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Bidyut Kumar Ghosh (India), Suvayan Neogi (India)

AGRICULTURAL INTENSIFICATION

AND FOREST COVER
CHANGE IN SOUTH ASIA:
A PANEL-ECONOMETRIC
AND RIDGE ANALYSIS

Abstract

In the context of growing pressure on forest ecosystems arising from agricultural area
expansion and intensification, expanding population, and climate variability, this study
aims to identify and quantify the impacts of these changes on forest coverage in the
South Asian region. Using a balanced panel dataset for 1990-2023, the analysis em-
ploys a regularized fixed-effects estimation to identify the key drivers of forest area
change and assess variable importance.

The findings show that a 1% increase in agricultural value added is achieved at the
cost of a 0.32% decrease in forest area, making it the most significant driver of for-
est loss. Use of inorganic fertilizer also exerts a strong negative influence, as forest
cover is reduced by 0.18% for every additional percentage usage of fertilizer. Irrigation
expansion has a similarly adverse effect, contributing to a 0.21% decline per 1% in-
crease in irrigated area. Population density growth intensifies pressure on forests, with
each additional 10 persons per km? corresponding to a 0.05% decrease in forest area.
However, pasture share exhibits a positive association: a 1-percentage-point increase
corresponds to a 0.14% rise in forest area, and cattle density also shows a modest but
positive effect. The results indicate the presence of mixed livestock-forest systems and
early forest-transition dynamics in some countries.

Overall, the findings demonstrate that the pattern of agricultural practices determines
forest trajectories in South Asia, and achieving sustainability will require country-spe-
cific strategies that balance productivity growth with integrated land-use planning and
long-term conservation goals.

Keywords deforestation, agriculture, panel data, ridge regression,
livestock, forest cover, South Asia
JEL Classification C23,Q12, Q15, Q23, Q56

INTRODUCTION

Forest conservation and sustainable management are the most criti-
cal environmental challenges of the current century. Forests provide
the ecological balance, carbon sequestration, climate regulation, bio-
diversity conservation, and hydrology system stability. These are im-
portant for planetary health and human health (FAO, 2020). However,
the forest ecosystem is continuously threatened by human activities.
Increasing land-use change due to agricultural area expansion, rapid
population growth, and overall social and economic development are
continuously pressing on the global forest landscape. At the same time,
environmental variability and climate change collectively further alter
forest integrity and resilience (Hansen et al., 2013; Pan et al., 2011).

These complex and interdependent forces shape the forest area dy-

namics and eventually produce a core scientific problem. Globally, ag-
ricultural land-use change remains the major driver of forest loss. This

15



Environmental Economics, Volume 17, Issue 2, 2026

is particularly true in tropical and subtropical regions because the conversion of forests to cropland and
pasture disrupts the forest ecosystems’ functions and reduces biodiversity (Gibbs et al., 2010; Rosero-
Anazco et al., 2025). However, agricultural resources themselves are multifaceted. Depending on how
they are managed, permanent meadows and pasturelands may either slow down or accelerate the de-
forestation (Ma et al.,, 2023). At the same time, agricultural intensification through the increasing use
of inorganic fertilizers (nitrogen, phosphorus, and potassium) to meet growing food demand further
creates environmental externalities. Nutrient runoft, soil degradation, and depletion of groundwater are
the direct outcomes of the increasing use of inorganic fertilizers. All these factors directly influence the
forest area and overall forest health (Krasilnikov et al., 2022; Selim, 2020).

Regarding the impacts of livestock on forest health, the scholars are divided into two distinct categories.
Scholars believe that livestock overall had negative impacts on forest structure and ecosystem functions
through reductions in plant biomass and species abundance. However, the effects vary by livestock type,
density, and region (Li & Jiang, 2021). On the other hand, growing livestock densities cause changes in
vegetation structure and reduced fire frequency, particularly in tropical regions (Bernardi et al., 2019).
Long-term cattle grazing can shift the ecological state of forest soils by modifying soil chemistry and
biota. This helps in nutrient cycling and forest ecosystem functioning (Proesmans et al., 2022).

Growing rural population density and related demographic pressure are the major drivers of forest loss,
as these will require direct land clearing for both agricultural and settlement expansion (Ryan et al.,
2014).

