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Abstract

Land Use and Land Cover (LULC) change is a key driver of carbon stock dynamics in arid and semi-arid
ecosystems. This study assessed the spatiotemporal dynamics of the carbon sequestration ecosystem service in
response to LULC changes across the arid and semi-arid ecosystems of western Kerman Province over a 25-year
period (2000-2025). LULC maps were generated from Landsat satellite imagery by using an integrated
classification approach that combined supervised, unsupervised, and decision tree methods. Selected landscape
metrics were extracted by using FRAGSTATS software to characterize the spatial structure of the landscape.
Carbon storage and sequestration were modeled with the carbon module of the INVEST model based on 4 carbon
pools (aboveground, belowground, soil organic carbon, and litter) and the economic value of carbon
sequestration was estimated by using the InVEST valuation function. The results showed an increase in total
carbon storage with a net sequestration of 354,375 Mg. The area of orchards, rangelands, and agricultural lands
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expanded, while barren lands decreased by 15,731 ha. The net present value of carbon sequestration was
estimated at USD 17.9 million (approximately IRR 2,327 billion). Landscape metrics indicated increasing
fragmentation with the numbers of agricultural and built-up patches rising by 45% and 21%, respectively. These
findings demonstrated that although LULC changes in western Kerman had been accompanied by increased
landscape fragmentation and expansion of built-up areas, the growth of orchards, rangelands, and agricultural
lands—particularly on barren lands—had offset these negative impacts, resulting in net positive carbon
sequestration. Integrating conservation policies with sustainable agricultural development on low-yield lands
represents an effective strategy for sustaining carbon sequestration in arid and semi-arid ecosystems.

Keywords: Ecosystem Services, INVEST, Landscape Metrics, Economic Valuation, Arid and Semi-Arid
Ecosystems.

Introduction

Avrid and semi-arid ecosystems constitute a substantial portion of the Earth's terrestrial surface and represent the
dominant biome in many regions, including Kerman Province. These areas are ecologically fragile owing to
water scarcity, poor soil fertility, and limited vegetation cover, which render them exceptionally sensitive to
environmental change. The ecosystem services provided by these landscapes—categorized as provisioning,
regulating, supporting, and cultural—are vital to human socio-economic well-being. Among regulating services,
carbon sequestration plays a critical role in mitigating climate change by removing CO, from the atmosphere and
storing it in biomass and soil pools. However, Land Use and Land Cover (LULC) changes, particularly in
drylands, can disrupt this balance and lead to substantial carbon emissions. Processes like agricultural expansion,
urbanization, overgrazing, and unsustainable resource exploitation often result in reduced carbon storage, soil
degradation, and ecosystem decline. Climate change—including rising temperatures and decreasing
precipitation—further alters carbon cycle dynamics in these ecosystems. Thus, precise spatiotemporal
monitoring of carbon sequestration is essential for understanding ecosystem dynamics and developing
sustainable land management strategies. The INVEST model has emerged as a powerful tool for the spatial and
temporal estimation of carbon stocks across 5 pools: aboveground biomass, belowground biomass, dead organic
matter, soil organic carbon, and harvested wood products. Despite its importance, previous studies in Iran—
particularly in the arid and semi-arid ecosystems of western Kerman Province—have largely been limited to
static assessments without employing advanced spatial models for temporal trend analysis. Domestic research
has evolved from descriptive approaches toward quantification and economic valuation. International studies
employing integrated models, such as InVEST, PLUS, and CA-MC, have made considerable progress in
analyzing carbon sequestration dynamics. However, a fundamental research gap persists in the arid and hyper-
arid ecosystems of western Kerman, a region that hosts valuable protected areas, including Khabr National Park,
Rouchun Wildlife Refuge, and the Bidooieh and Bahram-e-Goor regions. Despite its high ecological sensitivity
and mounting pressures from climate change and human activities, this area requires more detailed investigation
of carbon emission and sequestration dynamics to inform effective management strategies. Accordingly, this
study aimed to evaluate the spatiotemporal dynamics of carbon sequestration and emission in the arid and semi-
arid landscapes of western Kerman by using remote sensing, the InVEST model, and economic valuation
approaches. By analyzing carbon stock trends, assessing the impacts of LULC change, and identifying high-
priority areas for conservation, this research sought to provide actionable management strategies to enhance
ecosystem sustainability and mitigate the consequences of climate change in these fragile regions.

