and&scts (CLUE) are
two process-based models that use biophysical and socioecoranmbles to simulate changes in land
use pGbd. ese models are frequently combined with spatial data frorhé RS and GIS to enhance their
precision and relevance.

LULC change predictions commonly employ scenario-based amhes to explore the potential
outcomes of diSerent policy and management strategies. esxnarios are typically constructed based
on assumptions regarding future climate, socioeconomic, and emviental trends §cto ]. For example,
the shared socioeconomic pathways (SSPs) framework has blzsduth connect LULC change forecasts
with global climate scenarios, allowing researchers ta@t@the interaction between land use and climate
change §&]. A new scenario framework with SSPs has been created by elthange researchers to assist
with a full analysis of future climate eSects, vulnerabititiadaptation and mitigatiorof30-}- Scenario-based
modeling oSers critical insights into the consequences of coingdand uses and helps identify pathways
for sustainable development.

With the escalation of future climate data, the dynamics of fatwULC are changing andice
versg 0/]. Recent studies have investigated the impact of climateebssEnarios on future land cover and
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environmental development. Verniest et aly] highlighted the increasing pressure on biodiversity from
human activities, including habitat destruction and climateange in the Mediterranean area, which is
a biodiversity hotspot especially susceptible to these issussenario analysis study by Li and Xu]
examined the combined impact of climate change and land-usgistations on ecosystem services (ES) in
the Qiangui Karst mountainous region in southwest China. M@aet al. {d] inspected the shared eSects
of climate and land-use changes on water resources in a sediegyion in Morocco.

e motivation to proactively address the future and enhancegsent decision-making is essential
for sustainable development and climate change mitigatioowéler, examining the spatial patterns of
LULC under climate change conditions is crucial to achievinganable development objectiveq.[ e
signiecance of this study is that it is considered the erst eStstincorporate climate-based scenarios for
the future prediction of LULC changes using the ML approachia Soran area in the northeastern part of
Erbil province, Kurdistan region of Irag. However, a few poais studies have been performed in the region
using diSerent tools in the «eld of LULC change predictiok®r instance, Khwarahm et ak:q] utilized the
CAt+Markov model and geospatial methods to quantify pastrentr and predict future changes in LULC
in Erbil, Iraqg.

e soran region exhibits a unique set of physical and socioeconomrtaracteristics that distinguish
it from the predominantly Zat or arid regions commonly studied LJLC change researchftcd.
Geographically, Soran is part of the Zagros mountain rangkiarcharacterized by complex topography,
including steep slopes, deep valleys, and signiecant et@vatriation. is rugged terrain creates diverse
microclimatic conditions and ecological zones, ranging frormisarid lowlands to temperate highland
forests. Such heterogeneity presents both challenges grmttapities for land use, inZuencing settlement
patterns, agricultural practices, and resource distribution.

In recent years, Soran has undergone rapid socioeconomic dewvetdpwhich has been marked by
urban expansion, infrastructure construction, and increasettatiural activity. However, this development
has occurred largely in the absence of formal land use plannésglting in unregulated land transformation
and environmental degradation. is area, which is faced withpmst-conzict governance structure and
limited historical land use data, presents a novel and chgifey setting for predictive modeling.

Previous research on land use and land cover (LULC) dynamicgredsminantly focused on lowland
areas, with limited attention to mountainous and geopolitliggensitive regions such as Soran. is study
addresses this gap by highlighting the need for machine iegrapproaches tailored to complex terrains,
where conventional LULC modeling techniques oYen underparfolue to spatial heterogeneity and
data limitations.

Over the past three decades, there has been considerablpedndiJLC due to population growth and
economic development. For instance, 00.¢¢% of rangeland®blived and are used for agricultural land
and urban expansiorc. By identifying and predicting LULC changes, this studyleates the eSectiveness
of ML approaches and proposes future changes for better lanthgement. us, the key objectives of this
study are: (O) To assess spatiotemporal LULC changes inrtheast of Erbil Province, Kurdistan Region-
Iraq, using Landsat imagery and supplementary spatiabfac(o) To forecast future LULC transformations
under diSerent climate scenario-based SSPs for 0y¥y. (¢)VEstigate how diSerent SSP scenarios inZuence
the changes in each LULC category.
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0 Data and Methods

0.0 Study Area

e study area encompasses the districts of Soran, Choman, amdftluz, located in the northeastern
part of the Kurdistan region-Iraqg, with a total area of ¢ ¥&m?. is area serves as a commercial and
tourist hub strategically located near the borders of Iranl dinrkey and is a key point for cross-border
trade. Fig. Gillustrates several spatial and color composite Landsat @idge (0yo0O) within the study
area. is region features a rugged mountainous terrain, profoundlleys, and picturesque landscapes.
Geologically, it consists of a highly folded zone and is aegrall component of the Zagros mountain range,
which dominates topography:{}: e mountains in these districts are among the highest in lgaoYen

exceeding ¢cyyy m above sea level. e area also includes disfoetsts, rangelands, and fast-Zowing rivers
such as the Great Zab River, which plays a vital role in the Hgdsoof the region.
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Figure O: e geographical location of the study area, Landsat OLI imaggo0) with color composite
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e climate is predominantly continental, with cold, snowy wimtrs and hot, dry summers. High-
altitude areas, especially in Choman and parts of Soran, es#wiecant snowfall, contributing to the
region's water resources. e area is ecologically signiecamting to its biodiversity and water resources.
Forests and rangelands host several kinds of wildlife, soiwehich are prevalent in the Zagros range.
Riparian trees, agriculture, and drinking water are vital®es of rivers and streams in these mountains.

e population comprises a mix of urban and rural communities engagen agriculture, animal
husbandry, and small-scale commerce. e economy of the studiediar predominantly depends on
agriculture, tourism, and commerce. In addition, the study area é&aseptionally high potential and
appropriateness for ecotourisnt/4]. e districts have witnessed infrastructural development irecent
years, particularly in Soran, which has undergone rapid urbgomansion over the past two decades owing
to its economic and social apped&lj]. However, this development is accompanied by environmesttal-
lenges, such as deforestation and climate change, whichtémraatural ecosystems. Moreover, unrestricted
deforestation has led to reductions in both the extent andlityiaf forests. Land changes that were not
sustainable were causing soil erosion and habitat degmadand lowering the amount of carbon that could
be stored above-and-below ground]

0.0 Datasets and Preparations

To accurately capture LULC dynamics over a two-decade period, @mmainm of three temporal datasets
is recommended, which representing a baseline, an internteedexiod, and the most recent state; to ensure
robust trend analysis and model training. Accordingly, therg@gyO, oyOy, and 0yoO were selected, following
standard practices in LULC change studigs{c]. is study employed Landsat satellite images obtained
from the USGS Earth Explorent yaccessed ony May 0yo0) as primary data
to examine historical and contemporary LULC trends for oy§@y0 and 0yoO. e SRTM ¢y m DEM was
employed to derive the elevation and slope, while vectoa eagre applied to ascertain proximity to roads
and streams. e roads and streams data were obtained fromRhiaistry of Planning, Kurdistan Regional
Government (KRG), Irag. e datasets represent the infrastture status as of the year 0yo0, aligning with
the reference year for LULC classiscation.

In addition to the climatic parameters (maximum and minimum tperatures and precipitation), raster
data were obtained from the WorldClim 0.0 datase&t WorldClim is a dependable repository that provides
historical and predicted long-term average data with a retsmh of O km for temperature, precipitation,
and many bioclimatic variables from OApPy to 00O}yd spatial resolution of supplemental datasets and
satellite images was meticulously selected and unised to fgrmelevant mapping and forecasting of future
scenarios. e selected climatic variables such as temperafomaximum and minimum) and precipitation
are widely recognized in the literaturé f*¥H as key drivers of vegetation dynamics and LULC changes,
particularly in mountainous and semi-arid ecosystems simildh&Soran region. eir strong inzuence on
land surface processes makes them essential inputs for eslighlC modeling.

Data preprocessing was performed using ENVI .¢ soYware toagii@e quality and consistency among
the datasets. Radiometric calibration was initially perfed to convert digital numbers (DN) in the raw
image into physical units, such as radiance or reZectaricg AYer that, image surface rezectance values
were derived using atmospheric correction methods, such asFast Line-of-sight Atmospheric Analysis
of Spectral Hypercubes' (FLAASH), which is designed to cofae@tmospheric eSects such as scattering
and absorption by gases and aerosols to retrieve surface agbectalues{s]. Specifying the parameters on
the Mid-Latitude atmospheric, a tropospheric aerosol modet| appropriate water-based retrieval content.
Geometric correction and adjusted pixel resizing were thepliad using ArcMap Oy.—.6 version and R
programming language V¥.0.c. All datasets, including Lanisaigs and geospatial and climate data, were
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projected to the same coordinate reference system WGS—¥ UTng+ééampled to a uniform spatial
resolution. Finally, image sub-setting was conducted to atig focus the analysis on the area of interest
using a study area bounding shape-le. It typically refers tgitueess of extracting a specisc area of interest
(AQI) from a larger image or dataset using extract by masktoo

0.¢ Research Methodology

e methodological framework presented ir-ig. ointegrates the spatial, climatic, and temporal data
to project future LULC changes. is framework uses historicalILC maps (0yyO, oyOy, 0y00), along with
ancillary data (elevation, slope, and proximity to streamd syads), as well as climate data (temperature
and precipitation) as inputs. Change detection analysistieesipast LULC transitions, which, along with
spatial and climatic variables, serve as inputs for the RFehosked for LULC prediction. e trained RF
model underwent an initial validation by comparing its outguwith the oyoO LULC classised map. If the
model's performance is considered reasonable, it proceedsetmext step; otherwise, adjustments and
enhancements are made, and the model is reassessed aYerzapting have been implemented in the
model hyperparameters. A single RF model was trained usirtgridal LULC and climate data. Future
climate projections under diSerent SSPs were subsequertly into this model to generate separate LULC
predictions for each scenario. Once the model is verieed, itegates LULC projections for 0y¥y under the
SSP scenarios, oSering valuable insight for planning anét@mwmental management.