Finally, the large-scale irrigation development increases the cultivable land area and results in substan-
tial rural population density, which in turn puts negative pressure on the forest area (Boudot-Reddy
& Butler, 2025). These agricultural and human pressures work alongside pervasive climatic stressors
(Rajkumari & Hussain, 2025). Rising global temperatures, shifting precipitation regimes, and increased
extreme weather events directly affect forest growth, species composition, and disturbance regimes. At
the same time, these factors simultaneously alter agricultural productivity and land-use decisions (Seidl
et al.,, 2017; Rosenzweig et al., 2014). Eventually, the forest area coverage emerges as the outcome of the
interaction of economic, ecological, demographic, and climatic processes.

In this context, there is evidence of growing scholarship concerning forest area and biodiversity loss.
However, most of them analyze these pressures separately. This limits the understanding of their com-
bined and potentially synergistic effects on forest area trajectories (Hansen et al., 2013; IPCC, 2021). The
scientific challenge, therefore, lies in exploring how these interconnected forces jointly influence forest
cover and identifying the dominant factors shaping forest change in regions undergoing rapid agricul-
tural transformation.

1. LITERATURE REVIEW

al activities are responsible for most of the forest
conversion due to the growing demand for food

The investigation of drivers of forest area change
requires simultaneous attention to multiple driv-
ing forces, as these forces act individually and in-
teractively while shaping forest area over long pe-
riods of time. One common consensus of existing
scholarly works is that deforestation in developing
regions is primarily driven by land-use pressures
arising from competing demands for cropland,
pasture, and human settlement. The Food and
Agriculture Organization assesses that agricultur-
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production. This has been even more pronounced
in the tropical and subtropical regions due to the
interaction of ecological fragility with the rapid
economic development (FAO, 2021). Empirical
evidence suggests that rising per-capita demand
for food is leading to substantial land clearing, es-
pecially when agricultural production is increased
through intensive agricultural production practic-
es (Lambin & Meyfroidt, 2011; Tilahun etal., 2022).
The clearing of forest land for commodity crops,
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shifting cultivation, and permanent agricultural
conversion plays as a central mechanism of eco-
system alteration (Geist & Lambin, 2002; Gibbs
et al,, 2010; Hansen et al., 2013). This agricultural
expansion-driven deforestation can be relatively
more aggressive in poorer economies, where the
economic development is in the early stages due to
low agricultural productivity, population pressure,
weak institutional governance, and export-driven
economic growth (Barbier & Burgess, 2001; Rudel,
1998; Tang et al., 2025; Tilman et al., 2011).

Further, an in-depth study of agriculture-driv-
en deforestation suggests that agricultural land
categories put different pressures on forests.
Permanent meadows and pastures play a dual role
in forest area change. While permanent mead-
ows and pastures can buffer forests by stabilizing
land use, they may also accelerate forest loss when
expanded for commercial livestock production
(DeLonge & Basche, 2018; Feurer et al., 2025). This
dual role clarifies the need for refined assessments
of how agricultural intensification and pasture-
land affect forest systems.

In connection with the pastureland, the livestock
population reinforces this complexity further.
Cattle production contributes to pasture expan-
sion, soil disturbance, and vegetation removal, and
slowly but steadily over a long time, it becomes an
important driver of deforestation across multiple
regions (Herrero et al., 2009; Lambin & Meyfroidt,
2011; Tilman et al., 2011). At the same time, graz-
ing systems can alter forest structure and regen-
eration, with effects varying across landscapes (Li
& Jiang, 2021). Further evidence is that livestock
pressures interact in uneven and context-depen-
dent ways with plantation forestry and pasture
availability (FAO, 2021).

Increased inorganic fertilizer usage in the inten-
sive crop production context also contributed to
forest loss. It is widely known that fertilizers have
played a pivotal role in global food production.
However, this enhanced food production due to
heavy usage of inorganic fertilizers came direct-
ly at the cost of nutrient runoff, soil degradation,
and indirectly at the cost of loss of forest ecosys-
tems adjacent to agricultural areas (Zhao et al,
2013). Even in managed forestry, fertilization has
been found to alter ecological balances and down-
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stream conditions (Binkley et al., 1999). Despite
these insights, empirical evidence linking fertiliz-
er intensity to forest outcomes remains limited at
the large scale, and particularly in the South Asian
context.

Climatic fluctuations add complexity to forest
cover as they influence both forest conditions
directly and indirectly by affecting agricultural
practices. The forest resilience and species distri-
bution are directly affected by rising earth surface
temperatures, changed precipitation patterns, and
growing other climatic disturbances such as fires,
storms, and pest outbreaks (IPCC, 2021; Seidl et
al., 2017). These changed climatic conditions also
affect agricultural productivity, and their spill-
over effects will eventually lead to expanding
agricultural land-use encroaching into forest ar-
eas (Bajzelj & Richards, 2014). Growing climatic
fluctuations through widespread drought- and
heat-induced tree mortality undermine the glob-
al forest resilience (Allen et al., 2010). Empirical
studies mostly acknowledge these dual impacts
(direct climatic fluctuations and indirect through
agriculture) on forest resilience. However, studies
often fail to acknowledge these interaction effects
of shared landscapes.

