< sustainability

Article

Comprehensive Analysis of Land Use Change and Carbon
Sequestration in Nepal from 2000 to 2050 Using Markov Chain
and InVEST Models

Deepak Chaulagain -2, Ram Lakhan Ray 3(%, Abdulfatai Olatunji Yakub >(9, Noel Ngando Same 1209,
Jaebum Park 2©%, Dongjun Suh (7, Jeong-Ok Lim 2 and Jeung-Soo Huh -2*

check for
updates

Citation: Chaulagain, D.; Ray, R.L;
Yakub, A.O.; Same, N.N.; Park, J.; Suh,
D.; Lim, J.-O.; Huh, J.-S.
Comprehensive Analysis of Land Use
Change and Carbon Sequestration in
Nepal from 2000 to 2050 Using
Markov Chain and InVEST Models.
Sustainability 2024, 16, 7377. https://
doi.org/10.3390/su16177377

Academic Editor: Anna De Marco

Received: 21 July 2024
Revised: 8 August 2024
Accepted: 25 August 2024
Published: 27 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Convergence & Fusion System Engineering, Graduate School, Kyungpook National University,
Sangju 37224, Republic of Korea; chaulagaindeepull@gmail.com (D.C.);

yakubabdulfatail@gmail.com (A.O.Y.); samenoell@gmail.com (N.N.S.); woqjal33@naver.com (J.P.);
dongjunsuh@knu.ac.kr (D.S.); jolim@knu.ac.kr (J.-O.L.)

Institute for Global Climate Change & Energy, Kyungpook National University, Daegu 41566,

Republic of Korea

Cooperative Agricultural Research Centre, College of Agriculture, Food, and Natural Resources,

Prairie View A & M University, Prairie View, TX 77446, USA; raray@pvamu.edu

*  Correspondence: jshuh@knu.ac.kr

Abstract: The escalating pace of migration and urbanization in Nepal has triggered profound
alterations in land use practices. This event has resulted in a considerable diminution of ecological
diversity and a substantial decline in the potential for carbon sequestration and other ecosystem
services, thereby impeding climate change mitigation efforts. To address this, a comprehensive
assessment of land use change and carbon storage was conducted from 2000 to 2019 and forecasted
to 2050 in Nepal. Employing the Markov chain and InVEST models, this study evaluated the loss
and gain of carbon, elucidating its economic value and spatial distribution. The findings revealed
that carbon storage in 2000 and 2019 were 1.237 and 1.271 billion tons, respectively, with a projected
increase to 1.347 million tons by 2050. Carbon sequestration between 2000 and 2019 amounted to
34.141 million tons, which is anticipated to surge to 76.07 million tons from 2019 to 2050, translating
to economic valuations of 110.909 and 378.645 million USD, respectively. Forests emerged as pivotal
in carbon storage, exhibiting higher carbon pooling than other land use types, expanding from 37%
to 42% of the total land area from 2000 to the predicted year 2050. Notably, carbon distribution was
concentrated in parts of the terai and mountain regions, alongside significant portions of the hilly
terrain. The findings from this study offer valuable insights for governing Nepal and REDD+ in
developing and implementing forest management policies. The results emphasize the importance of
providing incentives to local communities judiciously to promote effective conservation measures.

Keywords: carbon distribution; ecological diversity; ecosystem services; forest; local communities;
mitigation

1. Introduction

Carbon storage is about where and how carbon is retained in various reservoirs for
long time periods, which can occur naturally or through human intervention, while carbon
sequestration focuses on the process of actively capturing atmospheric CO, and storing it
in these reservoirs [1]. Forest ecosystems, such as tropical, temperate, and boreal forests,
are essential to the global carbon cycle. Collectively, they contain about 85% of the world’s
terrestrial aboveground biomass (AGB) [2]. These forests, rich in biodiversity, are substan-
tial carbon reservoirs, contributing to approximately 40% of the global aboveground carbon
pool. Research has indicated that tropical forests alone store between 250 and 300 gigatons
of vegetation carbon, with a significant portion, approximately 200 gigatons, present in
AGB [3/4]. Understanding the dynamics of biomass, which encompasses all organic matter

Sustainability 2024, 16, 7377. https:/ /doi.org/10.3390/su16177377

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16177377
https://doi.org/10.3390/su16177377
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8288-0192
https://orcid.org/0000-0002-7833-9253
https://orcid.org/0000-0001-6283-0737
https://orcid.org/0000-0003-2743-4469
https://orcid.org/0000-0002-8894-2830
https://orcid.org/0000-0001-7201-0521
https://doi.org/10.3390/su16177377
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16177377?type=check_update&version=1

Sustainability 2024, 16, 7377

20f19

above ground, is crucial for gauging how these ecosystems mitigate atmospheric carbon
dioxide [5]. Effective management of these forests enhances their ability to absorb CO,
incorporating it into the biomass and subsequently enriching the soil. In this context, the
carbon cycle involves several key storage pools, including soil organic carbon (SOC), dead-
wood carbon, AGB, and belowground biomass (BGB), each of which plays a significant role
in carbon sequestration and the overall health of the ecosystem [6-8]. Carbon released from
these pools is reabsorbed by vegetation, highlighting the importance of efficient carbon
management [9,10].

Initiatives such as the Green India Mission and REDD have been implemented glob-
ally to reduce CO, emissions. The Clean Development Mechanism under the UNFCCC
promotes carbon sequestration through afforestation and reforestation. Meanwhile, REDD+
focuses on reducing emissions from deforestation and enhancing forest carbon stocks,
demonstrating the critical role of forestry in mitigating climate change [11].

Recent studies have highlighted the viability of afforestation as a climate policy,
indicating it as a highly effective alternative to combating the consequences of deforestation.
Afforestation not only addresses the root cause but also offers a sustainable solution for
carbon management [12,13]. The carbon cycle, which involves various storage pools, such
as vegetation and firewood plantations, plays a critical role in this context. This cycle,
detailed by researchers such as in [14,15] involves the release and reabsorption of carbon,
which is influenced by land use changes. Hernandez-Guzman et al. in 2019 [15] analyzed
land use and land cover (LULC) changes in a hydrologic basin in Mexico and their effects
on carbon storage. We projected LULC changes up to 2050 and used the InVEST model for
carbon storage estimation by employing unsupervised classification of Landsat images and
cellular automata Markov (CA-Markov) chain modeling. They found significant landscape
modifications, particularly an increase in exposed soils and a decrease in evergreen and
tropical dry forests, leading to a reduction in carbon stock from 362.9 Tg C in 1986 to an
expected 317.9 Tg C in 2050 [15]. Chen et al. [3] studied the dynamics of ecosystem services
(ESs) in response to urbanization in China’s Yangtze River Economic Belt. They used the
future land use simulation (FLUS) model to simulate short-, medium-, and long-term land
use changes and assessed six ESs under different land use scenarios. The study found
intensive urban sprawl and a decrease in cropland, leading to declining trends in all ESs
except a few under one scenario. This study highlights the impact of urbanization on ESs,
including carbon storage, which is expected to decline by 1.95-6.781% [3]. These studies
collectively showed the importance of strategic land management and afforestation in
enhancing carbon sequestration and mitigating climate change.

In addition, Zhao et al. [16] evaluated the impact of ecological engineering on carbon
storage in the semiarid northwestern region of China. They simulated land use/cover
changes following ecological engineering programs and assessed their impact on carbon
storage by linking the CA-Markov and InVEST models. The results indicated an increase
in carbon storage by 10.27 Tg from 2015 to 2029, with a relative error of 0.22% in the
linked model, indicating its high applicability in such assessments [16,17]. Focusing on
the semiarid region of Sergipe, Brazil, the study highlights that deforestation and land
degradation significantly reduced carbon stock, while restoration efforts can provide
substantial carbon sequestration benefits. This research investigates the economic and
environmental importance of preserving and restoring natural ecosystems [17]. Zhang
et al. [18] investigated the effects of rapid urbanization in Shanghai, China, revealing
a substantial decline in carbon stock due to the conversion of forested and agricultural
lands into urban areas. The study outlines the critical role of urban green spaces and
adaptative management in encountering the negative impacts of urban expansion on carbon
emission. The investigation into wetland changes in China’s coastal urban agglomerations
demonstrates the fluctuating carbon storage trends and the effectiveness of ecological
protection in enhancing carbon sequestration [19]. Hoque et al. analyzed forest plantations
in coastal Bangladesh, revealing significant increases in regional carbon storage due to the
expansion of mangrove areas under different land management strategies. The study also
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highlighted the trade-offs between carbon storage and food supply, emphasizing the need
for balanced land use policies to address both climate adaptation and food security [20].
These studies employed the CLUE-S, CA-Markov, and InVEST models and collectively
highlighted the critical need for sustainable land use planning and the adoption of multi-
faceted strategies to improve carbon sequestration and achieve environmental goals using
the CLUE-S, CA-Markov, and InVEST models.