Ancillary Data
LULC Maps*
DEM and Vector
/  hope e / / (2001, 2010, 2021] /

Spatial Variables: [ Change Detection* j

Elevation, Slope, (2001-2010, and 2010-2021)
Stream Proximity, and

Road Proximity

Prediction LULC Maps of 2021

RF Model for LULC ‘ Classified and Simulated]

Temperature (Max and l
Min), Precipitation

Model Validation

Climate Data** / N\ ;
No -~ \
__Model Assessment >
l Yes

Predicted LULC Maps 2040
Change Detection Analysis (SSPs Scenarios)

Figure 0: MetAhodologicaI Zowchart (Source: ¢tff, *WorldClim (https://www.worldclim.org/data/index.html
accessed on O October 0y0¥))
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0.¢.0 LULC Image Classiscation and Future Change Detection

Mapping of the LULC of the study area was performed on the datierpreted from both RS images
and eeld observations. Multispectral Landsat images fragecent sensors (TM and OLI) were utilized
for supervised classiecation using the RF modell{le ) LULC was divided into eight classes: agricultural
land, barren land, built-up area, forest, rangeland, riparzone, snow, and water bodies, which are adapted
from Anderson [y ] classiecation scheme with local background adjustment®se classes were selected
to align with regional land management policies and to capkagecological characteristics relevant to the
Soran region. From these data, Py% of the samples weretatldoatraining, while the remaining ¢y% were
reserved for validation. e samples were randomly chosenascertain accuracy across all LULC classes.
e LULC classiscation maps for 0yyO, oyOy, and oyoO wereetkfrom [cH, and the obtained accuracy
exceeded AP%. Post-classiecation change detection wasypsifasing the open-source soYware QGIS to
guantify LULC transitions across diSerent periods. Additaly, transition matrices were created to illustrate
conversions among classes.

Table O:Satellite images used in this study for LULC maps

Satellite sensor No. ofimages (scenes) Date of acquisition  Bands Path/rows
Landsat TM o July, oyyO 0,0,¢,% ,b  0aAlg¥, ¢
Landsat TM o July, oyOy 0,0,¢,% ,p  OaAlgY, ¢
Landsat — OLI 0 July, 0y0O 0,0,¢,% ,4,b O0aAlig¥, ¢

0.¢.0 Random Forest (RF) Model for LULC Prediction

Predicting LULC changes is a valuable tool for using enharntietatic data in applications such as
the estimation of LULC shiYs, ecosystem management, clinfetege mitigation, policy decisions, and
achieving sustainable goal§.[ e complex interaction of natural and human-induced elementsuch as
climate change, urbanization, and agricultural methodsuirices LULC changes. Traditional methods for
predicting LULC oYen rely on the opinions of experts and diengtatistical models that might not fully
capture the complex ways that driving factors and LULC dynamitsratt with each other. erefore,
researchers have developed several classiecation ta@sig map LULC patterns and dynamics from
remotely sensed imagery. In recent years, the applicatidviloflgorithms has become one of the most
popular approaches(]. ML algorithms, such as RF, provide a data-driven methodotbgyuses extensive
datasets to enhance predictive accuracy. [

e RF is an ensemble learning method that constructs multipledilsion trees and aggregates their
predictions. RF is a commonly used ML algorithm developed byraei[ ¢ ] that combines the output of
multiple decision trees to obtain a single result. RF moddkrgcognized as one of the most accurate algo-
rithms for preventing overstting, representing the intacies of input variables, handling high-dimensional
data, eSectively addressing noise, and providing featupoimance measures¥, ]. Moreover, based on
the RF algorithm, it outperformed other classieers, as showaearlier studiesda,ch a]. Furthermore, this
algorithm erst describes a collection of predictors for a fetrevhere each tree's prediction is based on the
values of a random vector sampled from an identical distiiduf ¢].

e aforementioned advantages of the RF model have the potalfor engagement in the current study
for the LULC simulation process and future predictions. Hemgemspatial, topographic, and climatic factors
were employed to simulate 0y0O LULC data based on histodnéitions from the oyyO and oyOy LULC
maps. e simulation of the 0y0O LULC image was executed usingPython-based RF model. With its
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extensive libraries and community support, Python oSers a \tiéegalatform for implementing RF models
in this domain [ b].

ereaYer, oyOy and 0yoO LULC maps with the used factors wesigdated for the oy¥y future pre-
diction of the chosen study area under four combined climate seenand SSPs: SSPO0a, SSPo¥ , SSPcby,
and SSP — . For this purpose, the most recent "WorldClimatkrdataset was downloaded and examined
along with spatial factors using the RF model to forecast RilWLC changes under climatic scenarios.
Open-source Python libraries (Numpy, Rasterio, and Scikitrpwaere utilized for LULC simulations and
predictions using the RF model.

is classieer was trained using the training dataset and tailg advantage of the Python script by
using ‘class_weight_dict' in ‘RandomForestClassie&r’nilmber of decision trees (ntreeyy), and other
hyperparameters (maximum depth, minimum samples per split, mimh samples leaf, and maximum
features) were optimized through grid search and cross-vatidaSpeciescally, a -fold cross-validation
approach was employed for model validation. e hyperparareegrid search explored the following ranges:
‘mtry' values of 0, ¥, and &; “ntree' values of Oyy, ¢yy, and fiyremlesize' values of O, , and Oy. Itis worth
noticing that a compelling run of the model requires computershwitgh speciscations. All processing was
conducted on an Intel Xeon Platinum 0.Ay GHz ¥—-core (two prasgssarver equipped with 0 & GB of
RAM and operating on Windows Oy Pro a¥-bit.

0.¢.¢ e SSP Future Scenarios

Shared Socioeconomic Pathways (SSPs) outline potential fuaieetories for humanity, speciscally
when it comes to using fossil fuels and the socioeconomic fadtatsect this consumption. ese routes
examine various technical, socioeconomic, and policy scenatide addressing di>culties in mitigation
and adaptationft. e SSPs used in this study represent a range of potentiatfets, with SSPO04 depicting
an environmentally sustainable trajectory, SSP0¥ re#ganoderate pathways, and SSP¢by and SSP —
highlighting the consequences of weak environmental goveraamd high resource demandéd. ese
scenarios are vital for guiding policymakers, researchetsstakeholders in craYing strategies to mitigate
the adverse eSects on LULC. Additionally, the results of tsiudy can assist authorities in proactive
preservation planning.

SSPs provide a wide range of futures driven by diSerent assangpabout population, economic
growth, consumption and production patterns, and technologgvelopment [-}. In the lead-up to the
aIntergovernmental Panel on Climate Change-Sixth AssessReport® (IPCC AR4), a new set of emissions
scenarios was developed based on diSerent socioeconomic assugn@everal SSP scenarios have been
selected to drive climate models for the ath @Coupled Mod&ircomparison Projects® CMIP&f.

is study simulated future LULC scenarios using the RF model in cangtion with driving factors such
as elevation, slope, road proximity, stream proximity, arichatic data. e climatic variables incorporated
from the CMIP& Global Climate Model (GCM) include mean maximunmigerature, mean minimum
temperature, and total annual precipitation. ese variablegre selected due to their signiscant inZuence
on vegetation dynamics and land use suitability, particulamlynountainous ecosystems like the Soran
region. For the 0y¥y scenario, only climatic variables weogagted to change based on the GCM outputs,
whereas topographic and infrastructure-related variabdésv@tion, slope, distance to roads and streams)
were assumed to remain static due to a lack of reliable futurgeptions for these features. Moreover,
the SSP scenarios used in this study are based on four narragesibing alternative socioeconomic
developments, including sustainable development, middi#ie-road development, regional rivalry, and



Revue Internationale de G’omatique. 0y0 ;G¥ ¢—A

fossil-fueled development® For this purpose, ACCESS-CMdatfalian Community Climate and Earth
System Simulator) GCM was used to project the climate under$&Ps (004, 0¥ , ¢cby, and —).

ese four global SSPs, originally provided at a coarse resolubf O km from WorldClim climate data,
were downloaded and spatially downscaled to ¢y m. Rastem@s®y was performed using the ‘resample
(' function in R. e ‘resample ()' function in the raster packge employs bilinear interpolation by default
unless specised otherwise. e obtained raster was clipped tohe selected study area using R packagk [
In line with the methodologies outlined by O'Neill et abd], Riahi et al. pH, and the sixth assessment
report [O]; a brief description of each SSP scenario is provided below.
SSPOoa

is scenario visualizes a world that makes considerable pragg®ward sustainable development, with
few challenges to mitigation and adaptation. It highlightslirsive development, reduced inequalities, and a
shiY toward sustainable consumption and production pattekfisreover, the implications of LULC include
strong environmental policies that lead to reduced deforestattes, increased asorestation, and managed
urban expansion with minimal encroachment into natural halsteBustainable agricultural intensiecation
minimizes cropland expansion into natural ecosystems and presdxiodiversity. In addition, well-planned
urban development limits urban sprawl, protecting surroundirajural landscapes.