The socio-economic conditions enter into the bio-
physical relationship between climate and for-
est cover through their mediating role in further
shaping the forest landscape. In principle, grow-
ing population density increases the demand for
cultivable land. Higher irrigation requirements
arising due to higher cultivable land can impact
forest coverage in either way, depending on how
the production system scales up (IPCC, 2022;
Winkler et al., 2021). Governance quality, land
tenure systems, and policy enforcement deter-
mine how effectively countries regulate land-use
change, explaining why similar pressures produce
divergent forest trajectories across regions (Curtis
etal., 2018).

Lambin and Meyfroidt (2011) argued that land-
use change, such as deforestation or forest recov-
ery, results from complex, non-linear “land-use
transitions” driven by interacting socio-ecolog-
ical feedback and socio-economic shifts. This
clearly underscores the need for the incorpora-
tion of non-linear patterns in the empirical stud-
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ies, while most of the studies are linear in nature.
Econometric approaches allow for linear causal
inference and control for confounding factors
(Wooldridge, 2010), unless specified exclusively.
On the other hand, machine-learning techniques
enable the automatic detection of nonlinearities
and high-dimensional interactions (Athey, 2018;
Hastie et al., 2009). The expansion of remote sens-
ing technology and the availability of large-scale
environmental datasets have facilitated the use of
these combined tools in land-use studies (Mhanna
et al., 2023; Yuh et al., 2023). Nevertheless, only
a limited number of studies jointly evaluate agri-
cultural intensification, livestock dynamics, cli-
matic variability, and demographic pressures us-
ing integrated econometric-machine learning
frameworks.

Thus, the existing empirical evidence has already
advanced the study of the drivers of forest change.
However, most studies have treated these deter-
minants in isolation or within limited geographic
and economic scopes. Additionally, there remains
a critical gap for cross-country assessment over a
long period of time, covering multidimensional
drivers of forest change. To fill this gap, the cur-
rent study makes a modest attempt at a data-
driven hybrid econometric-machine learning ap-
proach to identify the drivers of forest area change
in South Asia in a multidimensional setting.

We aim to quantify the combined effects of agri-
cultural land use, fertilizer application, livestock
systems, climatic variability, and socio-economic
factors on forest area change in South Asia using a
panel data setup. The primary objective is to inves-
tigate the empirical evidence to inform integrated
land-use planning under changing environmental
and economic conditions.

The specific objectives are to assess the complex
pattern of impacts of agricultural land-use inten-
sity, livestock population, climatic fluctuations,
and socio-economic factors in shaping forest tra-
jectories. To guide the analysis, we formulate the
following hypotheses:

HI: Anincrease in agricultural land use (quanti-
fied by cropland share and agricultural value
added) and production intensity (measured
by fertilizer use and irrigation coverage) is
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expected to reduce forest area through land

conversion.
Hla: Intensification of existing farmland (via
higher fertilizer intensity and irrigation)
may partially offset forest loss by reducing
the need for additional land conversion, ex-
hibiting a land-sparing effect.
H2: Expansion and intensification of livestock
systems (cattle density and pasture share)
are expected to negatively affect forest cover
through pasture expansion and encroach-
ment into forested areas.
H3: Adverse climatic factors (growing surface
temperature and precipitation fluctuations)
are expected to reduce the forest cover by re-
ducing forest resilience and altering growth
conditions.
H3a: Socio-economic factors (higher population
density and expanded irrigation coverage)
will intensify deforestation by increasing de-
mand for agricultural land and influencing
land-use decisions.
H4: Econometric and machine learning tech-
niques are expected to identify key determi-
nants and their complex relationships more
accurately. This hybrid approach should pro-
vide superior explanatory power compared
to traditional single-method models.