A study in the Sariska Tiger Reserve highlights the necessity of integrating ecological
and economic valuation in land management, with improved conservation scenarios
significantly reducing carbon loss [21]. In addition, Saha et al. evaluated the biophysical and
economic values of ESs in the Sundarbans Biosphere Region, India. They used Net Primary
Productivity models, InVEST, and CA-Markov to assess the impact of climate change and
land use dynamics from 1982 to 2045. The study observed significant variations in ES
values, with the highest values in habitat service, nutrient cycling, and gas regulation. The
study found that regulating services were most affected by land use and climate change [22].
Verma et al. assessed carbon sequestration mapping and its economic quantification in the
Askot Wildlife Sanctuary, Western Himalayas. They employed a novel approach combining
machine learning and spatial-temporal techniques for LULC simulation with the InVEST
model. The study revealed significant economic losses owing to rapid forest cover decline,
highlighting the importance of conservation strategies for forested landscapes [23].

Various methodologies exist to enhance the accuracy of carbon storage assessments,
encompassing techniques such as biomass assessment, stock volume analysis, chamber
measurements, and sampling methodologies. However, these methods face significant
challenges in portraying carbon storage dynamics across large spatial areas over prolonged
periods [24]. This study introduces a unique approach by combining the INVEST model
with CA-Markov, offering an innovative technology for spatial representation, dynamic
analysis, and quantitative evaluation of ESs [24]. Recent studies have witnessed the
integration of various LULC simulation models, such as the multilayer perceptron (MLP)
neural network-Markov chain [25], SD-CLUE-S [26], Logistic-CA-MC [27], FLUS [28],
and the PLUS model [29], with the INVEST model. These integrated models are reliable
techniques for assessing the impact of climate and LULC changes on ecosystem carbon
storage. The INVEST model’s carbon module primarily relies on land use data from key
sources, making it well suited for large landscapes and extended time series. The precision
of the InVEST model outcomes depends on the accuracy of the LULC maps used in the
base and predicted years. CA-Markov in Terrset demonstrates a higher accuracy and is
user-friendly in presenting LULC maps for current and projected years compared with
other LULC simulation models.

Land use changes, along with forest and soil degradation, contribute to increased
greenhouse gas emissions. Nepal, with its highly fragile ecosystem, faces significant chal-
lenges related to forest and soil degradation and carbon sequestration [30]. This issue
warrants deep analysis due to its severity. Over the past few decades, both anthropogenic
and natural impacts have continually altered land use and land cover in Nepal [31]. Agri-
culture is the primary economic activity, and rural populations heavily depend on forest
resources for fuelwood and timber. The mountainous and hilly regions are particularly
sensitive to land use and land cover changes, even with minimal human interference [31].
Since the 1970s, land use change trends in Nepal have accelerated due to population growth,
leading to the conversion of significant forest areas into agricultural land and built-up
area [32]. Recent studies indicate that forests accounted for 44.47% of total land area in
2018. Agricultural land expanded rapidly from 1910 to 2010 but has slightly declined since
2010 due to rapid urban expansion [33].

The application of the INVEST model integrated with CA-Markov in Nepal is limited.
Rimal et al. [34] applied the InVEST model within a confined geographical area, specifically
the Koshi River basin, incorporating a support vector machine approach. Similarly, Bastola
et al. [35] employed the INVEST model in the Bagmati River basin for water yield analysis.
However, these studies are unable to present a comprehensive overview of imminent land
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use change and carbon storage across the entire country, encompassing future predictions
and economic valuation of sequestered carbon. To address this gap, the current study
provides a holistic perspective by presenting total carbon storage and sequestration from
2000 to 2050, including economic values and the spatial distribution of carbon storage
throughout the nation using the InNVEST model coupled with CA-Markov of TerrSet for
the prediction of land use change. This research segments the study area into three regions
with alike features for higher accuracy and refines the results through averaging the carbon
densities of similar studies of comparable regions. This technique both reinforces the
findings and highlights the advanced methodology employed in this study. With Nepal
setting ambitious net-zero emission targets for 2050, this research emerges as an informative
tool for the government, assisting in the development of policies for effective land use
management and the strategic allocation of incentives to local communities for sustainable
forest management.

Furthermore, the comprehensive analysis of carbon sequestration, economic analysis,
and presenting models of this study are beneficial for global policymakers in the realm of
carbon trading. This study employs specific carbon and discount rates that are particularly
relevant for countries with economies characteristics similar to Nepal, enabling them
to assess their carbon outputs and thus facilitating their entry into international carbon
markets. It proposes a plan for sustainable land management and climate change strategies
that aim to strike a balance between environment protection and economic growth. This
approach influences global environmental management policies and supports equitable
economic development through engagement in international carbon markets.

2. Materials and Methods

The evaluation of carbon sequestration in Nepal encompassed the prediction of land
use using CA-Markov of Terrset IDRISI, the tabulation of the carbon density of each land
use type, and the measurement of carbon loss and sequestration through the application of
the InVEST model. The research framework of this study is shown in Figure 1.
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Figure 1. A conceptual framework showing the steps involved in this study.
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2.1. Model Description
2.1.1. InVEST Model

Materials developed collaboratively by Stanford University, the University of Min-
nesota, the Nature Conservancy, and the Worldwide Fund for Nature (WWF), the InVEST
model encompasses four modules for assessing terrestrial ESs. These modules focus on
soil conservation, water retention, carbon storage, and biodiversity assessment, provid-
ing a comprehensive measurement of regional Ess [24]. Specifically, the carbon storage
model within INVEST combines four distinct pools: aboveground biomass carbon, below-
ground biomass carbon, dead organic carbon, and SOC, each assigned to various LULC
categories [36]. The formula for calculating the total carbon storage in Nepal is articulated
as follows [8,24]:

Ctotal = Cavove + Crelow + Csoit T Cdead. (1)

where Cy,, is the total carbon storage, Cgpore is the aboveground carbon storage, Cpeiorp
is the underground carbon storage, Cs,; is the soil carbon storage, and Cy,,y is the dead
organic matter carbon storage.

Based on the carbon pooling and land use data, the carbon storage of each land use
type in Nepal is calculated as follows [24]:

Crotali = (Cabovei + Cretowi + Csoiti + Cdeadi) X Aj, 2)
where i is the average carbon density of each land use and A; is the area of this land use.

2.1.2. CA-Markov Model

The CA-Markov chain model was used to forecast land use changes over different
periods. This model stands out as a reliable method because of its efficient algorithm, which
is particularly adept at eliminating any ambiguities in land use transfer [37]. This model
comprises four integral components: cells and cell states, neighborhood, and conversion
rules. The cell, which is the smallest computational unit, is instrumental in the model, with
the cell state representing the category assigned to each cell. The neighborhood aspect
pertains to the conversion state of the current cell, whereas the conversion denotes the
specific rule in which the cell transforms. The general CA model formula is as follows [36]:

S(t+1) :f(s(t)/ N), ©)

where S is a finite and discrete state set of cells; N is the neighborhood of the cell; t and t + 1
represent two different moments; and f is the state transition rule.

Markov models perform matrix analysis within random time series through math-
ematical modeling, projecting the likelihood based on the existing state and evolving
trends in LULC. The formulation of the Markov model can be articulated by the following
formula [36]:

Ap=Ap1 X Pij/ (4)

where A, and A, are the spatial distribution states of land use at two moments, and P;; is
the state transition probability matrix, which is calculated as follows [38]:

Pin P Py .
P=Pj=|Pn Pn Puw|, ), Pi=1 6)
Pnl Pn2 Pnn

In the given formula, P represents the matrix of Markov transitions, where i and j
denote the categories of LULC for the initial and successive timeframes, respectively. The
variable “n” represents the number of LULC classes, and Pj; signifies the probability or
likelihood of a specific type of land transitioning from one LULC category to another.
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2.2. Study Area

Nepal is rich in a remarkable diversity of ecosystems, spanning from low-lying flat-
lands at 59 m above sea level (masl) to towering mountains reaching 8849 masl with
geographical coordinates ranging from 26°20'53" to 30°26'51” N in latitude and from
80°03'30" to 88°12'05” E in longitude [39]. The predominant hilly and mountainous re-
gions of Nepal play crucial roles as carbon sinks. Notably, community forests, extending
from lowlands to high mountains, are exemplary models for carbon sequestration in South
Asia. The study area was classified into three distinct parts [40]: terai (flat land), hill, and
mountain, reflecting the highly heterogeneous environment and the significant variation
in carbon density, particularly in forested areas across these regions. The major land use
types in Nepal include forest, cropland, grassland, snow /glacier, wooded land (shrubland),
barren land (sand, gravel, and rock), lakes and rivers, and built-up areas [31]. Among these
land use types, forest covers approximately 39.1%, followed by cultivated lands at 29.83%,
and grassland at 7.90%. The remaining land is covered by wooded land (shrub land),
lakes, rivers, snow/glaciers, and built-up areas [41]. The common soils in the Tarai and
Middle Mountain physiographic regions are Entisols, Inceptisols, Alfisols, and Mollisols.
In contrast, the Siwaliks and High Mountain regions are predominantly covered with
Entisols and Inceptisols. The High Himalayan region is characterized by the prevalence of
Inceptisols and Spodosols, alongside rock outcrops [42]. The total population of Nepal is
29,164,578 [43]. A visual representation of the study area is shown in Figure 2.