SSPOoa is a climatic scenario that signiees the future in wihéchlobe adheres to a sustainable growth
trajectory while attaining substantial greenhouse gas (gté@uction. is scenarioisin line with the lower
range of expected emissions and is related to maintainingaglwarming below €C (Fig. ¢ by the end of
the 0Ost century.

SSP5-8.5

45.°C 1
+4°C 1
SSP3-7.0
SSP2-4.5
+2°C
_\F::// . Future sepae
0°C A
T T T T T T T T T T T T |
1950 2000 2050 2100

Figure ¢: Arepresentation of the trend of the changes in global surfaceerature under the four SSP-based scenarios
adopted from (ittps://climatedata.ca/resource/understanding-sharedeseconomic-pathways-sspaccessed on 0¢
January 0y0 )

SSPO¥

is trajectory signiees an extension of existing tendencies;companied by modest challenges in miti-
gation and adaptation. It encompasses gradual developmerd aombination of technological innovations
and environmental regulations. e consequences of LULC dynamicamifiest at modest rates, with certain
regions undergoing deforestation owing to agricultural gtiowwhereas others engage in conservation
initiatives. Urban areas increase modestly, exhibitingdie levels of planning and eSects on adjacent land
covers. Ongoing stress on ecosystems is less intense than kinipglot scenarios. e eSectiveness of
governance and institutions is moderate, leading to delaghrimate policy implementation. Global warming
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projections under this pathway are approximately’&.£c.y¥*C warming by 0Oyy~(0. 9 compared to pre-
industrial levels. Moderate but insuscient climate policiessald to a higher risk of extreme weather events.
is pathway rezects a world where climate action is reservedtimot at the scale or urgency needed to
prevent signiecant climate change impacts.
SSP¢bhy

is scenario represents a disconnected world facing signiecaesues in terms of mitigation and
adaptation. It is characterized by regional conzicts, irpd#e global cooperation, and slow economic
development. Inferences for LULC change due to limited envitental regulations and regional resource
competition result in high deforestation rates. Elevatedadtural and resource extraction demand and
low agrarian productivity have led to habitat loss. From tieegpective of urbanization, uncontrolled urban
expansion exacerbates land degradation and intrusion iatoinal areas. GHG emissions continue to rise
throughout the 0Ost century, peaking late. is increase has beemd by agriculture, LULC changes, and
dependence on fossil fuels. Under this pathway, global warpriojgctions are approximately ¢C+¥.y'C
warming by 00yy(g. ) compared to pre-industrial levels.

is upsurge substantially increases extreme weather eventduiding droughts, heatwaves, hurricanes,
and Zoods. Additionally, the consequences of this scenariadech weak global response to climate-related
disasters and worsening humanitarian crises. Fossil fuelsiredominant, with limited investment in
renewables. is pathway greatly exceeds the safe climate §irmitaking it one of the most dangerous climate
futures regarding environmental, economic, and social impacts.

SSP —

is trajectory anticipates swiY economic expansion propelley fossil fuels, accompanied by signie-
cant di>culties in mitigation and adaptation. It underscores emyy-intensive lifestyles, few environmental
considerations, and elevated demand for land and resourceshwdsults in substantial forest loss and the
deterioration of natural ecosystems. Intensive agricultu@hgh occurs to satisfy global food and bioenergy
requirements, frequently at the cost of forests and grassladut®lerated and extensive urban development
has led to substantial LULC alterations, including the diepieof cultivable land and natural ecosystems.

Moreover, SSP — represents rapid technological progresglobalization but relies heavily on fossil
fuels, the continued growth of heavy industries, and transgiioh, resulting in extremely high GHG
emissions and severe climate impacts. Average warming sélldiose to ¥*€ by 0OyyHig. 9, and the
likely range of ¢.8C+ .P‘C will cause extreme heatwaves, prolonged droughts, sewengss zooding, and
displacement to become widespread.

0.¢.¥ Model Performance Metrics for LULC Prediction

is study evaluated the accuracy of simulated and predicted LUkhfaps by calculating the confusion
matrix to extract the user accuracy (precision), producer accufiacgll), FO-score, overall accuracy (OA),
and kappa coe>cient (Kc) for each LULC estimation. ese validan parameters were derived using the
oyoO reference maps, both simulated and classieed, andtaiésneere generated by comparing the maps
to measure the performance of the model. e confusion matrix pides a detailed comparison between
the known reference data and predicted classiecation resitlanalyzes their connection as a matrix class
by class, consequently facilitating a comprehensive underistgrad the model's performanceif]. e
equations for these metrics are givertigs. (&

User AccuracyUAs  Xi; ~X; 0)
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Producer AccuracyPAs  Xji~X i (0)
FO Scored ~ UA PAUA PAs (c)
r
Overall AccuracyOAs Q Xx;i~N ®)
i O
r r O r
Kappa Ke EN QAX” Qi 6Xi X i""'ANO Qi 6Xi X e ()
i 0

whereN is the total number of observations included in the error matriis the number of rowsy;; is the
number of observations in a row and columnt', X is the total of observations in a row, X ; is a total of
observations in column'.

e user's accuracy (precision) represents the proportion oftaal positive predictions among all
positive forecasts. e producer's accuracy (recall) measures ttamber of accurately forecasted actual
positives. e FO-score is a performance indicator for assgsML models, integrating precision and recall
into a single metric. It ranges from y to O, with higher valueticating higher accuracyaf]. e overall
accuracyft ) quantiees the accuracy of the model for correctly classifygagh pixel. e Kc 2kappa®
statistic quantiees the variation between observed anckeigd agreement between reference data and an
automated classicerd[d. e average Kc value from the study was used to select the begst@mes for
the RF model. Models with a K average below y.ay showed weals)evhile those over y.ay showed fair
agreement. Ranges of y.—y+y.—A indicated strong agreeniientalues beyond y.Ay represented nearly
perfect levelsic).

¢ Results and Discussion

¢.0 LULC Simulation and Model Accuracy

In this study, presents the accuracy of various LULC maps for the classieedsamulated
oyoO years and predicted maps under various SSP projecirodg¥y. e primary evaluation metric
was OA, which assesses the percentage of accurately clasgebdmpthe LULC map concerning ground
truth/reference data. Kc serves as a statistical metric dsaesses classiscation accuracy by comparing
observed and expected accuracy. A Kc value of O signises at pepfeement between the classieed map
and reference data.

Table 0: Accuracy assessment of classieed and predicted maps

LULC map year Overall accuracy (OA) % Kappa coescient (Kc)

0y00 Aa.ab y.Aa

oyoO simulated A¥.c¥ y.A0
oy¥y SSP 004 predicted Ad.A¥ y.—A
Oy¥y SSP 0¥ predicted Ad.p— y.—A
Oy¥y SSP ¢by predicted Ad.—¥ y.—A

Oy¥y SSP — predicted Ac.Oc¢ y.Ay
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e 0oyoO LULC historical map recorded the highest OA and Kc valirdicating excellent and
exceptionally reliable classiecation quality. e high accurg of LULC classiecation can be attributed to the
integration of high-quality input data, advanced procesdehniques, and the use of robust classiecation
methods p¥]. e OA and Kc values of simulated 0yoO were A¥.¢c¥% and y.Apgetively. Although the OA
and Kc of the simulated 0yoO are less than those of the edssjo0, they still demonstrate high accuracy
and are deemed acceptable, as conferreddy [

e last four rows of indicate future predictions for oy¥y under the SSP scenaridschv
are the climate and socioeconomic development scenarios usieé InULC modeling. e accuracy for
all oy¥y SSP predictions ranged between Ad.p—% and AgBudpsler than the simulated oyoO map,
which suggests increasing LULC complexity and potential ietzn challenges in future scenarios. e
close range of prediction accuracies for oy¥y (Ad.P—% arfh)dmécindicate a limited sensitivity of
the model to variations among the input scenarios. Howeuveran also rezect the model's robustness
and stability in maintaining high performance across diSeriglimatic projections. e classiecation
models exhibit continuously high accuracy, rendering LULC jmrdns dependable. e small reduction in
accuracy may result from heightened terrain complexity andalities in RS categorization. Mountainous
terrains oYen contribute to reduced classiscation accuracy dushadow e3ects and elevation-induced
spectral variationd ]. e oy¥y SSP forecasts exhibit comparable accuracy leveldicating that LULC
alterations across various scenarios do not signiecantlycaéiassiecation quality. ese endings suggest
the reliability of the RF model in forecasting LULC and undereqaotential LULC dynamics across various
socioeconomic scenariosga-}.

e essence of the Python-based RF model is to predict future coiutis based on the current state or
historical data, as well as the probability of state traosg. We forecast 0y¥y LULC conegurations based
on the specieed scenarios, providing insights into the socioeatnic and environmental consequences.
Other researchers have applied this model in various anedgerent platforms for LULC classiscation and
achieved high-accuracy assessmeni3aAby]. ese studies provide predictions for future land cover
scenarios utilizing Landsat data and ancillary informatiaiding sustainable resource management and
urban planning.