Therefore, we adopt a land-systems perspective
and conceptualize forest area change as the result
of interacting processes within shared landscapes.
As direct indicators of land-use pressure that affect
competition between cropland, pasture, and for-
est, we categorize the variables in this framework
based on their functional roles: pasture share, irri-
gated area, agricultural value added, and fertilizer
intensity. Cattle density directly affects pasture
expansion in livestock systems, while increased
grazing intensity brought on by higher cattle den-
sity and ensuing land degradation indirectly af-
fects vegetation removal. Ecological stressors are
also caused by climate variables such as temper-
ature and precipitation variability. We consider
population density and irrigation access as struc-
tural modifiers from the set of socioeconomic fac-
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tors. These structural modifiers can either quicken
or slow the expansion of land use. Together, these
factors form a complex system that determines the
forest outcomes through the interaction of direct
production incentives, indirect environmental
conditions, and demographic pressures.

2. METHOD

The study uses a panel dataset of six South Asian
countries (Bangladesh, Bhutan, India, Nepal,
Pakistan, and Sri Lanka) over a period of more
than two decades (1990-2023). We have excluded
Afghanistan and the Maldives from the study due
to the unavailability of data. The data for forest
area and agricultural variables were collected and
compiled from FAOSTAT, and socio-econom-
ic and climate indicators were sourced from the
World Bank’s World Development Indicators.

To address the feature interactions and complexi-
ty, we have adopted two complementary analytical
techniques. A fixed-effects panel regression is em-
ployed to establish directional relationships and
isolate within-country variation over time. This
method will minimize confounding from unob-
served structural differences across countries. The
science of forest change processes, however, fre-
quently exhibits nonlinearities, threshold effects,
and heterogeneous responses that conventional
regression techniques may miss. Consequently,
we adopted machine-learning interpretability
tools (Accumulated Local Effects plots) to iden-
tify nonlinear patterns and determine country-
specific contribution structures to enhance the ex-
planatory power of the econometric model. This
hybrid approach of integrating econometrics and
machine learning enables the capture of both the
causal mechanisms of land-use drivers and the
complex, high-dimensional interactions.

After the initial visualization of data, we estimate
all three possible model specifications: pooled or-
dinary least squares (OLS), fixed-effects (FE), and
random-effects (RE) for the specified regression
framework. We use a set of tests for correctly iden-
tifying the optimal panel regression model: the
F-test for fixed versus pooled OLS, the Breusch-
Pagan Lagrange Multiplier test for random effects,
and the Hausman test for fixed versus random ef-
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fects. Fixed effect panel regression emerged as the
winner. Diagnostic tests on the winning model
(FE) revealed substantial multicollinearity among
agricultural and socio-economic predictors, as
well as heteroscedasticity and autocorrelation
within the panel. This necessitates robust variance
estimation.

To address the multicollinearity problem, we ap-
ply regularization-based alternatives. We have
tried all three regularization techniques: ridge,
lasso, and elastic net. Lasso and elastic net meth-
ods eliminated key covariates due to their sparsi-
ty-inducing penalties. Therefore, we consider the
ridge regression as the preferred approach, as it
stabilizes coefficient estimates by shrinking them
toward zero while retaining all predictors. All
variables were standardized before estimation.

In the subsequent step, unobserved heterogeneity
specific to each country was addressed using the
within-country fixed-effects transformation:

X = X, XY Y, Y )
Here, overbars (Z,f) denote the country means.

Ridge regression was subsequently implemented
on these transformed variables:

0 ' —ar min Ywithln
ﬂr:dge g B || (2)
_ththmﬂ”Z +l||ﬁ||22

The regularization parameter was selected using
cross-validation. Approximate analytical stan-
dard errors were then computed using:

Var(ﬂ’\ridge)
~(X'X+AD' X X(X X+

©)

Residual variance was estimated using effective
degrees of freedom. This enables the calculation of
t-statistics and p-values for hypothesis testing for
population inference.

Finally, to interpret the contribution of each pre-

dictor for each country and year, feature contribu-
tions were computed as follows:

Contribution,, ; = ﬁj (X it X _;,,-j @)
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The contributions were aggregated to generate
country-level profiles. We use Accumulated Local
Effects (ALE) plots for visualizing country-specif-
ic variable contributions to forest cover change
over the range of covariates. All analyses were
conducted in Python using pandas, stats models,
and scikit-learn, and figures were generated with
matplotlib.