Materials & Methods

The study area encompassed Baft, Sirjan, and Bardsir counties in Kerman Province located between 55°30" and
57°10" E longitude and 27°50" and 30°10’ N latitude. This region included valuable protected areas, such as
Khabr National Park, Rouchun Wildlife Refuge, Bidooieh Protected Area, and a portion of Bahram-e-Goor
Protected Area, providing a suitable context for analyzing carbon sequestration dynamics. LULC maps for 2000
and 2025 were produced by using Landsat satellite imagery with a 30-meter spatial resolution and cloud cover
below 10%. An integrated approach combining supervised classification, unsupervised classification, and
decision tree methods was implemented. NDVI and NDW!I indices were employed to distinguish vegetated
surfaces and water bodies. Overall accuracy and the Kappa coefficient were used to evaluate classification
accuracy through error matrix analysis. Landscape metrics were calculated by using FRAGSTATS software,
including Class Area (CA), Percentage of Landscape (PLAND), Number of Patches (NP), Patch Density (PD),
Mean Patch Size (AREA-MN), Edge Density (ED), Aggregation Index (Al), and Shannon's Diversity Index
(SHDI). The results were analyzed in Microsoft Excel to identify spatiotemporal dynamics. Carbon storage
modeling was performed by using the InVEST model across 4 carbon pools: aboveground biomass,
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belowground biomass, soil organic carbon, and litter. Carbon values for each land use class were derived from
validated scientific data, local studies conducted in Kerman Province, and IPCC guidelines. The model's primary
input consisted of the 30-meter resolution LULC maps. Economic valuation of carbon sequestration was
performed by using the INVEST valuation function. A baseline carbon price of USD 51 per ton was adopted,
along with an annual market discount rate of 5% and an annual carbon price growth rate of 3%. The shadow
price of carbon was employed to estimate economic value, thereby avoiding double counting of ecosystem
services. Statistical analyses and graphical outputs were generated using R and Python software. Topographic
maps were used to extract elevation information and support spatial analyses. The study was conducted in 3
main steps: preparation of LULC maps and extraction of landscape metrics, carbon storage modeling, and
monitoring of land use changes and carbon stock dynamics.

Research Findings

LULC maps for 2000 and 2025 revealed significant transformations over the 25-year period. Classification
accuracy was high with Kappa coefficients of 87.2 and 93.2% for 2000 and 2025 and overall accuracies of 89.3
and 94.3%, respectively. Built-up areas increased from 21,188 to 25,301 ha (19.4% growth), while agricultural
land expanded from 193,466 to 201,506 ha. Conversely, barren land decreased from 1,736,905 to 1,721,174 ha.
Landscape metrics indicated increasing fragmentation with the Number of Patches rising across all classes,
particularly for agriculture (52,094 to 75,581) and built-up areas (50,931 to 61,808). ED increased for agriculture
(12.4 to 15.5) and barren land (45.3 to 47.8), suggesting more complex boundaries. The Al decreased for
agriculture (85.2 to 82.2), indicating reduced spatial connectivity. SHDI increased slightly from 0.93 to 0.94,
reflecting a moderate enhancement of landscape heterogeneity. Total carbon storage increased from 32,371,049
Mg in 2000 to 32,725,424 Mg in 2025, representing a net positive change of 354,375 Mg. Hotspots of carbon
storage were concentrated in orchard and agricultural areas. Economic valuation using a carbon price of USD 51
per ton with a 5% discount rate and a 3% annual growth rate yielded a net present value of approximately USD
17,900,801 (equivalent to IRR 2,327 billion), indicating that land use changes during this period generated
positive economic benefits from carbon sequestration services.