Our study adheres to the recommendation of Prestele et>diof employing ML models to enhance
LULC forecasts based on climatic and socioeconomic data. eref this study used the RF model and
selected topographic and geographical variables liabléfoC changes: elevation, slope gradient, Euclidean
stream proximity, and Euclidean road proximity. Additionallglimate variables such as maximum and
minimum temperatures and precipitation were utilized based oonstudies p ,Py,Pd. As shown in :
relevant variables were used to create the factor maps. Ggpooerection and downscaling processes were
conducted, including image dimension and raster cell size, at ¢gsolution for all spatial variables.

is study predicted a simulated map of 0yoO using a Python-baBFmodel aYer involving the
topographic and environmental factors and LULC images of®ywand oyQy as the initial and *nal maps,
respectivelyl depicts maps of both the classised LULC 6y00O and simulatddCLéyoO. e LULC
categories include agricultural land (yellow), barren latogvn), built-up area (red), forest (green),
rangeland (pink), riparian zone (light green), snow (ligghie), and water bodies (blue). e sgure presents a
comparative analysis of the LULC classiecation and simufefiw the year 0y0O. e leY panel (a) represents
the classieed LULC derived from actual land cover data, wastbe panel (b) displays the simulated LULC
generated using predictive modeling techniques.
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Figure ¥: Spatial distribution of various topographic and environmi&é parameters over the study area. Panels
represent the following datasets) €levation values (m)pj slope in degreesc) stream proximity (m), ) ROAD
proximity (m), (€) maximum temperature{C), (f) minimum temperature {C), and @) precipitation (mm)

Figure : Assessment of LULC maps for oyo8).LJULC classieed map based on actual data for oybPLYLC
simulated map for oyo0
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Moreover, the two maps exhibited a visible similarity in t®graphical distribution of the various land
cover categories. Nonetheless, several diSerences exigdrethe categorized and simulated outcomes, as
shownin . e classieed LULC map displays a slightly more varied land @ndistribution. However,
the simulated map presented a more generalized patterrghwlia common trait of predictive models used
for forecasting LULC changek{. e simulation model eSectively captured the urban expansipatterns,
agricultural land, and rangeland in the two maps. Howevealjghtly underrepresented the barren land and
forest coverage compared to the classised map. e portrayal iplarian zones showed variability, with the
simulated map tending to predict a more fragmented disttibn.

Table ¢: Area of LULC classiscation and changes from oyyO to oyoldding classieed (C) and simulated (S) 0yoO
data, with model accuracy metrics

LULC oyyO*  oyOy oyoO oyoO  Change Change  FO- Model

classes classieed  simu- oyoOC- % oyoOC- Score accuracy
© lated oyo0Ss oyo0Ss
(S)
Agricultural —Oc¢.A¥  ¢0. a a0b.oy a ¥.0¥ ca.A¥ O.y¥ y.—b Overalll
land acc
uracy
(OA)
A¥.C¥%
Barren bcy.O¥ —cAAaA ch.Aa ay.A¥ 00.A— y.a y.Ay
land
Buitup  c¥—b  YO.A¥ y. 0 po.Oa 00.a¥ y.20 y—0O
Forest Y¥PAA  0¥c.0—  O0—AY¥Y— ca¥. 0 P .yc 0.00 y.—¥
Rangeland O¥¢c.a— O—ya.po OAapPAA  Obp@pIdeb  yo y.Ac  Kappa
y.Ad
Riparian ¥ .—A  ¥0.¥ p.c— AO.¥a c¥.y— y.Aa y.p
zone
Snow Oy.po axo O— Ac ¥.0p y.00 y.pO
Water 0—.0A c.ch 00.—y ¥. 0aAp y.¥b y.p—

ese discrepancies may stem from the constraints of the modehiothh may not comprehensively
encompass all variations in a heterogeneous study area. eeobsd misclassiecations, including the
overestimation of forest cover and underestimation of watedibs, can be attributed to several factors
such as model complexity, cloud cover interference, input datdityuand spatial resolution limitations.
Complex class boundaries, residual cloud contamination, andrisistencies in input datasets may lead to
inaccuracies in class discrimination. Additionally, the sda&aolution used can cause generalization errors,
making it challenging to accurately delineate small or fragtee land cover types, thereby contributing to
misclassiecation pgb3.

A proportional analysis of the historical and simulated LUtRanges over time, speciscally focusing
on the years oyyQ, oyQy, and oyo0, is quantisexbia ¢ It provides classieed and simulated LULC areas
for 0y00, along with the change in area between the clag§ienhd simulated (S) data, percentage change,
FO-score, and model accuracy for each class.
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As recorded in , agricultural land declined substantially from —O¢.A¥ ikmdyyO to
¢O. a knt in 0yOy but experienced a modest increase to a0PdPykiyoO. e simulated model
overestimates agricultural land at & ¥.0¥kexceeding the observed value by ¢a.A¥% {ny¥% change).
Barren land reached its highest extent in 0yOy (—cAZAéfore decreasing to ¢b.Aa kin 0y00. e
model slightly overestimates this category at ay.A¥ kwith a 00.A— Krdiscrepancy (y.a % diSerence).
Built-up areas have steadily expanded from ¢¥.—2grkayyO to y. 0 knd in 0y0O. However, the model
predicts a larger extent of P0.0O# kowerestimating by 00.a¥k.a0% change). Forest area declined sharply
from ¥¥b.AA kfrin oyyO to 0¥¢.0—%km oyOy, followed by partial recovery to 0—A . ¥+r k§oO. e model
overestimated forest area at ca¥. G kwith a diSerence of b .y¢ kin(0.00% change).

e extent of rangeland has consistently increased from O¥c-&rmin oyyO to OAaP.AX kmoyoO.
However, the simulation underestimates this value, projec®pPAy.00%mwith a shortfall of Obb.—B km
(+ .y0% change). e riparian zone has experienced a slighparsion, reaching b.c— kin 0yo00, while
the simulation signiecantly overestimates it at AO.¥3 kaxceeding the actual value by ¢¥.y-2diSerence
(y.Aa% change). Snow cover has declined from Oy.bilanyO to .O— &im 0yoO, yet the simulation
overestimateditatA.c kfwith a discrepancy of ¥.0pky O0% change). Similarly, water areas have shrunk
from 0—.0A Knin oyyO to 00.—y?kmoyoO, but the simulation drastically underestimatesdaisgory,
predicting only ¥.—¢ Kiywith a considerable shortfall ofO4.Ab Knf y.¥P% change).

e highest FO-score value was observed for rangeland (y.Agjewhe lower FO-score values were
recorded for riparian zones (y.p ) and snow (y.PO). is is likeue to the complexity and dynamic nature
of these categories. e model's OA was reported to be A¥.¢¥¥h & Kc of y.A0, indicating a high level
of agreement between the classieed and simulated LULC dzge.sndings underscore the possibility of
enhancing simulation approaches, including integratindieigspatial resolution data and resning transition
probabilities to increase forecast accuraey.[

¢.0 Model's Variable Importance

RF are ensemble learning methods that aggregate multipldaletises to enhance predictive accuracy
and reduce overstting [c]. A signiecant advantage of RF models is their ability to exsdé variable
importance, which quantiees the contribution of each featuogthhie model's predictive performance. Two
widely used measures are the Gini impurity-based importancepanohutation importance. Higher values
in both measures indicate that a variable substantially imbes the LULC classiscatiorrf].

illustrates the variable importance results. fig. 43 variables are ranked according to their
Gini index values, with precipitation emerging as the mostueitial predictor, followed by maximum
temperature and elevation. ese variables notably reduce impuduring the decision-making process,
underscoring their critical role in the model's performance.