3. RESULTS

The forest cover as a percentage of the total land
of six South Asian countries (India, Pakistan,
Bangladesh, Nepal, Sri Lanka, and Bhutan) over
the period 1990-2022 are displayed in Figure
1. The time series plots reveal notable dispari-
ties among these countries. The forest areas have
shown a gradual expansion in India and Nepal.
This could be attributed to reforestation initiatives
and improved forest management. Bhutan shows
a steep rise in the mid-1990s. Thereafter, it follows
a gradual elevation in subsequent years. However,
there is no empirical evidence on what causes this
steady afforestation in Bhutan. On the other hand,
Pakistan exhibits a continuous decline in forest
cover throughout the study period. Bangladesh
maintained a stable forest during the latter part
of the last century. But it failed to maintain and
experienced a substantial reduction after 2000. Sri
Lanka experienced continued decreases in forest
areas until 2010. Only a minor recovery is noticed
toward the end of the study period. This cross-

India

Pakistan

country heterogeneity in the relative forest area
highlights the diverse socio-ecological and policy
factors influencing forest dynamics in South Asia.

The summary statistics of the forest area (% of total
area) along with its potential drivers are presented
in Table 1. The summary statistics of these vari-
ables are calculated considering all six countries
together over the study period. The forest cover
across six countries ranges from less than 5% to
over 70%. This highlights South Asia’s diverse eco-
logical conditions and land-use histories. Pasture
shares are even more dispersed (ranging from ap-
prox. 6% to 81%). It is clearly indicative of varying
degrees of reliance on livestock and grazing-based
systems. This is further pronounced in the sub-
stantial heterogeneous cattle density. Spanning
over a range of 58 to 1912, the cattle density pat-
tern exhibits significant heterogeneity and indi-
cates the existence of smallholder-oriented areas
to zones with concentrated livestock populations.
Finally, the observed variations in NPK fertilizer
use, agricultural value added, irrigation area, ma-
nure nitrogen, rainfall deviations, and population
density reflect distinct agricultural intensifica-
tion patterns, demographic pressures on the land,
and diverse climatic conditions across the sample.
These descriptive results and the heterogeneous
forest areas change across the countries support
the application of panel data methods that can
capture within-country changes over time while
accounting for unobserved heterogeneity.
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Figure 1. Forest percentage over years in select south Asian countries
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Table 1. Descriptive statistics of variables
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Variable Mean Std Min 25% 50% 75% Max
_pasture_pct 26.92 2478 271 643 14.42 4319 ....8051
forest_pct 31.01 20.2 4.67 14.6 29.04 41.12 71.61
“cattle density 603,01 566.9 5836 186.5 48752 6545 91229
npk 100.74 73.99 0 37.57 98.94 146.48 35335
temp_change 0.6 0.45 -0.51 0.31 0.56 0.94 1.81
v 031 cas 11 wa e
_manure_n 5.066298e+08 | 7.508884e+08 | 292355761273 | 1.264481e+07 | 1.284779e+08 | 5.717041e+08 | 2.352655e+09
rain_dev 5.85 236.48 -715.99 -101.84 6.51 109.89 730.94
|rr|g_area 14,(.{39.36 23,1141.73 27 5}170 2,0?9.45 19,1::65.00 7550000
pop_density 375.59 355.24 11.87 174.44 287.6 395.98 1,301.26

Before estimating the primary model, specifica-
tion tests were conducted to decide the right panel
estimation framework. The F-test strongly rejects
pooled OLS in favor of a fixed-effects (FE) spec-
ification (F = 41.09, p < 0.001), and the Breusch-
Pagan LM test rejects pooled OLS for random ef-
fects (LM = 76.82, p < 0.001). The Hausman test
yields an inconclusive outcome (x> = 6.93, p =
0.7319), which is not uncommon in panels with
few cross-sectional units and multiple regressors.
Given the likelihood that unobserved country-
specific factors correlate with the regressors, the
fixed-effects model remains the most theoretically
appropriate and econometrically robust choice
(Wooldridge, 2010), especially in short panels
where random-effects assumptions may not hold
reliably.

Variance Inflation Factors (Table 3) show large
multicollinearity among multiple predictors, par-
ticularly agricultural value added (log_agri_va)
and population density (log_pop_density), both
of which exceed VIF values of twelve. The pas-
tureland share (pasture_pct) also shows an el-
evated VIF, suggesting overlapping information
with other agricultural variables. To mitigate the
resulting instability in coeflicient estimates, reg-
ularization methods were implemented. Of the
methods (lasso, elastic net, and ridge regression)
evaluated, ridge regression demonstrated superior
performance by retaining all theoretically nec-

Table 2. Model selection in panel data analysis

essary variables and reducing variance inflation.
Grid search optimization identified a = 1.53 as the
optimal penalty parameter.