160 320
Kilometers

Figure 2. Geographical distribution of the study area.



Sustainability 2024, 16, 7377

7 of 19

2.3. LULC Map Preparation

This study employed the LULC map of Nepal created by ICIMOD, featuring a grid
size of 30 m X 30 m. The ICIMOD map originally included 11 land use classes. In our
research, we reclassified the map, merging snow and glaciers into a single category called
snow /glacier and combining riverbed, bare soil, and bare rock into the category of bare
land. The final map used in this study comprises the following land use types: wooded land
(shrub land), waterbody, agricultural land, built-up area, forest, snow/glacier, grassland,
and bare land.

The ICIMOD map is noted for its high accuracy, which is attributed to the use of a
regional land cover monitoring system. This approach addresses challenges such as limited
data accessibility, lack of transparency in data collection methodologies, and inconsistencies
in land cover classification. The ICIMOD map stands out for its yearly generation of high-
resolution land cover data for the Hindu Kush Himalaya region. Moreover, it employs
a cloud-based machine learning system to generate the land cover map, validating its
accuracy through extensive field monitoring [44].

2.4. LULC Map Prediction for 2050 Using CA-Markov in TerreSet

The prediction of future land use dynamics in Nepal was performed using the CA-
Markov environmental simulation model, available in the Terrset 2020 version 19.0.8. This
model’s prediction process involved three fundamental steps: (1) change analysis and
land use transition, (2) transition potentials, and (3) change demand modeling using the
Markov chain.

Change analysis and land use transition were conducted using the Land Change
Modeler within Terrset, using LULC maps, elevation maps, and road layers from 2000
to 2010 in the study area. The inputs were prepared in ArcGIS 10.5 and converted into
the IDRISI format. A threshold of 5000 ha was set to ignore transitions below this value,
resulting in a transition map illustrating 42 transitions from one land class to another
between 2000 and 2010.

The study area, encompassing flat land, hills, and mountain regions, experienced
LULC changes influenced by driver variables, such as slope, elevation, distance from the
river [45], distance from the road [46], distance from settlement [47], and distance from
transmission lines [48]. Cramer’s V values were calculated for all variables, and those with
low values were also included. The MLP neural network was employed for the transition
sub-model, as it is an artificial neural network capable of handling nonlinear relationships
without user intervention.

The final step in land use prediction involved the use of a Markov chain for change
demand modeling. All sub-models, including the MLP neural network, were integrated
to produce a single map for the predicted year. Initially, LULC maps for the years 2000
and 2010, prepared by ICIMOD, were employed to simulate the LULC map for 2019. This
simulation was then compared with the ICIMOD-prepared map for 2019, which is known
for its high accuracy, attained through comprehensive field survey validation. Once a high
accuracy was achieved between the predicted and observed maps, the model was extended
to predict the LULC map for 2050. The Markov chain method applied in this study relies
on the conditional probability of past and present transitions, employing a soft prediction
modeling approach with a logical “OR” aggregation type.

2.5. Assessment and Prediction of Carbon Sequestration Using the InVEST Model

In the assessment of carbon sequestration using the InVEST model, land use maps of
Nepal were categorized into three regions—terai, hill, and mountain—using ArcGIS. The
carbon pooling table for each land use type in these regions was constructed based on the
IPCC guidelines [49] and relevant literature [21,34,35]. Table 1 presents carbon pools in
AGB, BGB, SOC, and dead wood carbon across different classes of the LULC map.
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Table 1. Carbon pool estimated (Mg/ha) for the INVEST model.
LULC Code LULC_Name C_Above C_Below C_Soil C_Dead
1 Waterbody 0 0 0 0.01
2 Snow 0 0 0.01 0
Forest (Terai) 77.88 26.12 33.66 6.95
3 Forest (Hill) 66.42 21.14 59.01 2.97
Forest (Mountain) 114.27 38.09 114.03 2.97
4 Baresoil 3.6 4 10 0
5 Built-up 5 1 5 0
6 Agriculture 3.95 2 6.6 1
7 Grassland 0 0 84.9 0
8 Wooded land 13.3 5.15 27.24 2.54

The carbon trade agreement between the government of Nepal and the World Bank,
which valued carbon at USD $5 per ton, was integrated into the study to incorporate
economic considerations. The economic analysis employed a market discount rate of 3%,
and the annual rate of change in the carbon price was assumed to be zero, drawing from
the information obtained from [21].

This study spanned two-time intervals: 2000-2019 and 2019-2050. For the initial
period (2000-2019), the LULC map for the base year 2000 was used, with the predicted
year being 2019. Similarly, for the subsequent interval (2019-2050), the initial year was
2019, and the predicted year was set to 2050. After inputting all necessary information into
the InVEST model, the simulation was executed, generating an output map that was then
imported into ArcGIS to extract the required information. The model presents the carbon
storage data for the years 2000, 2019, and 2050, utilizing information from the land use map
and carbon pool table. Net carbon sequestration for the periods 2000-2019 and 2019-2050
was determined by calculating the difference in carbon storage between 2000 and 2019, and
between 2019 and 2050, respectively, using the INVEST model.

2.6. Spatial Distribution and Cluster Characteristics of Carbon Storage

In ArcGIS, the carbon storage maps for Nepal’s terai, hill, and mountain regions
were merged to create a comprehensive raster map covering the entire country. This map
delineates carbon storage for the years 2000, 2019, and 2050, employing a grid size of
30 m x 30 m. The map was subjected to natural breaks (Jenks) classification to enhance
interpretability, resulting in six distinct classes. These classes are defined as follows: “no
carbon” for areas with 0 tons, “very low” for those within the 0-1.16 tons range, “low”
for 1.16-3.95 tons, “moderate” for 3.95-8 tons, “high” for 8-12.9 tons, and “very high”
for 12.9-24 tons. This classification schema offers a detailed depiction of carbon storage
dynamics across Nepal, facilitating a nuanced analysis of carbon distribution patterns for
the specified years.

This study employed Global Moran’s I to characterize the spatial differentiation of
carbon storage in the study area, using the following formula [24]:

[ nYiq Yisq wij (xi —X)(xj — X)
Yt D wiig (i — %)

(6)

where wj; is the spatial weight, x is the attribute mean, x; and x; are the attribute values of
elements i and j, respectively, and # is the number of cells. The correlation is considered
significant when |z > 1.96 corresponds to a 95% confidence level in hypothesis testing
using the standard normal distribution. This statistical approach provides insights into
the spatial patterns and characteristics of carbon storage, helping to discern significant
correlations within the study area.
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3. Results
3.1. LULC Mapping and Prediction

In Figure 3, the distribution of land classes is presented for the years 2000, 2019, and the
projected year 2050. In 2000, forest land covered the largest area at 55,702.51 km? (37.54%),
followed by agriculture land at 39,618.94 km? (26.7%) and grassland at 19,889.78 km?
(13.4%). In 2019, the trend continued with forest covering 58,306.22 km? (39.3%), agriculture
land covering 36,440.35 km? (24.56%), and grassland covering 18,979.76 km? (12.79%). Pro-
jected for 2050, forest land is expected to cover the largest portion at 62,062.05 km? (41.83%),
followed by agriculture land at 38,371.04 km? (25.86%) and bare land at 18,898.57 km?
(12.74%). Waterbodies consistently occupy the smallest area, less than 1%, whereas wooded
land slightly decreases from 2.19% to 2.02%, as shown in Table 2. Similarly, the dynamics
of land use changes during the 2000-2019 interval and the projected 2019-2050 interval are
presented in Table 2. In the past time interval, the snow/glacier land use type experienced
a 2.25% increase, followed by a 5.12% decrease in the projected time interval, showcasing
a consistent trend. The built-up area demonstrated minimal change over both intervals.
Conversely, bare land and agricultural land witnessed a decrease of 1.58% and 2.15% in
the past, only to increase by 4.44% and 1.3%, respectively, in the projected period. Notably,
the forest area exhibited growth in both time intervals, with a 1.75% increase in the past
and a more substantial 2.53% increase in the projected period. These observations pro-
vide insights into the dynamic nature of land use changes, reflecting historical trends and
anticipated shifts in the landscape over specified timeframes.