In ) permutation importance identiees elevation as the leagingdictor, contributing the highest
percentage to model accuracy, followed closely by precipitatitaximum temperature also demonstrates
considerable importance, though slightly lower than the aftgationed variables. Overall, these results
highlight that precipitation, elevation, and temperature @ahe key drivers inZuencing LULC transitions,
reinforcing the substantial role of climatic and topograpFactors in shaping future LULC dynamics in the
Soran region.
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Figure &: Variable importanced) Gini impurity (b) permutation importance

¢.¢ LULC Future Predictions and Change Analysis
¢.¢.0 LULC Future Predictions

depicts the LULC projections for 0y¥y under four SSPs: SSPORay¥ S SSPcby, and SSP — .
ese SSPsrepresent alternative futures based on socioecondevielopment and climate change mitigation
eSorts, with SSPO04 being the most sustainable and SSpreserging the most fossil fuel-dependent, high-
emission scenario. e spatial distribution of diSerent land eer classes, such as agricultural land, built-up
areas, forests, rangelands, barren land, riparian zona®rwodies, and snow cover, illustrates possible
changes driven by climate policies and socioeconomic trengs [

Across all four scenarios, agricultural land predominated thel$&ape, highlighting its continued
signiecance in the region's economy. However, there are dpsreies in their growth and intensity. In
SSPO04, the agricultural footprint remains stable, aligwitly its sustainability-oriented policies that
prioritize climate adaptation and food security initiat&/g H. In contrast, SSP¢by and SSP — experienced
substantial agricultural growth driven by rapid populatigrowth, rising food demand, and deforestation in
the study area. Urbanization is particularly evident in S8Pand SSP — , reZecting the rapid expansion of
built-up areas due to weak environmental policies and high ddpacy on fossil fuels]. Urban expansion
challenges environmental stability, biodiversity, andexgupply.

Forests were better preserved under SSPO04 and SSPO¥ diiaitabie land management strategies
practiced that help curb excessive deforestation. In cont&SE¢by and SSP — show signiecate forest
degradation driven mainly by agricultural expansion, urlzation, and climate-induced alterations in
land cover. Studies suggest that high-emission scenarios atealefarestation and habitat loss, leading
to greater carbon emissions and biodiversity decliivel{ e reduction in forest cover under these
scenarios aligns with global deforestation hotspots, wiemomic growth frequently takes precedence
over conservation initiatives. Rangelands are widespreads all scenarios but experience varying degrees
of deterioration.

In SSPO0a and SSPo¥ , rangelands remain more stable,dikelp improved land management
practices and controlled grazing practices. In contrast, SEBged SSP — show greater degradation,
desertiscation, and soil erosion, all exacerbated by clematange §]. Riparian zones and water bodies
exhibit minimal alteration across all scenarios, though SSBuggests increased water stress due to climatic
variability. High-emission pathways oYen reduce water avitigbincrease evapotranspiration, and alter
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precipitation patterns, disrupting hydrological cycles. sihighlights the signiecance of integrated water
resource management in alleviating future water scarcity amigthelimatic circum-stance$[.

Figure b: LULC projections for 0y¥y under diSerent SSPs. e maps illuate the spatial distribution of various LULC
classes ford) SSPOO&)(SSPoO¥ ,§) SSPchy, andlf SSP — scenarios

e implications of LULC forecasts underscore the essentiafsiecance of LULC policies, climate
initiatives, and sustainable development in inZuencing fetlandscapes. SSPO04a emphasizes the advantages
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of sustainable land management, whereas SSP¢by and S®enstiate the hazards linked to defor-
estation, urban sprawl, and land degradation. ese resultiga with global assessments, indicating that
balancing growth with conservation is crucial for ensuring long¥teenvironmental sustainability(J}:
Additionally, the maps show variations in LULC distributi@cross various scenarios, rezecting the impact
of diverse socioeconomic and ecological factors on LULC aibersatArmed conzict and political conzict
have profoundly impacted this region over the last four desaddversely asSecting the social welfare of the
population and hindering agricultural development-|:

Notably, the predicted maps illustrate a new wave of subudsaelopment near the area in the western
part of the study during the following decades. Moreover, fnsiforest extent was observed distinctly
evident in the northern, southern, and central regions of phejected maps in SSPO04a speciscally. By oy¥y,
the distribution of various LULC types within the study regidn comparison to the baseline year oyo0,
demonstrates that under the SSPO04a scenario, forestedxgaad while agricultural land declines. is
trend aligns with the endings of Wu et al--[JOA more detailed representation of these projected change
is provided in . which outlines future LULC transitions under four SSP scerafar the period
0yoO+0y¥y.

Table ¥:Projected LULC changes from 0yoO to oy¥y under dierent, 88Rsling model accuracy metrics

LULC classes oyoO oy¥y Oy¥y oy¥y oy¥y
classieed* predicted predicted predicted predicted
SsPOoa SSPo¥ SSPcby SSP —
Agricultural a0p.oy ayc.y— Pco.yb PPA.—A —ob.O—
land
Barren land ch.Aa a0b.o¥ a b.o¥ a—0.—b pOa.—c¢
Built-up y. 0 pO.Ab PA.Ap —c¢.bg —x.0b
Forest 0—AY¥— c¥a.yo oba.yo 00¥.CC O—o0—
Rangeland OAap.AA ObAa.Ad Oboa.p¥ OpO¥.p Oab—.ca
Riparian zone p.c— —¥.0 ¥.0 ¥ .0— c—.0y
Snow O— —¥ y¥O ¥.y0 ¥.yO
Water 00.—y 00.0 0a.0 Oc.E Oy.¥
Total area C ¥b. C ¥b. C ¥b. ¢ ¥b. ¢ ¥b.
Overall accuracy % Ad.A¥ Ad.b— Ad.— Ac.Oc
Kappa y.—A y.—A y.—A y.Ay

Note: *Area in in square kilometers.

presents a comparative analysis of observed LULC data frof &pd projected alterations in
oy¥y under four SSPs (SSPO04, SSPO¥ , SSP¢hy, and SSP —SHPeseenarios encapsulate a range of
possible climate and socioeconomic trajectories, spanniomg & sustainable-oriented future (SSPO04) to a
scenario characterized by fossil-fuel-dependent economiaresipn (SSP — ). e table provides insights
into the implications of these scenarios on diSerent LULCecatries, highlighting potential shiYs in land
cover distribution.

In 0y0O, agricultural land covered a0P.&y Rnojections for Oy¥y indicate an overall increase across
all SSP scenarios, with the most substantial expansion urler-S (—ob.0-2; kngg.A% increase). In
contrast, SSPO0a projects a slight decrease to ayc2yredearting a focus on environmental conservation.
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ese *ndings suggest that higher economic growth pathways (SSR %P ¢cby, SSP — ) drive agricultural
expansion, potentially leading to the conversion of natuaaldscapes such as forests and rangelands [
is trend is consistent with Zabel et al. -]; who found that the high-emission scenarios intensify
agricultural growth due to increased food demand, land coneersaind deforestation.

Similarly, the barren land category is anticipated to incrdemm ¢b.Aa krd in 0yo0 to a maximum of
pOa.—¢konder SSP — . isincrease proposes worsening land degradatial desertiscation risks under
high-emission scenarios. Evenin SSPO0a (A0B) p¥danen land still increases, though slower, highlighting
ongoing land degradation concerns. A study by Laliconerms that the growth of barren land is frequently
associated with unsustainable land management practicessaxegrazing, and desertiecation driven by
climate change.

Urban or built-up areas are expected to increase across all segniom y. 0 km? in 0yoO to a
maximum of —¥.Ob%under SSP — . e lowest urban expansion is under SSPO0a ()ARkecting
slower urbanization due to sustainable development prigsitiis advocates that urban expansion might
contribute to land conversion from agriculture or rangelandsienhigh-growth scenarios. is expansion
is consistent with projections by, who estimated that urban land cover will persist in its glbgewth,
resulting in habitat fragmentation, heightened carbon esiuss, and land-use disputes.

A signiecant trend is the consistent decline in forested areaross all SSPs, with the most severe
reduction occurring under SSP — (O——32)—fokowed by SSPchy (00¥.¢c¢ Bmin contrast, SSPO0a
shows the smallest decline (¢¥4.yonindicating climate-friendly policies could help preserfeeests.
is decline aligns with global deforestation trends driveny/agricultural expansion, urbanization, and land
degradation D¢~}

Rangelands, the largest land cover category in 0yoO (OAdty,Ashekprojected to shrink under all
scenarios. e most signiscant reduction occurs under SSP — (Qi@tka, a loss of 0—A.ackan O¥.b%).
Even in SSP 004, rangelands decline to ObPAZ Amjdying pressure from competing land uses. is
proposes intensieed land conversion for agriculture and urleaspansion under high-emission pathways.
e degradation of rangelands aligns with research by Lal}; who highlighted that rangeland ecosystems
are especially susceptible to desertiscation, overgrazng climatic Zuctuations.

Riparian zones also exhibit declines across all SSPs, viith-SShowing the most severe reduction
(c—.0 kR). is decline is attributed to land encroachment, deforestan, and changes in hydrological
regimes due to climate chandge/. e depletion of riparian zones is alarming, as these ecosyssaare vital
for biodiversity and water management.