Table 3. Variance Inflation Factors (VIF)

for FE model predictors

Feature

VIF

lo

_pasture_pc

12.27

Jogmanuren 335
Jog irrig_area o 32
log_cattle 3.01

e change T e

The ridge-regularized fixed-effects model results
are shown in Table 4. Agricultural value added
shows a strong, highly significant negative (-2.405,
p < 0.0001) effect on forest cover. The negative
and statistically significant estimate of agricultur-
al value added is consistent with the established
land-conversion theory - the negative pressure of
the expansion of agricultural activities on forest
land. The irrigated area also exhibits a strong sta-
tistically significant (-0.713, p < 0.0001) negative
effect. It implies that irrigation expansion often
occurs on previously cleared land for cultivation.
Heavy inorganic fertilizer use is also resulting in

Test Statistic p-value Decision
Frtest (FEvs Pooled OLS) LLAL09 0 e Reject Pooled OLS; FE preferred .
MTest (REvs Pooled OLS) | 7682  f O Reject Pooled OLS; RE preferred e
Hausman Test (FE vs RE) * 6.93 C 07319 Inconclusive; rely on the F-test and context due to the small entity

compared to the features

Final Model Choice - -

Fixed Effects (FE) selected
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a reduction in forest area. The estimated negative
coefficient of —0.417 (p = 0.0004) underscores the
relationship between fertilizer-driven intensifica-
tion and forest loss. Cropland share, as expected, is
imposing a negative effect (-0.089) on forest land
area. However, this is not statistically significant
after controlling for other factors. This is possibly
due to overlapping variance with other agricul-
tural variables. So, three complementary agricul-
tural expansion factors (agricultural value added,
irrigation coverage, and increased fertilizer usage)
jointly reinforce pressures on forest ecosystems.
The forest cover decline in South Asia is not driv-
en by a single agricultural factor in isolation, but
rather by the cumulative and interacting effects
of agricultural growth strategies that include cul-
tivated land expansion and intensive production
systems. Additionally, population density (—0.845,
p = 0.0033) contributes to deforestation pressures
and appears to be a key driver of deforestation in
developing regions. This further confirms the de-
mographic-land-use nexus in which population
growth increases demand for food, settlement, and
rural infrastructure, thereby intensifying pressure
on land resources. To meet the rising food demand,
agricultural systems expand horizontally through
land conversion and vertically through intensified
production practices. The intensive production
eventually requires expanded irrigation coverage
and heavy fertilizer use. Manure application shows
a negative but statistically non-significant (-0.213,
p = 0.204) association with forest cover, which may
reflect its secondary role compared to synthetic fer-
tilizers or its dual function in both intensive and ex-
tensive farming systems.

Surprisingly, the proportion of pastureland (pas-
ture_pct) shows a large, significant positive ef-

fect (+995, p < 0.0001) on forest area change. This
finding differs markedly from classical deforesta-
tion trajectories observed in regions such as the
Amazon. Cattle density also exhibits a marginally
positive effect (0.269, p = 0.073). This is consis-
tent with regional land-use systems in South Asia,
where multifunctional landscapes and silvopasto-
ral practices frequently permit grazing alongside
tree cover. The climatic fluctuations measured
through temperature and rainfall deviations,
however, do not exhibit statistically significant ef-
fects. This implies that short-term climatic fluc-
tuations exert less influence than land-use drivers
at the regional scale.

The coeflicient of cattle density is found to exert
a marginally positive effect (log_cattle 0.269, p
= 0.073). The finding reflects that in South Asia
countries with a predominance of smallholder
and mixed-use land systems, cattle grazing coex-
ists with wooded landscapes, village woodlots, or
secondary forests without causing large-scale for-
est clearing.

With a within-R? of 0.685, the model explains a
substantial proportion of the changes in forest
cover across countries and over time. The esti-
mated model highlights the crucial role of ag-
ricultural and demographic factors, both value
added and infrastructure, as persistent threats to
forest health in South Asia. The surprising results
for pasture and livestock underscore the need to
consider aggregate relationships in the context of
spatial policy, local variations, and potential com-
patibility between livestock and forests in certain
settings. The best use of ridge regression (with a
= 1.53, chosen via grid search) enables retention
of all theory-driven covariates and simultaneously

Table 4. Ridge regression results for forest area determinants

Predictor Coefficient Std. Error t-value p-value
JOB DK O OB B b 0008
temp_change 0.145 0.147 0.98 0.326
Jog agriva o 2405 o .0286 B4 .s0000L
0.167 .0:204

log_pop_density 1

0284

0192

<0001

paswrepct L0188 53 <0000

cropland _pet i e IR s SUNE R- S,

Jog_cattle S S SIS . SN S LA S
a=1.53 Within-R? = 0.685
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Figure 2. Accumulated local effects plot

mitigates overfitting and instability due to collin-
earity. Thus, the regularized panel regression pro-
vides policy-relevant effect sizes across all princi-
pal drivers, such as land use, socio-economic, and
environmental dimensions.