(A) LULC 2000 (C) LULC 2050

(B) LULC 2019

LULC_TYPE
B ooded_land
- Water_body
D Agrculture_land
B suitup_area .
I Forest
- Glacier/Snow N

B Grssiand 0 50100 200 300 400
B sarelend S —— Kilometers

Figure 3. Historical and future projection maps of land use and land cover changes over time.
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Table 2. Area-wise distribution of land use and land cover change over time intervals.

Year 2000 Year 2019 Year 2050 Change (%)
LULC Type
Area (km?) Area (%) Area(km?) Area(%) Area(km2?) Area(%)  2000-2019  2019-2050

Waterbody 505.34 0.34 541.36 0.36 477.65 0.32 0.02 —0.04
Snow /Glacier 9793.64 6.6 13,134.41 8.85 5437.79 3.66 2.25 —-5.19

Forest 55,702.51 37.54 58,306.22 39.3 62,062.05 41.83 1.76 2.53

Bare land 14,643.18 9.87 12,304.31 8.29 18,898.57 12.74 —1.58 4.45
Built-up area 4974.9 3.35 5471.52 3.69 5079.38 342 0.34 —0.27

Agriculture land ~ 39,618.94 26.7 36,440.35 24.56 38,371.04 25.86 —2.14 1.3
Grass land 19,889.78 13.4 18,979.76 12.79 15,055.89 10.15 —0.61 —2.64
Wooded land 3251.26 2.19 3201.64 2.16 2997.2 2.02 —0.03 —0.14

3.2. Accuracy Assessment for Model Validation

The accuracy assessment involved a comparison between the predicted land use map
and the LULC map prepared by ICIMOD, which is widely acknowledged for its high
accuracy. Using the base year’s LULC map of 2000 and the present year’s map of 2010,
the LULC map for 2019 was predicted through the integration of the MLP-Markov chain
analysis (MLP-MCA) method. This projected map was then compared with the ICIMOD’s
validated map for 2019 for model validation, resulting in an overall average accuracy of
90.4%. The accuracy of the model for individual land use types was 98.7% for forest areas,
94.7% for agricultural land, 99.4% for grassland, and 71.3% for the snow /glacier land use
type, as illustrated in Figure 4.

= Water_body
Snow/Glacier

= Forest
Bareland

= Builtup

= Agriculture

= Grassland

Wooded land

Figure 4. Accuracy of predicted model for individual land use types.

3.3. Carbon Storage and Sequestration in Nepal

Table 3 offers a comprehensive overview of carbon storage and sequestration in
Nepal’s diverse landscapes across different land use types for three distinct years. Figure 5
visually depicts the rate of change in carbon storage over specified time intervals. In 2000,
the total carbon storage stood at 1.237 billion tons, increasing to 1.271 billion tons in 2019
with a projected rise to 1.347 billion tons in 2050. Forests play a crucial role, contributing
significantly with carbon storage of 927 million tons in the initial year, 985 million tons in
2019, and an expected 1047 million tons in 2050. Grasslands follow suit, with approximately
149 million tons in 2000, 120 million tons in 2019, and an estimated 115 million tons in
2050. Agriculture land stored 69.4 million tons in 2000, 67.07 million tons in 2019, and an
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anticipated 73.05 million tons in 2050. Notably, carbon storage in forests increased by 6.3%
from 2000 to 2019, whereas grasslands experienced a 19.9% decrease, and agricultural land
witnessed a substantial 3.4% decrease in carbon storage during the same period. Looking
ahead to the 20192050 period, forest and bare land storage are anticipated to grow by
6.2% and 50%, respectively. Waterbodies and snow /glacier land types exhibit low carbon
storage, each holding less than 7.6 million tons of carbon. Waterbodies display a 5.7%
increase from 2000 to 2019 but a 51% decrease for 2019 to 2050, whereas snow/glacier
storage increases by 26.9% and decrease by 21.9% in the respective periods. Bare land and
built-up areas had storage of 48.4 and 16.2 million tons, respectively, in 2000, and projected
increases by 50% and decrease by 10.1% in 20192050, expected to reach 60 and 26.1 million
tons, respectively.

WOODED LAN-
W
CROPLAND'-
sare Lans IR
FOREST -
snow, (2o
— ® Rate of change (2019-2050)

= Rate of change (2000-2019)

Figure 5. Proportion of change in carbon storage over different periods.

Between 2000 and 2019, total carbon sequestration was 34.141, which will be increased
to 76 million tons in the projected 2019-2050 period, a remarkable increase. Bare land and
cropland initially experienced decreases but are anticipated to rebound in 2019-2050. The
carbon sequestration in both time intervals is positive at 58.2 million and 61.4 million tons
in forest, which is major source of atmospheric carbon sequestration.

Table 3. Total carbon storage and sequestration in Nepal at different time intervals.

Carbon Carbon Carbon Carbon Carbon
LULC Type Storage_2050 Storage_2019 Storage_2000 Sequestration Sequestration
(Tons) (Tons) (Tons) (2019-2050) (Tons)  (2000-2019) (Tons)
Waterbody 338,242.8 690,891 653,862.6 —352,648.2 37,028.4
Snow /glacier 6,000,000 7,685,170.9 6,055,617.5 —1,685,170.9 1,629,553.4
Forest 1,047,090,863 985,614,088 927,336,647 .4 61,476,774.5 58,277,440.6
Bare land 60,000,000 40,000,000 48,489,857.6 20,000,000 —8,489,857.6
Built-up area 26,112,506.3 29,049,802.2 16,266,090.9 —2,937,295.9 12,783,711.3
Cropland 73,052,858.3 67,079,110 69,452,611.8 5,973,748.3 —2,373,501.8
Grassland 115,000,000 120,000,000 149,822,066.6 —50,000,00 —29,822,066.6
Wooded land 19,710,590 21,115,590 19,016,129.4 —1,405,000 2,099,460.6
Total 1,347,305,060 1,271,234,652 1,237,092,884 76,070,407.8 34,141,768.3

3.4. Economic Loss and Gain from Carbon Sequestration

Figure 6 outlines the economic valuation of overall carbon sequestration in Nepal for
two distinct periods, calculated by summing the loss and gain of carbon in three regions:
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Terai, Hill, and Mountain. The total price of sequestered carbon in the 2000-2019 interval
was 110.9 million US dollars, projected to increase more than threefold to 378.64 million US
dollars in the 2019-2050 interval.

400
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Total Carbon Price (Millions USD)

Figure 6. Economic valuation of sequestrated carbon over different periods.

3.5. Spatial Distribution of Carbon Storage in Different Years

A 30 m x 30 m grid was employed to create a carbon storage map in Nepal, ranging
from 0 to 24 tons per grid cell. Carbon storage was categorized into classes ranging from
“no carbon” to “very high carbon” using natural breaks (Jenk) classification in ArcGIS.
Specifically, the classification scheme was as follows: 0 tons as no carbon, 0-1.16 tons as very
low, 1.16-3.95 tons as low, 3.95-8 tons as moderate, 8-12.9 tons as high, and 12.9-24 tons as
very high. Over the years 2000 to 2050, areas with very high carbon storage were prominent
in the Chure range, hills, and mountains (excluding snow and glaciers). Land use changes
were evident, with regions initially high in carbon storage shifting to moderate and low
in 2019, projected to return to high in 2050. Notably, areas with very low carbon storage
were predominantly found in agricultural lands in the terai and hilly regions, as shown in
Figure 7.

(A) Carbon storage in 2000

o (C) Carbon storage in 2050

(B) Carbon storage in 2019

Spatial distribution of
carbon storage

I No carbon v
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[ Jlow .
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[ High 0 40 80 160 240 320 .
-Veryhigh e e i lom et 12

Figure 7. Spatial distribution of carbon storage in different years.
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3.6. Spatial Cluster Characteristics of Carbon Storage

The carbon storage maps of 2000, 2019, and 2050 were gridded with a grid size of
30 m x 30 m, and the Moran’s I index at the grid scale was calculated (Table 4). The
Moran’s value was greater than 0.4, p < 0.001 in all three years, indicating a significant
spatial positive correlation and spatial cluster effect in the distribution of carbon storage in
the study area. The significantly high Z-score of Z > 332, along with the low p value for
study years, strongly supports the rejection of the null hypothesis of spatial randomness
for carbon storage. In essence, the carbon storage map exhibits a robust and meaningful
spatial structure, with carbon storage values displaying a notable tendency to spatially
coalesce rather than being randomly dispersed across the landscape.