Slight changes are observed in snow and water cover. Snowreovains relatively stable, but SSP —
shows the most signiscant reduction in water bodies (Oy.¥ fom 60.— Krim 0y00), reZecting a growing
risk of water scarcity and possible climate-induced dryingattinal ponds and rivers. is decline correlates
with endings by IPCC [O}; which indicate that high-emission scenarios (SSP¢hy aRd-S$ will lead to
greater evapotranspiration, declining groundwater levaatsl intensieed drought conditions.

e model demonstrates consistently high accuracy across alljgetions, ranging from Ad.P—% to
Ac.Oc¢%, indicating strong predictive reliability. e Kc&A+y.Ay) further supports the model's robustness in
capturing LULC transitions. Under SSPO04, the sustainafitiused approach mitigates deforestation and
urban sprawl, contributing to forest and water body consewatin contrast, higher-emission scenarios
(SSPc¢by and SSP — ) exhibit signiecant forest loss, blamdrexpansion, and water body reduction, raising
concerns about desertiecation, biodiversity loss, and cten@ange impact<]l.

e LULC projections underscore forecasts the necessity of pgliinterventions to counteract
environmental degradation in high-emission scenarios. 88P&presents a more sustainable trajectory
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characterized by reduced deforestation, lower land degi@uatind improved water resource protection.
is aligns with the recommendations of van Vuuren et al.-{}, advocating for policies such as reforestation,
sustainable agriculture, and urban planning to mitigate adwé&tdL.C changes.

¢.¢.0 LULC Change Analysis

presents projected LULC changes from oyoO to 0y¥y under foigdv8SP scenarios. Each
scenario reZects varying socioeconomic and climate change lwaseon diSerent land categories. e
endings indicate that agricultural land declines under SSPRMasigniecantly increases under other
scenarios, with the highest gain observed in SSP &yA.A— sq. km, 0¢.c0%). Barren land expands across
all scenarios, with SSP — showing the highest ga—.—bp sg. km, 0y.00%).

Table : Changes of LULC from 0yoO to oy¥y under diderent shared sogioato SSPs, showing absolute (sg. km)
and percentage (%) variations for each LULC class

LULC SSPOoa change SSPO¥ change SSP¢hy change SSP — change
classes OYOO£OVEY OYOO+OV¥Y OyOO+OY¥y OyOO+OY¥y
sq. km % sq. km % sq. km % sq. km %
Agricultural O¥.00 Obyy OO¥.—b  0y.a¥ Oao.aA  00.A— OyAA—  0c.cO
land
Barren  PA.0— Ob.yy O0AO— O—.¢ O¥c.AO OA.00 Ob——b
land
Built-up  00.¥ 0.y¢ 0A¥ 0.0 cc.o0  o.ca cc.a o.ch
Forest ay Ab Oc¥a bb— a.0 a.co Oy0.0y .cO
Rangeland OpPO.yp vy.a 0o¥0.0 ¥—apb 0C.0¥ ¥—c¥ 0—A.ac ¥b.cO
Riparian 0a.—b ochb ¢O¢ O.¢ 0o.0 O.ob OA.O0— O.y—
zone
Snow y.aa y.0a y.OcA y.0¥ 0.0a y.00 0.0p y.00
Water y.C y.80 a y.¥a —Yy— V.CA 00.¢c y.0A

Built-up areas exhibit moderate growth (~0%) in all scenanidsie forest cover increases in SSPO0a
but declines in all other scenarios, with the largest lossS® S- (0Oy0.0y sg. km,.cO%). Rangeland
consistently decreases, with the most signiscant reductid®®® — (0—A.4¢ sq. km¥b.cO%). e riparian
zone expands under SSPO0A but contracts in other scenarinsi®mains relatively stable but sees minor
losses in SSPO¥ , SSPchy, and SSP — . Finally, water gt gash in SSPO04 but declined in all other
scenarios, with the most signiecant loss in SSP —-OQ.¢ sqg. kmy.0A%).

e *ndings suggest that under high-emission and rapid socioeconangrowth scenarios (SSP0¥ ,
SSP¢hy, and SSP — ), agricultural and barren land will ebgiahe expense of forest, rangeland, and water
bodies, indicating intensieed land use driven by urbaniratand agricultural expansion. Such shiYs could
have signiecant environmental implications.

demonstrates the projected gains and losses in LULC betwa@éhand oy¥y under diserent SSPs.

Various levels of land alteration can be seen in each SSPraxgdrighlighting the inZuence of climatic and
socioeconomic changes on landscape dynamics.

0y.00
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Figure —Gains and losses of future scenarios explain projected LUBGg#s across distinct categories under various
SSPs from 0yoO to 0y¥y

Starting with agricultural land change, which varies betwseenarios, SSPO04a exhibited a minor
reduction, while SSP0¥ , SSP¢by, and SSP — demonstrgtédtat increases. e growth is notably
considerable under SSP — , where agricultural land usagasessigniecantly due to rising food demand
and augmented land clearing for agriculture. is ending corregmds with research demonstrating that
the development of global food production is the primary @nior deforestation and habitat degradation,
especially in high-emission scenariesl]i Correspondingly, barren land rises signiscantly acrdsseenar-
ios, particularly SSP — , presumably due to land degradatEsertiecation, and soil erosion intensised by
climate change.

Built-up areas expand in all scenarios but at a slower pace tltlzer & ULC categories. e most
signiecant urban expansion is in SSP — , where fast urbapiza$ associated with population increase,
economic development, and industrialization. ese trendsgn with projections p,—Jthat global urban
land cover will increase dramatically by oy y, particularly developing regions where infrastructure
development accelerates under high-emission scenarios.

Forests face net losses in most scenarios, with SSPOoarexhitlivergence. is pattern underscores
the deforestation pressures associated with agriculturadldpment, urban growth, and land degradation.
e declinein forest cover aligns with the study by Hansen etfil-};-indicating that deforestation contributes
considerably to carbon emissions and biodiversity declisygeeially in areas under considerable population
pressure. A notable pattern is the substantial loss of ramgisl across all SSPs, with SSPO0a demonstrating a
lesser drop and SSP — reZecting the most pronounced redu®amgelands are particularly vulnerable to
land conversion, overgrazing, and degradation caused matdi change. e signiecant decline in SSP¢hy
and SSP — indicates increased desertiecation, soil datjcewl and pressures from land-use change.

Riparian zones deteriorate in all scenarios, with SSP —odstrating the most signiecant deteri-
oration. is may be linked to climate change-induced changesiiwer Zow, land-use interference, and
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deforestation adjacent to water bodiés] Ending with the changes in snow and water body alterations
are insigniecant across all scenarios, indicating that ragldydrological changes may not be as substantial
during this period. Nonetheless, under high-emission scesaf85P — ), even minor declines in water
bodies may signify the erst indicators of prolonged hydrgical stress, including diminishing groundwater
levels and increased evaporation from elevated temperatures

e projected LULC changes for 0y¥y emphasize the critical imqpance of climate policy, land man-
agement, and conservation strategies. SSPO04 represssitsrmble development pathway with reduced
deforestation, land degradation, and ecosystem loss, wlBile-S indicates substantial environmental
decline due to unregulated land conversion and climatic strese endings highlight the need for
integrated land-use planning, reforestation, sustaiealgiricultural practices, and urban resilience measures
to mitigate future hazards and improve ecosystem sustainapility

¢.¥ Transition Matrix of Scenario-Based LULC Prediction

is study categorizes future LULC changes into four distinct s@ios based on SSP, providing
insights into the projected LULC dynamics in the Soran area. mreethodological framework includes
SSPOvA (sustainability), SSPo¥ (middle-of-the-roadjE§SRegional rivalry), and SSP — (fossil-fueled
development). presents the transition matrix, which quantiees the proiaies of LULC shiYs
between categories over the period 0yoO+0y¥y. Each roesesps an initial LULC type, while columns
indicate the likelihood of transition to other categoriasith diagonal values rezecting stability. ese
probabilities oSer a detailed assessment of landscapenigsaidentifying both stable land classes and those
undergoing substantial change-{-

Table &: e transition matrix of LULC changes under four SSP scenasirom 0yoO to 0y¥y: a) SSP 004, b) SSP 0¥,
c) SSP ¢by, and d) SSP — , where (ALzagricultural land, Besbland, Btbuilt-up area, Ftforest, RLtrangeland,
RZtriparian zone, Stsnow, and W+water)

IBlA B B F RLRZ s WQBAL BL B F RL RZ S W
AL [§.0 y¥8 y.y0 y.yy v.9y Y.yC y.yy V.99 AL Y¥0 Y. ¥ y.yc V.9Y Y.yY V.9Y V.9Y V.¥Y
BL y.yOLW.AE V.yy V.yy V.Y V.Y V.yC y.yy BL y.yoI¥.A= V.yy V.yy V.Y V.¥¥ V.9¥ V.9¥
B y.yy V.0 ¥.PZ y.yy y.y¥ y.yC y.9y y.yO B y.yC y.00 ¥.PE V.9y V.9¥ Y.y V.9¥ ¥.yO
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Transition probability matrices use colors to indicate theelihood of a specisc Land Use and Land
Cover (LULC) category persisting or transitioning over asipc timeframe. Red cells indicate elevated
transition probability, diagonal cells indicate the likediod of a class remaining constant, and deeper red hues
indicate greater stability. Dark red cells indicate that t@wea in a category is expected to remain unchanged.
Os-diagonal cells show substantial transitions between ipleltLULC classes, suggesting a segment of
land may transition into another. e intensity of red helpsigualize dominant or steady transitions within
each scenario.