To complement the fixed-effects ridge regression

results, we apply Accumulated Local Effects (ALE)
plots for the main covariates to identify how the

http://dx.doi.org/10.21511/ee.17(2).2026.02

ridge regression model translates covariates into
predicted forest loss. The resulting plots are shown
in Figure 2 (panels a-j). As expected with a linear
specification, most variables show monotonic rela-
tionships, though irregularities appear at the dis-
tributional tails where data are sparse. Fertilizer
use (panel a), agricultural value added (panel c), ir-
rigation expansion (panel f), and population den-
sity (panel g) all display downward slopes at high-
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er values, consistent with their roles as strong
drivers of deforestation. Cropland share (panel
i) shows the sharpest decline, underscoring the
land-use trade-oft with forests, though its esti-
mated coeflicient lost significance in the multi-
variate setting. By contrast, pasture extent (panel
h) and cattle density (panel j) yield flat profiles,
aligning with the regression results. Climatic
predictors, temperature change (panel b), and
rainfall deviation (panel e) show weaker and less
consistent profiles, suggesting that land-use pres-
sures dominate direct climate signals in shaping
forest outcomes. Overall, as a visual complement
to the regularized panel regression estimates, the
ALE plots show the directional influence of pre-
dictors while highlighting areas where the fitted
model is less stable (e.g., at the extremes of the
data distribution).

The country-specific feature contribution plot
(Figure 3) shows that the L2-regularised fixed ef-
fects model consistently assigns a prominent
positive contribution from pasture percentage in
Nepal, Bhutan, Sri Lanka, and India, and mar-
ginally in Pakistan. This pattern does not repre-
sent direct causal country-specific coefficients but
rather the average influence of pasture percent-
age as estimated by the penalized model, shaped

le—15

by the distribution and covariation of predictors
across countries. The model-based positive con-
tributions across multiple South Asian countries
suggest that higher pasture proportions are asso-
ciated with greater forest area in the fitted model.
While counter to classical frontier deforestation
narratives, this association may reflect the influ-
ence of silvopastoral systems, forest transition
processes, or regional policy effects as articulated
in Forest Transition Theory (FTT). These attribut-
ed effects are still model artefacts, driven by both
the country covariate patterns and L2 shrinkage.
It should be used as hypothesis generators, not as
definitive evidence of causal effects or policy im-
pacts, without further, explicit interaction model-
ling or causal analysis.

Unlike in frontier landscapes, the positive or neg-
ligible effect of cattle density, particularly rela-
tive to pasture area, indicates that the structure
of land use (extensive versus integrated systems)
has a greater impact on forest outcomes than the
number of animals alone. In South Asia, mixed,
smallholder, or silvopastoral systems weaken the
traditional association between livestock and de-
forestation, promoting forest conservation by al-
lowing cattle to graze among trees or on regener-
ating former croplands.

log npk
temp_change
log_agri_va
log_manure_n
rain_dev
log_irrig_area
log_pop_density
pasture pct
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T
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Figure 3. Country-specific feature contribution
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4. DISCUSSION

The results provide several aspects of the drivers of
forest area change in South Asia. The results reveal
both confirmations and departures from conven-
tional deforestation theorems. The strong negative
association between agricultural value added and
forest cover aligns with the established deforesta-
tion trajectories. The estimated model identifies
agriculture as a primary driver of global forest loss
(FAO, 2021; Gibbs et al., 2010; Hansen et al., 2013).
The magnitude of the estimated relationship in the
current study exceeds estimates from sub-national or
plot-level analyses. This can be due to national-level
data aggregation and the inclusion of covariates such
as fertilizer use and irrigation infrastructure. The
inclusion of these covariates further intensifies the
pressure on forest areas.

Although manure nitrogen does not exhibit a sig-
nificant effect, its negative direction is consistent
with the prevalence of mixed-intensive production
systems in the region. The significant negative coef-
ficient for population density corroborates previ-
ous research connecting demographic pressures to
land scarcity and the expansion of cultivated areas
(Curtis et al., 2018).