Table 4. Global Moran’s I of carbon storage in different years.

Year Moran’s 1 Z p

2000 0.4444 336.19 0.00
2019 0.454 343.46 0.00
2050 0.4392 332.24 0.00

4. Discussions

Compared to prior research, our study observes a prevalent use of the CA-Markov
chain for land use change prediction, coupled with InVEST models for carbon sequestration,
as it consistently yields highly accurate results [16,20,23,50,51]. However, alternative stud-
ies [18,22] have employed CLUE-S and MOLUSCE for land use prediction. Notably, driver
variables play a crucial role in predicting land use. For instance, ref. [21] incorporated ele-
vation, slope, distance from roads, and distance from urban areas, whereas [17] considered
factors such as distance from roads, water bodies, city headquarters, and conservation
unit distances. In our study, we incorporated distance from roads, rivers, settlements,
slope, elevation, and transmission lines, a factor particularly pertinent to Nepal. During
disturbance factor selection, some studies [21] excluded factors with Cramer’s V values
below 0.15. We included disturbance factors with values higher and lower than 0.15 owing
to our larger study area, aligning with the approach of others [23,52].

Investigating carbon sequestration within diverse land use types in the natural land-
scape represents a pivotal approach to conserving and managing natural resources, given
its inherent role as a natural regulatory process [16,21]. The assessment of sequestered car-
bon, coupled with future projections, serves as a tangible indicator of national commitment
to mitigating atmospheric carbon emissions. Studying the total carbon stock and projecting
its future levels is crucial for the effective management of landscape based ESs and the
development of strategies to achieve the government of Nepal’s target of zero emissions
by 2050. Additionally, spatial distribution and economic analyses play a crucial role in
facilitating carbon trading and generating revenue, particularly for communities situated
in areas with elevated carbon concentrations. Realizing the importance of sequestered
carbon assessment and its trade potential, we utilized the InVEST model to predict carbon
storage and sequestration across three distinct scenarios: 2000, 2019, and the projected
LULC for 2050. Our findings highlight the significance of forested areas in Nepal as primary
contributors to carbon storage and sequestration across all three periods, potentially aiding
in global warming aligning with national commitment for emission reduction. Our pro-
jections suggest an upward trend in carbon sequestration compared to previous intervals,
with economic gains anticipated to exceed threefold.

The terrestrial ecosystem’s carbon cycle is directly or indirectly impacted by land use
practices, given that it serves as a significant source and sink of carbon [53]. Accurate LULC
mapping is a crucial input for measuring carbon sequestration using the InNVEST model [15].
In this study, the predicted land use accuracy exceeded 90%, which was attributed to the
use of a base year LULC map prepared by ICIMOD.
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In our study, the observed increase in forest, bare land, and agriculture is attributed to
anticipated land use transitions from snow /glaciers and grassland in the future. Despite
forest land covering less than half of the total land, it consistently contributes to over three-
quarters of the total carbon storage owing to its high atmospheric carbon sequestration
capacity. Forests serve as effective carbon sinks through above- and below-ground biomass,
as well as soil carbon, including decomposed organic matter.

The projected results of the study indicate that water bodies, snow /glaciers, built-up
areas, wooded land (shrub land), and grasslands will decrease their carbon sequestration
and carbon storage, whereas forests, croplands, and bare lands will potentially increase their
carbon sequestration and carbon storage. This trend is positively correlated with changes in
land use type over the projected timeframe [54]. The study [31] explains that in past decades
in Nepal, grasslands have decreased due to harsh climatic conditions, poor management,
and overgrazing. Several studies report that snow, glaciers, and water resources in the
mountainous regions of Nepal are directly affected by climatic conditions and are highly
sensitive to increases in global temperatures, which will likely accelerate the decline of
these land types in the future [55,56]. There is a higher probability of converting shrubs
into forests or agricultural land and built-up areas into bare lands due to high migration
of people from rural to core city areas. The increase in forest land use in Nepal, both in
the past and projected for the future, is attributed to the strict implementation of forest
management policies during construction and development activities, as well as reduced
intervention by local communities in the forests [57]. Studies in specific areas of Pakistan,
Brazil, and China indicate that carbon storage will increase in forest and agricultural lands
due to high carbon density and efforts to preserve natural resources [16,58,59] Conversely,
the study in Iran presents that carbon loss occurs due to the shift from natural land cover
to anthropogenic land cover and vice versa [60].

The distribution patterns of carbon storage, both historical and predicted, demonstrate
significant clustering, with notably high carbon storage in specific parts of the terai and
mountain regions, and most hilly regions, including the Chure. This concentration is
attributed to extensive forest coverage, and our assumption regarding input values for
carbon pooling remains consistent across all forest categories. This assumption aligns
similarly with other land use types in the study area.

The findings of our study reveal exceptionally high carbon storage in forest landscapes,
which is attributed to substantial carbon pooling values and extensive coverage. From
2000 to 2050, the total carbon storage in Nepal is projected from 1.237 to 1.347 billion tons,
with forests making a significant contribution. Our study estimated the aggregate carbon
storage in forest and wooded land in 2000 at 946.35 million tons, aligning closely with the
961 million tons calculated by [10]. Moreover, our study calculated the economic value of
sequestered carbon using a carbon rate of US $5 per ton of CO, equivalent, following the
agreement between the Nepal government and the World Bank for carbon trade [61]. We
adopted a discount rate of 3% and an annual rate of change of price of zero, consistent with
the approach taken by [21].

Numerous studies have underscored a significant transformation in land use across
Nepal over the past two to three decades, driven by factors such as a high rate of migration,
rural road construction, and escalating population density [62]. Although existing research
in Nepal predominantly concentrates on carbon sequestration within forests in the current
timeframe [10,30,63], a limited number of studies have delved into soil carbon measure-
ment within specific geographic areas [64]. Notably, a research gap exists in presenting a
comprehensive assessment of total carbon storage and sequestration across various land
uses in Nepal, along with a lack of future predictions. In addition, essential information
concerning the monetary value associated with carbon loss and sequestration, including the
spatial distribution of carbon storage in Nepal’s landscape, remains absent. This research
aims to address such gaps in studies conducted in Nepal.

Managing carbon in the landscape involves essential details, such as the spatial
distribution of carbon, annual carbon sequestration/loss, and the impact of land use
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changes on carbon sequestration [21]. This study provides necessary information for
carbon management in Nepal’s landscape, offering insights into the status of carbon
distribution and the consequences of land use changes on carbon sequestration. Aligning
with Nepal’s commitment on emission reduction, this research aids in planning sustainable
measures to mitigate human-induced development activities that lead to forest degradation.
Additionally, this study encourages the adoption of sustainable alternative energy sources
in local communities, thereby reducing reliance on fuelwood. In addition, quantifying
ecosystem services in monetary terms and assessing their concentration in the landscape
are important tools for the government and stakeholders engaged in carbon financing.
This approach facilitates the provision of fair incentives to local communities, raising
awareness among the populace about the importance of protecting forests and promoting
plantation initiatives.

5. Conclusions

This study investigates the carbon storage dynamics in Nepal’s landscape from 2000
to 2050 using the InNVEST model. Despite its limitations, such as an oversimplified carbon
cycle representation and the assumption of constant carbon pools, the model provided
valuable insights into carbon storage trends across diverse land use types. This study
utilized carbon pool data from similar studies and categorized the analysis into three
distinct regions—Terai, Hill, and Mountain (Supplementary Materials)—each with unique
features and varying carbon densities in forests and soil, thereby allowing for a more
nuanced and accurate analysis of carbon storage across diverse landscapes of Nepal. Key
findings reveal that by 2050, forests will cover 41.83% of Nepal’s land, making them the
primary contributor to carbon storage, followed by grasslands. The total carbon storage is
projected to range from 1.237 to 1.347 billion tons, with annual sequestration ranging from
34.14 to 76 million tons. Significant carbon concentrations were identified in the Terai, hilly
regions, and mountains. The economic valuation of carbon storage showed an increase
from 110.909 million USD in 2000 to a projected 3.4-fold increase by 2050.

For future studies, it is recommended to expand the research including comparative
analyses with similar ecosystems in other regions or countries. This will address the
limitations of the InVEST model, validate the methodology, and enhance understanding
of global carbon dynamics. Such expansion will increase the applicability of our findings,
aiding policymakers and scientists in implementing effective strategies for sustainable land
use and climate change mitigation.