¢.¥.0 SSPOoAa Scenario

In the erst scenario (SSPO04), notable LULC changes werevelsgr a). Agricultural land
remains moderately stabile, with a Q% retention rate, thog@ps transitions to barren land, indicating
degradation or abandonment. Minor shiYs occur to built-up aéd%) and riparian zones (O%), possibly
due to urban expansion and proximity to water bodies. Barrenl kexhibits the highest stability (AP%), with
minimal conversion to agricultural land (0%) and snow (O%) ylikeluenced by seasonal or climatic factors.
Its negligible conversion into other land classes suggesitgerece to transformation.

e built-up area retains PA% of its coverage, but 0y% convertsbtren land, possibly due to
abandonment or infrastructure decay. A small shiY (0% eadpjpigan zones and water bodies may indicate
encroachment or Zooding. Forest cover remains relativelylst@¥%) but shows conversion to barren land
(O—%) and rangeland (P%). is is likely due to deforestatiomar deegradation caused by human activities.
e loss of forest to barren land signals severe environmdrgtess. Rangelands exhibit strong persistence
(AO% retention), with limited conversion to agricultural |ga6) and forest (0%). is suggests minor
aSorestation or agricultural expansion. Its overall stiépihdicates sustainability.

Riparian zones display moderate stability (0% retentioo)igh ¢co% transition to forests. is is likely
due to natural succession or conservation eSorts. Minor lossesatreb land (0%) and rangeland (¥%)
suggest some degradation or encroachment. Snow cover ivedyatiynamic, with only 0b% retention. A
sizable portion ( O%) transitions to rangeland due to sedsoerling and vegetation growth. Meanwhile,
00% convert to barren land, potentially reZecting glaciate&t or climate-induced snow cover changes.
Water bodies are quite stable, with AO% retention, though an8titm to barren land, possibly due to
drying up or sediment deposition. A small fraction (0%) titimss into riparian zones, suggesting possible
hydrological changes or expansion of wetland vegetation.

C.¥.0 SSPO¥ Scenario

In the second scenario (SSP0¥ ), signiscant LULC transitiaese observed¢ b). Agricultural
land undergoes substantial degradation, with ¥% convertingarren land, likely due to soil degradation,
overgrazing, or climate change. A smaller portion (¢%) tithmiss to built-up areas, reZecting urban expan-
sion. However, there is no signiecant transition of agricuhl land into forest, rangeland, riparian zones,
snow, or water bodies, suggesting minimal ecological recovasfarestation. Barren land remains highly
stable (A—%), with only 0% converting to agricultural landsiplgsdue to reclamation e3orts. Its minimal
transformation into other classes highlights its persisteand the challenges of restoring productivity.

Built-up areas exhibit strong stability, with a Pb% probgbithough 60% transition to barren land,
suggesting urban decline or abandonment. Additionally, a mimaction (O0%) transitions to agricultural
land, likely for repurposing, while another O% transitiomsvater bodies, possibly due to infrastructure
changes. Forest cover remains relatively stable (PA%) eriexpes some conversion to barren land (P%).
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is is likely due to deforestation or natural eSects. Small shiYo rangeland (¢%) and riparian zones (O00%)
may indicate land fragmentation or changes in ecological fions.

Rangelands maintain high stability (Ay%) with limited trafsis to agricultural land (—%) and forest
(O%), indicating potential aSorestation eSorts or naturgkmeration. Riparian zones show strong retention
(A %), with minor conversions to agricultural land (0%), builtareas (0%), and rangelands (0%). ese
slight changes may be due to overtaking, infrastructure dewedmt, or hydrological conditions aSecting
these sensitive ecosystems. Snow cover undergoes signiemasformation, with ¢d% converting to barren
land and ¢ % to rangeland. is is likely due to climate-induced riteng or shiYing land use. Only 0A%
remains unchanged, highlighting the impact of environmérthanges on high-altitude regions. Water
bodies show a high degree of stability ( %), though minartosggicultural land ( %) and barren land
(2%). ese alterations may be recognized as the reduction of waiadies resulting from sedimentation,
climate change, or anthropogenic activities.

C.¥.¢c SSP¢bhy Scenario

In the third scenario (SSP¢by), signiecant LULC transitiomsre observedT¢ €). Agricultural
land undergoes extensive degradation, with % convertingotoren land due to erosion, overgrazing,
or desertion. However, (;A% remains stable, indicating mggagricultural activities, while % transitions
to built-up areas, rezecting urban expansion or infrastructdeselopment. Barren land exhibits strong
persistence (A—%), with only (0%) converting to agriculturd) fossibly due to land reclamation e3orts.

Built-up areas remain relatively stable (P0%), though 6a%itiameo barren land, suggesting abandon-
ment or structure degradation. Minor shiYs occur toward agtieal land (O%), possibly representing urban
farming or land conversion eSorts. Moreover, O% of the builatgas convert to water bodies, suggesting
changes in hydrological conditions. Forest cover remairatikaly stable (P %) but experiences notable
losses to barren land (A%), likely due to deforestation aratiam zones (O¢%), suggesting aSorestation or
natural succession near water bodies. A small fraction (0%)itrans to rangeland.

Rangeland remains stable mainly (Ay%), with slight convessio agricultural land (—%) and barren
land (O%). is is likely due to grazing changes or land developir@ractices. Riparian zones also exhibit
high stability (Ay%), with minor transitions to barren land¢§ and agricultural land (¢%). is shiY may
be linked to human activities such as irrigation, land encroaehtnor natural processes like sediment
deposition and erosion.

Snow cover is highly dynamic, with only ¢A% retention. A sultshportion transitions to barren
land (0¥%), possibly due to melting and climate-induced glacit#idsawal. Meanwhile, ¢—% convert to
rangeland, likely due to seasonal variations in vegetatiposure. Water bodies remain highly stable (A¢%),
with a minor transition (P%) to barren land. is reduction in watecover could be attributed to drought,
reduced precipitation, or human activities like water extrastior farming.

C.¥.¥ SSP — Scenario

In the worst-case scenario (SSP — ), signiecant LULC ttams were detected ¢ d). Agricultural
land demonstrates signiecant instability, with only ¢c—%mgon. e majority ( &%) convert to barren
land due to soil degradation, desertiecation, or land abame@nt. Meanwhile, % of the transition to built-
up areas rezects urban expansion. Barren land remains yangehanged (A—%), with minimal conversion
(0%) to agricultural land, possibly through land reclamatiornproved soil management. Its resistance to
transformation highlights the di>culty of restoring produdvity.

e built-up area retains P0% stability, though 6&4% transition barren land, indicating land degra-
dation or abandonment of built-up areas. Small shi¥s occur tdvaricultural land (O0%) and water
bodies (O%), suggesting limited urban-to-agriculture restoratorts or waterbody advances. Forest cover
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remains relatively stable (P %) but experiences moderaseto® barren land (Oy%), which could indicate
deforestation due to land clearing or climate-induced degtiadaAdditionally, O¢% convert to the riparian
zone, possibly due to hydrological inZuences or ecosystem dii¥isnal transitions to agricultural land
and rangeland occur. Rangeland exhibits strong stability{fAwith minor conversions to agricultural land
(—%), likely for crop cultivation or grazing and barren lafd)Buggesting localized degradation.

e riparian zone also shows signiecant stability (Ay%), witinor transitions to barren land ( %)
and agricultural land (¢%). ese changes may result from humarduced modiscations, such as land
reclamation or degradation due to reduced water availab8itypw cover exhibits substantial variability, with
only ¢A% of it persisting. Signiscant portions transitiamrtangeland (¢—%), likely due to seasonal snowmelt
or climate-induced glacial retreat. Additionally, 0¥% traiosi into barren land, signifying exposure of
previously snow-covered areas due to warming temperaturesn\iéatelatively stable (Ay%), though small
losses to agricultural land (¢%) and barren land (P%) may résuit reductions in water availability, land
reclamation, or sedimentation.