The most distinctive result is the significant positive
association between the proportion of pasture and
forest cover. This finding contrasts with patterns ob-
served in frontier regions, such as the Amazon, where
pasture expansion is a primary driver of deforesta-
tion. Instead, the observed pattern aligns with the
Forest Transition Theory (Mather & Needle, 1998;
Rudel et al., 2005). The Forest Transition Theory pos-
its that forest recovery may occur when agricultural
intensification, rural outmigration, or economic di-
versification reduces pressure on marginal lands. In
South Asia, the widespread adoption of silvopasto-
ral systems integrating trees, shrubs, and livestock
(Nair, 2011) also contributes to this positive relation-
ship. The estimated results of the current study sug-
gest that pasturelands in South Asia frequently co-

Environmental Economics, Volume 17, Issue 2, 2026

exist with, or actively support, ecological restoration
efforts rather than driving forest loss. The marginal
positive and significant effect of cattle density un-
derscores this distinctiveness of land-use configura-
tions in South Asia. This is consistent with empirical
observations from certain Indian states and Bhutan,
where community forestry, agroforestry, and silvo-
pastoral practices have led to greater overall tree cov-
er alongside livestock-based livelihoods. Statistically
insignificant coefficients of climatic variables suggest
that anthropogenic land-use decisions outweigh cli-
mate variability at this level of aggregation. This does
not necessarily imply that climate change is inconse-
quential for forest health. Instead, it shows that an-
nual national data may be too coarse to detect eco-
logical responses that occur over longer horizons or
at finer spatial scales. This is consistent with findings
in earlier large-scale assessments (Seidl et al., 2017;
IPCC, 2021).

Country-level decompositions reinforce the uneven-
ness of forest transitions in South Asia. Nepal shows
strong signs of forest recovery alongside agricultural
intensification. Sri Lanka and Bhutan face persis-
tent pressure from agricultural expansion. India
and Bangladesh display mixed dynamics shaped by
policy interventions, technological change, and de-
mographic pressures. These contrasts underline the
need to interpret aggregate coefficients within spe-
cific institutional and ecological contexts.

In summary, the findings confirm the central role of
agricultural development pathways in shaping forest
trajectories in South Asia. It also identifies the land-
use configurations, such as silvopastoral practices,
which challenge conventional expectations. Unlike
in frontier deforestation regions, certain areas of
South Asia are experiencing or nearing forest transi-
tion phases, although the magnitude and direction
of these transitions differ considerably across coun-
tries. These insights are consistent with, yet extend,
previous studies that highlight the necessity of in-
tegrated land-use strategies to balance agricultural
productivity with forest conservation.

CONCLUSION

This study identifies the principal drivers of forest area change in South Asia by employing an integrated
empirical framework that combines fixed-effects ridge regression with model-agnostic feature interpre-
tation. The analysis provides new insights into the influence of agricultural intensification, livestock sys-
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tems, demographic pressures, and climatic fluctuations on forest outcomes in the region. The findings
reveal that agricultural value added, irrigation expansion, and fertilizer use consistently reduce forest
cover. In contrast, pastureland and, to a lesser extent, cattle density are associated with higher forest
cover in several countries. Differing from the classical agriculture-led deforestation, the study suggests
land-use transitions with evolving production systems, changing rural landscapes, and new forms of
integrated land management.

Firstly, the study claims that agricultural development remains the primary driver of forest reduction,
indicating that growth in primary production sectors continues to exert significant land-use conversion
pressures. Second, the findings confirm the positive association between pasture systems and forest
cover in multiple countries, suggesting that mixed and silvopastoral land uses can coexist with forest
recovery. This underscores the need to understand regional land-use configurations rather than relying
on uniform relationships observed in other tropical regions. Third, the regional country-specific het-
erogeneity demonstrates that national forest trajectories are shaped by distinct country-specific institu-
tional, ecological, and socio-economic contexts, rather than by a single regional pattern.

As a future scope, more detailed, sub-national analyses are required to clarify local forest-transition pro-
cesses. Further research should also examine the long-term interactions among climate change, agri-
cultural adaptation, and forest resilience using high-resolution spatial datasets and causal identification
strategies. In addition, evaluating the effectiveness of silvopastoral and agroforestry practices across
diverse environments would enhance understanding of how integrated land-use systems contribute to
both ecological restoration and rural livelihoods.

The study concludes that, with the right mix of agricultural intensification, technological advancement,
and effective management, global food needs in 2050 can be met without significantly expanding into
natural ecosystems or forests. It emphasizes that farmland expansion need not be the primary strategy;
instead, improving yields and boosting efficiency should drive future production gains.
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