Policy Recommendations

Based on the findings, the study proposes the following policy implications for gov-
erning bodies of Nepal to develop effective environmental, energy and forest management
policies to achieve zero emission determination.

7

%  Community-Based Conservation Incentives: In Nepal, forest management has evolved
from primarily government-based practices to community-driven approaches since
the implementation of the “Panchayat Forest” system in 1978 and the 1988 forest sector
master plan. Recognized as a role model in Asia, this shift signifies the importance
of local community involvement in forest conservation and carbon restoration. This
study suggests the need for the Nepalese government to implement targeted incentive
programs for local communities, which could include financial rewards for forest con-
servation, community development funds tied to conservation results, and initiatives
focused on capacity building of local communities;

% Policy Framework for Sustainable Land Use: The study recommends the develop-
ment of a comprehensive policy framework encompassing this finding to promote
sustainable land use for both ecological sustainability and economic development;

% Carbon Credit Mechanisms: This study recommends the establishment of national

carbon credit mechanisms encompassing all land use types strengthening to REDD™*

based on these findings on carbon sequestration. The mechanism would facilitate



Sustainability 2024, 16, 7377

16 of 19

References

Nepal’s participation in international carbon markets, offering economic incentives
for the preservation and improvement of carbon stocks;

%  Public-Private Partnerships for Conservation: The study recommends the promotion
of public-private partnerships that focus on conservation and sustainable land use
(converting bare land into agroforestry). This approach can leverage private sector re-
sources and expertise, augmenting governmental efforts in environmental stewardship;

% Expand Biogas Infrastructure: Promote the installation of biogas plants in rural
communities, providing an eco-friendly alternative to traditional biomass fuels. This
will reduce dependence on firewood and mitigate deforestation;

% Subsidies for Hydroelectricity Use in Rural Communities: Offer subsidies and declare
free electricity of certain units to encourage the use of hydroelectricity for cooking and
other household purposes in rural areas. This will decrease the frequency of forest
visits for fuelwood, thus preserving forest resources;

% Implement Emission Charges: Impose emission charges on vehicles and industries
that use petroleum products to incentivize the shift towards cleaner energy sources;

% Addressing GHG Emissions from Waste: In Nepal, greenhouse gas emissions from
open dumping of waste pose a significant problem. Converting municipal waste to en-
ergy is an effective solution to reduce these emissions and manage waste sustainably.

The policy suggestions of this study, given their scalability and adaptability, could be
effectively applied in other regions with similar ecological and socio-economic challenges.
The study encourages governments in these areas to tailor and adopt these recommenda-
tions according to their unique circumstances.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/sul6177377/s1, Carbon Pools in Terai, Hill, and Mountain.

Author Contributions: Methodology, software, conceptualization, data curation, formal analysis,
investigation, writing—original draft, D.C.; conceptualization, editing, revision, R.L.R.; editing,
A.O.Y. and ].P; data analysis, N.N.S.; software, D.S. and J.-O.L.; investigation, supervision, funding
acquisition, J.-S.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MIST) [grant number NRF-2021R1A5A8033165]; the Korea Institute
of Energy Technology Evaluation and Planning (KETEP); and the Ministry of Trade, Industry &
Energy (MOTIE) of the Republic of Korea [grant number 20224000000150].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

1.  What Is Carbon Capture and Storage? | CCS Explained | National Grid Group. Available online: https:/ /www.nationalgrid.com/
stories/energy-explained /what-is-ccs-how-does-it-work (accessed on 5 August 2024).
2. Fryer, ].; Williams, I.D. Regional carbon stock assessment and the potential effects of land cover change. Sci. Total Environ. 2021,

775,145815. [CrossRef]

3. Chen, D, Jiang, P,; Li, M. Assessing potential ecosystem service dynamics driven by urbanization in the Yangtze River Economic
Belt, China. J. Environ. Manag. 2021, 292, 112734. [CrossRef] [PubMed]

4. Fan, L. Cai, T.; Wen, Q.; Han, J.; Wang, S.; Wang, J.; Yin, C. Scenario simulation of land use change and carbon storage response in
Henan Province, China: 1990-2050. Ecol. Indic. 2023, 154, 110660. [CrossRef]

5. Guo, Y; Ren, Z; Wang, C.; Zhang, P.; Ma, Z.; Hong, S.; Hong, W.; He, X. Spatiotemporal patterns of urban forest carbon
sequestration capacity: Implications for urban CO, emission mitigation during China’s rapid urbanization. Sci. Total. Environ.
2024, 912, 168781. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/su16177377/s1
https://www.mdpi.com/article/10.3390/su16177377/s1
https://www.nationalgrid.com/stories/energy-explained/what-is-ccs-how-does-it-work
https://www.nationalgrid.com/stories/energy-explained/what-is-ccs-how-does-it-work
https://doi.org/10.1016/j.scitotenv.2021.145815
https://doi.org/10.1016/j.jenvman.2021.112734
https://www.ncbi.nlm.nih.gov/pubmed/33984640
https://doi.org/10.1016/j.ecolind.2023.110660
https://doi.org/10.1016/j.scitotenv.2023.168781
https://www.ncbi.nlm.nih.gov/pubmed/38007132

Sustainability 2024, 16, 7377 17 of 19

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Abdo, Z.A; Satyaprakash. Modeling urban dynamics and carbon sequestration in Addis Ababa, Ethiopia, using satellite images.
Arab. ]. Geosci. 2021, 14, 445. [CrossRef]

Huang, J.; Chen, Q.; Wang, Q.; Gao, J.; Yin, Y.; Guo, H. Future carbon storages of ecosystem based on land use change and carbon
sequestration practices in a large economic belt. Environ. Sci. Pollut. Res. 2023, 30, 90924-90935. [CrossRef] [PubMed]

Alaoui, H.I; Chemchaoui, A.; El Asri, B.; Ghazi, S.; Brhadda, N.; Ziri, R. Modeling predictive changes of carbon storage using
invest model in the Beht watershed (Morocco). Model. Earth Syst. Environ. 2023, 9, 4313-4322. [CrossRef]

Khanal, Y.; Sharma, R.; Upadhyaya, C. Soil and vegetation carbon pools in two community forests of Palpa district, Nepal. Banko
Janakari 1970, 20, 34—40. [CrossRef]

Nath Oli, B.; Shrestha, K. Carbon Status in Forests of Nepal: An Overview. |. For. Livelihood 2009, 8, 62—66.

Sannigrahi, S.; Zhang, Q.; Joshi, P.; Sutton, P.C.; Keesstra, S.; Roy, P; Pilla, F.; Basu, B.; Wang, Y.; Jha, S.; et al. Examining effects
of climate change and land use dynamic on biophysical and economic values of ecosystem services of a natural reserve region.
J. Clean. Prod. 2020, 257, 120424. [CrossRef]

Adams, A.B.; Pontius, J.; Galford, G.L.; Merrill, S.C.; Gudex-Cross, D. Modeling carbon storage across a heterogeneous mixed
temperate forest: The influence of forest type specificity on regional-scale carbon storage estimates. Landsc. Ecol. 2018, 33, 641-658.
[CrossRef]

Pechanec, V,; Purkyt, J.; Benc, A.; Nwaogu, C.; Stérbova, L.; Cudlin, P. Modelling of the carbon sequestration and its prediction
under climate change. Ecol. Inform. 2018, 47, 50-54. [CrossRef]

Chhabra, A.; Palria, S.; Dadhwal, V. Growing stock-based forest biomass estimate for India. Biomass-Bioenergy 2002, 22, 187-194.
[CrossRef]

Hernandez-Guzman, R.; Ruiz-Luna, A.; Gonzalez, C. Assessing and modeling the impact of land use and changes in land cover
related to carbon storage in a western basin in Mexico. Remote Sens. Appl. Soc. Environ. 2019, 13, 318-327. [CrossRef]

Zhao, M.; He, Z.; Du, J.; Chen, L Lin, P; Fang, S. Assessing the effects of ecological engineering on carbon storage by linking the
CA-Markov and InVEST models. Ecol. Indic. 2019, 98, 29-38. [CrossRef]

Fernandes, M.M.; Fernandes, M.R.d.M.; Garcia, J.R.; Matricardi, E.A.T.; de Almeida, A.Q.; Pinto, A.S.; Menezes, R.S.C.; Silva,
A.d.].; Lima, A.-H.d.S. Assessment of land use and land cover changes and valuation of carbon stocks in the Sergipe semiarid
region, Brazil: 1992-2030. Land Use Policy 2020, 99, 104795. [CrossRef]