Discussion of Results & Conclusion

This study aimed to evaluate the spatiotemporal dynamics of carbon sequestration ecosystem services in the arid
and semi-arid landscapes of western Kerman Province by integrating the INVEST model, remote sensing data,
and economic valuation approaches. Unlike most previous studies, which had primarily reported a decline in
carbon sequestration due to land use changes, this study offered a different perspective by identifying
simultaneous increases in carbon sequestration alongside intensified landscape fragmentation. LULC analysis
over the 25-year period revealed significant transformations. Built-up areas increased by 4,113 ha (19.4%
growth) and agricultural land expanded by 8,040 ha, while barren land decreased by 15,731 ha. These changes
reflected profound landscape transformation and mounting pressure on natural resources attributable to
agricultural development, population growth, urbanization, and government policies supporting rehabilitation of
barren land. Landscape metrics identified fragmentation as the most prominent consequence. The NP for
agriculture increased by 45% (from 52,094 to 75,581) and for built-up areas by 21% (from 50,931 to 61,808),
indicating agricultural land fragmentation and scattered urban expansion. The Al for agriculture decreased from
85.2 to 82.2, suggesting reduced spatial connectivity that might compromise irrigation efficiency and ecosystem
services. ED increased for agriculture (12.4 to 15.5) and barren land (45.3 to 47.8), indicating more complex
boundaries and increased edge effects. SHDI increased slightly from 0.93 to 0.94, reflecting a moderate
enhancement of landscape heterogeneity. Although barren lands had been converted to economically valuable
land uses, these changes had been accompanied by increased fragmentation and reduced spatial connectivity,
threatening ecological functionality. Carbon storage modeling revealed that total carbon stock increased from
32,371,049 Mg in 2000 to 32,725,424 Mg in 2025, representing a net positive change of 354,375 Mg. This
increase occurred despite urban development and expansion of built-up areas, which typically reduced
vegetation cover and increased carbon emissions. The net present value of carbon sequestration was estimated at
approximately USD 17.9 million (equivalent to IRR 2,327 billion), demonstrating the positive economic
performance of this ecosystem service. Spatial analysis identified carbon storage hotspots concentrated in
orchard and agricultural areas with the highest carbon density occurring in regions with dense vegetation cover.
The presence of 3 protected areas within the study region—Bidooieh, Bahram-e-Goor, and Khabr-Rouchun—
had contributed significantly to preventing vegetation degradation and creating conditions for natural restoration.
Two primary factors explained this positive trend. First, the expansion of orchard and agricultural areas with
relatively high carbon density (63 Mg/ha of aboveground carbon in orchards) had offset the negative impacts of
urban expansion. Second, effective protected area management had prevented vegetation degradation and
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facilitated natural regeneration. This finding aligns with international studies demonstrating that ecological
protection policies can enhance carbon storage capacity. However, it is crucial to recognize that increased carbon
sequestration should not be interpreted as an unequivocal environmental success. Landscape metrics
simultaneously revealed intensified fragmentation, reduced connectivity, and increased edge density, indicating
that although carbon stocks had increased, landscape ecological integrity had deteriorated. This duality
represented a fundamental challenge: economic gains from carbon sequestration had been achieved at the cost of
landscape fragmentation and reduced ecological connectivity. Therefore, the observed increase in sequestration
should be regarded as a temporary consequence of land use conversion with potentially negative long-term
ecological implications. In conclusion, this study demonstrated that integrating remote sensing, InVEST
modeling, and economic valuation provides a robust framework for monitoring carbon dynamics in arid
ecosystems. The findings confirmed that conservation policies and sustainable land management can maintain
and even enhance ecosystem services, even under development pressure. However, the simultaneous increase in
fragmentation and carbon storage presents a critical duality that requires careful attention from planners and
decision-makers. Sustainable management strategies must balance the economic benefits of carbon sequestration
against the ecological costs of landscape fragmentation. Strengthening protected area networks, promoting
sustainable agricultural practices, and implementing integrated landscape planning are essential for maintaining
carbon sequestration capacity while preserving ecological integrity. Future research should incorporate field
measurements, simulate alternative development and conservation scenarios, assess climate change impacts, and
evaluate community engagement in conservation programs in order to identify optimal land management
pathways for sustaining these valuable ecosystem services in arid regions.
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