Overall, these transitions highlight agricultural degraoia, deforestation, and snow cover decline as
signiecant landscape changesii e considerable conversion of forest and agricultural land barren land
and rangeland indicates severe environmental stress atiuicggogenic alterations. While riparian zones
and water bodies exhibit moderate stability, they need cuddus management to avoid additional invasion
or deterioration across the region. A comparative analysissactbe scenarios reveals consistent trends,
such as the expansion of built-up areas and the contractionmid@atural land. However, scenario-specisc
variations are evident in forest and barren land transipreZecting the diSerential impacts of climatic
projections under each SSP scenario. ese LULC transitionscelate landscape alterations throughout
time, emphasizing urban growth, deforestation, soil degtim, and climate-induced transformations-

¢. Trends of Future LULC Changes

Future alterations in LULC are shaped by urbanization, clenehange, demographic expansion,
and policy determinations. e trends can be classiced accordito primary drivers and their eSects on
sustainability, biodiversity, and resource managemeht g¢se trends primarily reZect urban expansion,
agricultural intensiecation, forest cover zuctuations, amdrisformations in aquatic environments-{:

illustrates LULC changes from 0yyO to 0y¥y under diSerents88Rarios, represented by colored
dashed lines. ese scenarios range from a sustainabilityufeed future (SSPO04) to a high-emission, fossil-
fuel-dependent future (SSP — ). ese projections providesights into how LULC is expected to evolve
under diSerent climate and socioeconomic conditions.
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Figure A: LULC change trajectories and projections, historical tte(yOy+0y00), and SSP scenario projections (Oy¥y)

Agricultural land initially declined (0yyO+0yQOy) befocedasing through 0y¥y across all SSP scenarios.
e greatest expansion occurs under SSP — (—o0—2)) fotlowed by SSPcby (P—yPkiend SSPO¥
(Pco.0 ki, while SSPO0a shows the smallest increase (&Y. Gqpattern suggests early land abandon-
ment or conversion, potentially due to urbanization or policyvangesf\y]. is is also followed by recovery
driven by population growth and food demand{’

Barren land peaks around 0yQOy before declining sharply abdizging. e most signiecant increase
is observed under SSP — (PO kmhile SSPO0a shows the lowest recovery (AGp.cekiecline may
indicate aSorestation eSorts, soil conservation, or incezhtand productivity PgAJ. However, its later
stabilization suggests the perseverance of some degradizidare to climate change and anthropogenic
pressuresl:

Urbanization follows a continuous upward trend, aligning lwiglobal urbanization trends driven by
population increase, economic development, and rural-to-unvégration [A¥]. e SSP scenarios project
a sustained rise; the highest growth occurs under SSP — @2¥.whkile the lowest is observed in SSPO0a
(P06 kn?), highlighting the need for sustainable urban planning toigate land conZicts.

Forest cover declines between oyyO and oyQy, brieZy re@naithen decreases again by Oy¥y.
SSPO0A projects a net increase (¢¥3, kmhereas SSP — shows a signiecant loss (O0—2-—.e kitial
decline may result from agricultural expansion and urbari@afA ]. e recovery phase recommends
aSorestation or conservation policies, but the long-term ttémdicates deforestation pressures outweighing
restoration esorts.

Rangeland expanded in 0yoO before stabilizing and slidgathining. e steepest loss occurs under
SSP — (Oabp—2kmwhile SSPO0a retains more rangeland (OPAD &initial growth may stem from
agriculture to grazing land, while the deterioration suggdsnd degradation, desertiecation, or conversion
to other uses/4 4. Future scenarios indicate a balance between competing laaxl us
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Riparian zones remain stable but exhibit a sharp increasenaroyoO before declining. Under SSPO04,
the area continues to expand (—¥.&)kmwhile under SSP — , it declines (¢—.8)kns Zuctuation
could be attributed to conservation measures, land-use pslieied climate variability aSecting riverine
ecosystemsi}. e projected decline suggests increasing human impact, indihg agricultural runos and
urban encroachment.

Snow cover exhibits a consistent decline, with the sharpdsicteon under SSP — (¥ K reZecting
climate change eSects. e trend aligns with global warming+ileed hydrological shiYs, impacting water
availability and biodiversity(Q]. Similarly, water decline with SSPO0a maintaining a velgtistable area
(00.0 kA), while SSP — experiences signiecant loss (Oy2% kenshort-term increase may be due to
seasonal variations, while the deterioration suggest®pgald droughts, land use alterations, and climate
change impacts on hydrological systems, as discussed ieskanch by Wang and Lid[J-

From the perspective of urban expansion and land conzictsiitx@ase in built-up areas will likely put
pressure on agricultural lands, forests, and riparian zomegiiring better land management strategiegj
ese trends align with global patterns of agricultural expaimn and urbanization at the expense of
natural ecosystemsif]. Expanded cultivated land poses sustainability challspgncluding soil erosion,
deforestation, and biodiversity loss.

Overall, the most signiscant LULC expansions occur in agtiexd! land, barren land, and built-
up areas, while forests, riparian zones, rangelands, sneer,cand water bodies decline. ese endings
align with studies by Belay et al\{} and Badshah et al. ], which highlight urban expansion-driven
reductions in vegetation and forests. In high-emission sdesafSSP¢by, SSP — ), unregulated urban
growth, industrialization, and infrastructure expansionaegrbate land-use conZicts, underscoring the
urgent need for sustainable agricultural and conservaticatsgies Dy{.

Socioeconomic and climate policies play a crucial role in shapirgd thanges. Sustainable scenarios
(SSPO04) support the conservation of forest, water, andarpzaones while controlling urban expansion
and deforestation. In contrast, high-emission scenarios ¢B$RNnd SSP — ) result in substantial land
degradation, heightened agricultural and urban growth, andsigerable losses in forests, snow, and
water supplies. ese estimates highlight the essentialeralf policy actions in inZuencing future land
cover changes.

¢.a& Study Limitations

Although SSP scenarios provide a signiecant framework fogkerm LULC forecasts, the SSP scenar-
ios can serve as a valuable foundation for quantifying pagiswaward the Sustainable Development Goals.
Nonetheless, prevailing uncertainties, insuscient regionpksiscity, inadequate integration of climatic
feedback, and inzexibility pose considerable limitationg(PyjJOFuture enhancements should concentrate
on local governance and the improved integration of biophgisetements to improve forecast accuracy.

SSP-based projections rely on broad socioeconomic narraitivesiucing signiscant uncertainty. Var-
ious socioeconomic factors, including population increase, econdevelopment, and government quality,
interact in complicated and unpredictable mannei§,Dyh e inability to consider unexpected legislative
changes, technical advancements, or economic downturns liheisdependability in LULC modeling.

On the other hand, LULC predictions in mountainous areas faodtditions due to the complex
terrain and dynamic environmental factors. e lack of highesolution spatial and temporal data in remote
mountain regions and limited ground truth data for validatiominaccessible areas aSects model accuracy.

RF is a promising algorithm for predicting LULC change, oSeria data-driven and accurate
approach Dyl Continued research is needed to address the challengesiatesl with data availability,
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model interpretability, and uncertainty quantiscation. Bytegrating RF with other modeling techniques and
incorporating expert knowledge, we can further improve outigbto predict and manage LULC change.
However, enhancing future forecasts of LULC is essentialveld@ing advanced deep-learning approaches
for improved outcomes and accuracy)Ov¥

Further research is needed to address uncertainties relatgatéosources, modeling approaches, and
underlying assumptions that remain unresolvedyjOy§ Strengthening these aspects will contribute to
more reliable and reened LULC projections.

¥ Conclusions

is study represents an initial attempt to examine and predictLC changes using RS and ML
techniques in the Soran area of the Kurdistan Region, Iraq. ®idy utilized an integrated RF model
within Python programming to simulate changes in LULC in 0yo@ famecast the changes from future
prediction scenarios of LULC for oy¥y, depending on the his@ data. is methodology o3ers a
systematic framework for forecasting LULC changes utifjizive RF model. It emphasizes integrating robust
preprocessing, rigorous model training, and validationts@re reliable predictions. Further, the RF model
eSectively captures LULC spatial and temporal dynamics. is nedan be tailored to diSerent regions and
scales, making it versatile for various applications.

Depending on the results, the model's FO-score showed thestigccuracy in rangeland (y.Ag), with

a lower score in riparian zones (y.p ) and snow (y.p0O). e misdaverall accuracy (OA) is A¥.¢¥%, with a
kappa of y.A0, indicating high agreement between classindgimulated 0yoO LULC data. e study reveals
that agricultural land declines under SSPO04a but increasesathée scenarios, with SSP — showing the
highest gain (0¢.c0%). e built-up area consistently increasesile the forest cover gains in SSPO04 but
declines in all other scenarios. Rangeland experience2aghioss with the highest decrease in SSP —
( ¥b.cO%) and riparian zone gains in SSPO04 but declinestiersloainarios. Snow remains stable but sees
minor losses.

Furthermore, this study recommends concentrating on future grobdised on the path from sce-
nario SSPO0a and achieving sustainable development paaisting sustainable land management,
and accelerating the conservation and restoration of naturakystems. Future research should focus
on region-specisc drivers, policy interventions, and adsjn strategies to balance development and
environmental sustainability.

In sum, predicting future LULC change is a vital area of researith comprehensive implications
for environmental sustainability, climate change mitigatiand socioeconomic development. By leveraging
advanced modeling techniques, integrating diverse data seusoel adopting scenario-based approaches,
researchers can provide valuable insights into LULC dynamigsnotivates relevant authorities and
organizations to collaborate and facilitate evidence-basedida-making concerning future environmental
challenges in designated study areas. However, addressnghillenges of uncertainty, data integra-
tion, and ethical considerations remains crucial for advancimg 4¢eld and achieving sustainable land
management outcomes.
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