Zhang, F.; Xu, N.; Wang, C.; Wu, F; Chu, X. Effects of land use and land cover change on carbon sequestration and adaptive
management in Shanghai, China. Phys. Chem. Earth 2020, 120, 102948. [CrossRef]

Zhang, Z.; Jiang, W.; Peng, K.; Wu, Z; Ling, Z.; Li, Z. Assessment of the impact of wetland changes on carbon storage in coastal
urban agglomerations from 1990 to 2035 in support of SDG15.1. Sci. Total Environ. 2023, 877, 162824. [CrossRef] [PubMed]
Hoque, M.Z,; Cui, S.; Islam, I.; Xu, L.; Ding, S. Dynamics of plantation forest development and ecosystem carbon storage change
in coastal Bangladesh. Ecol. Indic. 2021, 130, 107954. [CrossRef]

Babbar, D.; Areendran, G.; Sahana, M.; Sarma, K.; Raj, K; Sivadas, A. Assessment and prediction of carbon sequestration using
Markov chain and InVEST model in Sariska Tiger Reserve, India. J. Clean. Prod. 2021, 278, 123333. [CrossRef]

Saha, S.; Bera, B.; Shit, PK.; Bhattacharjee, S.; Sengupta, N. Estimation of carbon budget through carbon emission-sequestration
and valuation of ecosystem services in the extended part of Chota Nagpur Plateau (India). J. Clean. Prod. 2022, 380, 135054.
[CrossRef]

Verma, P; Siddiqui, A.R.; Mourya, N.K,; Devi, A.R. Forest carbon sequestration mapping and economic quantification infusing
MLPnn-Markov chain and InVEST carbon model in Askot Wildlife Sanctuary, Western Himalaya. Ecol. Inform. 2024, 79, 102428.
[CrossRef]

Xiang, M.; Wang, C.; Tan, Y.; Yang, J.; Duan, L.; Fang, Y.; Li, W.; Shu, Y.; Liu, M. Spatio-temporal evolution and driving factors of
carbon storage in the Western Sichuan Plateau. Sci. Rep. 2022, 12, 8114. [CrossRef] [PubMed]

Nasiri, V.; Darvishsefat, A.A.; Rafiee, R.; Shirvany, A.; Hemat, M.A. Land use change modeling through an integrated Multi-Layer
Perceptron Neural Network and Markov Chain analysis (case study: Arasbaran region, Iran). J. For. Res. 2019, 30, 943-957.
[CrossRef]

Liang, Y; Liu, L.; Huang, J. Integrating the SD-CLUE-S and InVEST models into assessment of oasis carbon storage in northwestern
China. PLoS ONE 2017, 12, e0172494. [CrossRef]

Guan, D.; Zhao, Z.; Tan, ]. Dynamic simulation of land use change based on logistic-CA-Markov and WLC-CA-Markov models:
A case study in three gorges reservoir area of Chongqing, China. Environ. Sci. Pollut. Res. 2019, 26, 20669-20688. [CrossRef]
Liang, X,; Liu, X,; Li, X.; Chen, Y.; Tian, H.; Yao, Y. Delineating multi-scenario urban growth boundaries with a CA-based FLUS
model and morphological method. Landsc. Urban Plan. 2018, 177, 47-63. [CrossRef]

Tao, Y,; Tian, L.; Wang, C.; Dai, W. Dynamic simulation of land use and land cover and its effect on carbon storage in the Nanjing
metropolitan circle under different development scenarios. Front. Ecol. Evol. 2023, 11, 1102015. [CrossRef]

Upadhyay, T.; Sankhayan, P.L.; Solberg, B. A review of carbon sequestration dynamics in the Himalayan region as a function
of land-use change and forest/soil degradation with special reference to Nepal. Agric. Ecosyst. Environ. 2005, 105, 449-465.
[CrossRef]

Paudel, B.; Zhang, Y.L.; Li, S.C,; Liu, L.S.; Wu, X,; Khanal, N.R. Review of studies on land use and land cover change in Nepal.
J. Mt. Sci. 2016, 13, 643-660. [CrossRef]


https://doi.org/10.1007/s12517-021-06726-y
https://doi.org/10.1007/s11356-023-28555-0
https://www.ncbi.nlm.nih.gov/pubmed/37464211
https://doi.org/10.1007/s40808-023-01697-3
https://doi.org/10.3126/banko.v20i2.4800
https://doi.org/10.1016/j.jclepro.2020.120424
https://doi.org/10.1007/s10980-018-0625-0
https://doi.org/10.1016/j.ecoinf.2017.08.006
https://doi.org/10.1016/S0961-9534(01)00068-X
https://doi.org/10.1016/j.rsase.2018.12.005
https://doi.org/10.1016/j.ecolind.2018.10.052
https://doi.org/10.1016/j.landusepol.2020.104795
https://doi.org/10.1016/j.pce.2020.102948
https://doi.org/10.1016/j.scitotenv.2023.162824
https://www.ncbi.nlm.nih.gov/pubmed/36948315
https://doi.org/10.1016/j.ecolind.2021.107954
https://doi.org/10.1016/j.jclepro.2020.123333
https://doi.org/10.1016/j.jclepro.2022.135054
https://doi.org/10.1016/j.ecoinf.2023.102428
https://doi.org/10.1038/s41598-022-12175-8
https://www.ncbi.nlm.nih.gov/pubmed/35581278
https://doi.org/10.1007/s11676-018-0659-9
https://doi.org/10.1371/journal.pone.0172494
https://doi.org/10.1007/s11356-019-05127-9
https://doi.org/10.1016/j.landurbplan.2018.04.016
https://doi.org/10.3389/fevo.2023.1102015
https://doi.org/10.1016/j.agee.2004.09.007
https://doi.org/10.1007/s11629-015-3604-9

Sustainability 2024, 16, 7377 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Collins, R.; Jenkins, A. The impact of agricultural land use on stream chemistry in the Middle Hills of the Himalayas, Nepal.
J. Hydrol. 1996, 185, 71-86. [CrossRef]

Paudel, B.; Adhikari, B.R. Land Use and Land Cover. In The Soils of Nepal; Springer: Cham, Switzerland, 2021; pp. 41-51.
[CrossRef]

Rimal, B.; Sharma, R.; Kunwar, R.; Keshtkar, H.; Stork, N.E.; Rijal, S.; Rahman, S.A.; Baral, H. Effects of land use and land cover
change on ecosystem services in the Koshi River Basin, Eastern Nepal. Ecosyst. Serv. 2019, 38, 100963. [CrossRef]

Bastola, S.; Lee, S.; Shin, Y.; Jung, Y. An assessment of environmental impacts on the ecosystem services: Study on the Bagmati
Basin of Nepal. Sustainability 2020, 12, 8186. [CrossRef]

Zhu, G.; Qiu, D.; Zhang, Z.; Sang, L.; Liu, Y.; Wang, L.; Zhao, K; Ma, H.; Xu, Y.; Wan, Q. Land-use changes lead to a decrease in
carbon storage in arid region, China. Ecol. Indic. 2021, 127, 107770. [CrossRef]

Rahnama, M.R. Forecasting land-use changes in Mashhad Metropolitan area using Cellular Automata and Markov chain model
for 2016-2030. Sustain. Cities Soc. 2021, 64, 102548. [CrossRef]

Atef, I.; Ahmed, W.; Abdel-Maguid, R.H. Future land use land cover changes in El-Fayoum governorate: A simulation study
using satellite data and CA-Markov model. Stoch. Environ. Res. Risk Assess. 2023, 38, 651-664. [CrossRef]

Khanal, S.; Nolan, R.H.; Medlyn, B.E.; Boer, M.M. Mapping soil organic carbon stocks in Nepal's forests. Sci. Rep. 2023, 13, 8090.
[CrossRef]

Map of Nepal | Everything about Nepal Map with 25 HD Images. Available online: https://www.imnepal.com/map-nepal/
(accessed on 17 January 2024).

Baniya, B.; Tang, Q.; Pokhrel, Y.; Xu, X. Vegetation dynamics and ecosystem service values changes at national and provincial
scales in Nepal from 2000 to 2017. Env. Dev. 2019, 32, 100464. [CrossRef]

Vaidya, S.N.; Sherchan, D.P,; Tiwari, K.R.; Subedi, S.; Karki, K.B.; Panday, D.; Ojha, R.B. Soil Types, Soil Classification, and
Mapping. In The Soils of Nepal; Springer: Cham, Switzerland, 2021; pp. 63-90. [CrossRef]

National Population and Housing Census 2021 Results. Available online: https://censusnepal.cbs.gov.np /results (accessed on 5
August 2024).

Mapping Land Cover—ICIMOD. Available online: https:/ /www.icimod.org/success-stories/chapter-2 /mapping-land-cover/
(accessed on 11 January 2024).

EarthExplorer. Available online: https:/ /earthexplorer.usgs.gov (accessed on 7 July 2017).

ICIMOD | RDS. Available online: https://rds.icimod.org/DatasetMasters/Download /3620 (accessed on 7 July 2024).
Settlements in Nepal—Humanitarian Data Exchange. Available online: https://data.humdata.org/dataset/settlements-in-nepal?
(accessed on 7 July 2024).

Nepal—Electricity Transmission Network—Dataset—ENERGYDATA INFO. Available online: https://energydata.info/dataset/
nepal-electricity-transmission-network-2013 (accessed on 7 July 2024).

Eggleston, H.S.; Intergovernmental Panel on Climate Change. National Greenhouse Gas Inventories Programme, and Chikyt Kankyo
Senryaku Kenkyti Kikan, 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Available online: https://www.osti.gov/
etdeweb /biblio /20880391 (accessed on 20 July 2024).

Sahle, M.; Saito, O.; Fiirst, C.; Demissew, S.; Yeshitela, K. Future land use management effects on ecosystem services under
different scenarios in the Wabe River catchment of Gurage Mountain chain landscape, Ethiopia. Sustain. Sci. 2019, 14, 175-190.
[CrossRef]

Yang, Y.; Lu, Z.; Yang, M.; Yan, Y.; Wei, Y. Impact of land use changes on uncertainty in ecosystem services under different future
scenarios: A case study of Zhang-Cheng area, China. J. Clean. Prod. 2024, 434, 139881. [CrossRef]

Rajbanshi, J.; Das, S. Changes in carbon stocks and its economic valuation under a changing land use pattern—A multitemporal
study in Konar catchment, India. Land Degrad. Dev. 2021, 32, 3573-3587. [CrossRef]

Wang, Y.; Liang, D.; Wang, ].; Zhang, Y.; Chen, F.; Ma, X. An analysis of regional carbon stock response under land use structure
change and multi-scenario prediction, a case study of Hefei, China. Ecol. Indic. 2023, 151, 110293. [CrossRef]

Rijal, S.; Rimal, B.; Acharya, R.P,; Stork, N.E. Land use/land cover change and ecosystem services in the Bagmati River Basin,
Nepal. Environ. Monit. Assess. 2021, 193, 651. [CrossRef] [PubMed]

Khadka, D.; Babel, M.S.; Shrestha, S.; Tripathi, N.K. Climate change impact on glacier and snow melt and runoff in Tamakoshi
basin in the Hindu Kush Himalayan (HKH) region. . Hydrol. 2014, 511, 49-60. [CrossRef]

Molden, D.J.; Shrestha, A.B.; Immerzeel, W.W.; Maharjan, A.; Rasul, G.; Wester, P.; Wagle, N.; Pradhananga, S.; Nepal, S. The
Great Glacier and Snow-Dependent Rivers of Asia and Climate Change: Heading for Troubled Waters. In Water Security Under
Climate Change; Springer: Singapore, 2022; pp. 223-250. [CrossRef]

Chhetri, R.; Yokying, P.; Smith, A.; Hoek, ].V.D.; Hurni, K.; Saksena, S.; Fox, J. Forest, agriculture, and migration: Contemplating
the future of forestry and agriculture in the middle-hills of Nepal. J. Peasant. Stud. 2023, 50, 411-433. [CrossRef]

Bacani, V.M.; da Silva, BH.M.; Sato, A.A.d.S.A.; Sampaio, B.D.S.; da Cunha, E.R.; Vick, E.P; de Oliveira, VER.; Decco, H.F. Carbon
storage and sequestration in a eucalyptus productive zone in the Brazilian Cerrado, using the Ca-Markov/Random Forest and
InVEST models. J. Clean. Prod. 2024, 444, 141291. [CrossRef]

Zafar, Z.; Zubair, M.; Zha, Y.; Mehmood, M.S.; Rehman, A.; Fahd, S.; Nadeem, A.A. Predictive modeling of regional carbon storage
dynamics in response to land use/land cover changes: An InVEST-based analysis. Ecol. Inform. 2024, 82, 102701. [CrossRef]


https://doi.org/10.1016/0022-1694(95)03008-5
https://doi.org/10.1007/978-3-030-80999-7_5
https://doi.org/10.1016/j.ecoser.2019.100963
https://doi.org/10.3390/su12198186
https://doi.org/10.1016/j.ecolind.2021.107770
https://doi.org/10.1016/j.scs.2020.102548
https://doi.org/10.1007/s00477-023-02592-0
https://doi.org/10.1038/s41598-023-34247-z
https://www.imnepal.com/map-nepal/
https://doi.org/10.1016/j.envdev.2019.100464
https://doi.org/10.1007/978-3-030-80999-7_7
https://censusnepal.cbs.gov.np/results
https://www.icimod.org/success-stories/chapter-2/mapping-land-cover/
https://earthexplorer.usgs.gov
https://rds.icimod.org/DatasetMasters/Download/3620
https://data.humdata.org/dataset/settlements-in-nepal?
https://energydata.info/dataset/nepal-electricity-transmission-network-2013
https://energydata.info/dataset/nepal-electricity-transmission-network-2013
https://www.osti.gov/etdeweb/biblio/20880391
https://www.osti.gov/etdeweb/biblio/20880391
https://doi.org/10.1007/s11625-018-0585-y
https://doi.org/10.1016/j.jclepro.2023.139881
https://doi.org/10.1002/ldr.3959
https://doi.org/10.1016/j.ecolind.2023.110293
https://doi.org/10.1007/s10661-021-09441-z
https://www.ncbi.nlm.nih.gov/pubmed/34523026
https://doi.org/10.1016/j.jhydrol.2014.01.005
https://doi.org/10.1007/978-981-16-5493-0_12
https://doi.org/10.1080/03066150.2021.1978983
https://doi.org/10.1016/j.jclepro.2024.141291
https://doi.org/10.1016/j.ecoinf.2024.102701

Sustainability 2024, 16, 7377 19 of 19

60.

61.

62.

63.

64.

Kohestani, N.; Kohestani, N.; Rastgar, S.; Rastgar, S.; Heydari, G.; Heydari, G.; Jouibary, S.S.; Jouibary, S.S.; Amirnejad, H.;
Amirnejad, H. Spatiotemporal modeling of the value of carbon sequestration under changing land use/land cover using InVEST
model: A case study of Nour-rud Watershed, Northern Iran. Environ. Dev. Sustain. 2023, 26, 14477-14505. [CrossRef]

Aryal, K.; Ojha, B.R.; Maraseni, T. Perceived importance and economic valuation of ecosystem services in Ghodaghodi wetland of
Nepal. Land Use Policy 2021, 106, 105450. [CrossRef]

Ishtiaque, A.; Shrestha, M.; Chhetri, N. Rapid urban growth in the Kathmandu Valley, Nepal: Monitoring land use land cover
DYNAMICS of a Himalayan City with landsat imageries. Environments 2017, 4, 72. [CrossRef]

Gurung, M.B.; Bigsby, H.; Cullen, R.; Manandhar, U. Estimation of carbon stock under different management regimes of tropical
forest in the Terai Arc Landscape, Nepal. For. Ecol. Manag. 2015, 356, 144-152. [CrossRef]

Bishwakarma, B.; Dahal, N.; Allen, R.; Rajbhandari, N.; Dhital, B.; Gurung, D.; Bajracharya, R.; Baillie, I. Effects of improved
management and quality of farmyard manure on soil organic carbon contents in small-holder farming systems of the Middle
Hills of Nepal. Clim. Dev. 2015, 7, 426-436. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10668-023-03203-2
https://doi.org/10.1016/j.landusepol.2021.105450
https://doi.org/10.3390/environments4040072
https://doi.org/10.1016/j.foreco.2015.07.024
https://doi.org/10.1080/17565529.2014.966045

	Introduction 
	Materials and Methods 
	Model Description 
	InVEST Model 
	CA-Markov Model 

	Study Area 
	LULC Map Preparation 
	LULC Map Prediction for 2050 Using CA-Markov in TerreSet 
	Assessment and Prediction of Carbon Sequestration Using the InVEST Model 
	Spatial Distribution and Cluster Characteristics of Carbon Storage 

	Results 
	LULC Mapping and Prediction 
	Accuracy Assessment for Model Validation 
	Carbon Storage and Sequestration in Nepal 
	Economic Loss and Gain from Carbon Sequestration 
	Spatial Distribution of Carbon Storage in Different Years 
	Spatial Cluster Characteristics of Carbon Storage 

	Discussions 
	Conclusions 
	References

