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Abstract

Topography exerts strong controls on vegetation vigor in mountainous regions, yet district scale assessments integrating
recent NDVI trends with explicit topographic and climatic drivers remain limited in the Hindu Kush Himalaya. This
study quantified spatiotemporal patterns of vegetation vigor and decline in Sindhuli district, Nepal, using MODIS
MOD13Q1 NDVI time series from 2017 to 2023. Annual NDVI composites were generated, and linear regression was
applied to derive pixel wise trend slopes. Topographic variables (slope, sin(aspect), cos(aspect), and solar radiation
proxy) were extracted from the SRTM 90 m DEM.

Climate covariates (annual rainfall from CHIRPS and mean temperature from ERA5 Land) were added. A random

sample of 3,000 points was extracted for statistical modelling using ordinary least squares regression and Random

Forest analysis. Spatial autocorrelation was tested using Moran's I. Maps were produced in R using the terra and
ggplot2 packages. Results showed that mean NDVI across the district was 0.62 £ 0.11, with 28.4 % of the area exhibiting
a negative NDVI trend indicative of vegetation decline. Solar radiation proxy emerged as the strongest predictor of
both mean NDVI and NDVI trend (p < 0.001), followed by slope and annual rainfall. North and west facing slopes with

high solar exposure displayed the most pronounced decline, while south facing slopes showed greater stability or slight
improvement. Direct comparison between 2017 and 2023 confirmed a district wide NDVI decrease of 0.04 units.

These findings demonstrate that topographic position, particularly solar radiation exposure, together with rainfall,

is a primary driver of recent vegetation decline in Nepal’s mid hills. Given the widespread presence of Eucalyptus

plantations in Sindhuli district, the observed trends have direct implications for fuelwood productivity, rural livelihoods,

and sustainable plantation management. The study provides the first district level topographic and climatic analysis of
vegetation vigor in the Nepalese mid hills and offers practical recommendations for site specific plantation planning.

The open source GEE and R workflow developed here can be readily adapted for monitoring other mid hill districts in

the Himalaya.

Keywords: Vegetation Vigor, NDVI Trend Analysis Topographic Drivers Solar Radiation Proxy, Mid Hills, Nepal, Climate Covariates,
Remote Sensing, Sustainable Land Management and Eucalyptus Plantations

1. Introduction regions where climate change exacerbates existing environmental
1.1. Global and Regional Context of Vegetation Decline in stresses [1,2]. Rising temperatures, prolonged droughts, and
Mountainous Area increased evaporative demand have been linked to widespread tree

Vegetation decline and dieback have emerged as major ecological mortality and reduced vegetation vigor across both hemispheres
concerns worldwide, particularly in mountainous and semi-arid [3,4]. In topographically complex landscapes, these effects are not
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uniform; local variations in slope, aspect, and solar radiation create
pronounced microclimatic gradients that strongly influence plant
water balance and stress tolerance [5,6]. Such topographic controls
often result in spatially heterogeneous patterns of vegetation health,
with pole facing slopes frequently showing greater resilience than
equator facing slopes exposed to higher solar radiation [7,8].

1.2. Vegetation Dynamics in Nepal’s Mid-Hills and the Role of
the Topography

Nepal’s mid hills (approximately 700-2,000 m elevation) represent
one of the most ecologically sensitive and densely populated
regions in the Hindu Kush Himalaya. The mid hills experience
a subtropical monsoon climate with distinct dry winters and pre-
monsoon periods, during which water stress becomes a limiting
factor for vegetation [9,10]. Recent national scale remote sensing
studies have documented both greening and browning trends in
Nepal’s vegetation cover, but these analyses have largely been
conducted at broad scales and have paid limited attention to fine
scale topographic drivers [11,12]. Topography in the mid hills
creates strong gradients in solar radiation, soil moisture retention,
and temperature, making it a critical determinant of vegetation
response to climatic variability.

1.3. Eucalyptus Plantations in Nepal: Economic Importance
and Observed Challenges

Since the 1980s, exotic Eucalyptus species (E. camaldulensis and
E. globulus) have been extensively planted in Nepal’s mid hills and
Terai regions to meet growing demands for fuelwood, poles, and
small timber [13,14]. In Sindhuli district, Eucalyptus plantations
constitute a significant component of the rural landscape and
provide essential ecosystem services and income sources for
local communities. However, farmers and forest managers have
increasingly reported reduced growth rates, canopy dieback, and
declining productivity in recent years [15]. These challenges are
suspected to be linked to winter drought stress, poor site selection,
and the interaction between plantation species and the highly
dissected topography of the mid hills.

1.4. Remote Sensing Approaches for Vegetation Monitoring

Satellite based remote sensing, particularly the Normalized
Difference Vegetation Index (NDVI) derived from MODIS
imagery, has become a standard tool for monitoring long term
vegetation dynamics at regional scales [16,17]. When integrated
with topographic data from digital elevation models, NDVI
time series analysis can effectively reveal how terrain attributes
influence vegetation vigor and decline (Brouwers et al., 2012)

[18]. A notable example is the study by Fitzgerald et al. (2023),
who used hyperspectral aerial imagery and a digital terrain model
to quantify dieback in a vulnerable population of Eucalyptus
macrorhyncha in South Australia. Their results demonstrated that
solar radiation and aspect were the dominant drivers of vegetation
health, explaining 68 % of observed variation and highlighting the
vulnerability of equator facing slopes [19,20].

1.5. Research Gaps and Objectives of the Present Study
Despite growing recognition of topographic influences on
vegetation, district scale assessments that explicitly link MODIS
NDVItrends with detailed topographic variables (slope, sin(aspect),
cos(aspect), solar radiation proxy) and climate covariates (rainfall
and temperature) remain scarce in Nepal’s mid hills. Furthermore,
few studies have connected these remote sensing findings to the
management of exotic Eucalyptus plantations or their economic
implications for rural livelihoods [21,22].

The present study addresses these gaps by conducting a
comprehensive district level analysis of vegetation vigor and
decline in Sindhuli district, Nepal. The specific objectives are:

* To quantify spatiotemporal patterns of vegetation vigor and
identify areas of significant NDVI decline between 2017 and
2023.

* To determine the relative influence of topographic factors
(slope, sin(aspects), cos(aspects) and solar radiation proxy)
and climate covariates (rainfall and temperature) on mean
NDVI and NDVI trends; and

* To discuss the implications of these patterns for sustainable
Eucalyptus plantation management and local livelihoods in
Nepal’s mid hills.

2. Material and Methods

2.1. Study Area (Sindhuli Districts)

Sindhuli district is located in Bagmati Province in the mid-hills of
central Nepal (approximately 27°15'-27°45'N, 85°45'-86°15'E).
The district covers an area of approximately 2,491 km? and is
characterized by highly dissected topography with elevations
ranging from 300 m to over 2,500 m above sea level [23,24]. The
climate is subtropical monsoon with a pronounced dry season
from November to May. Mean annual rainfall is approximately
1,200-1,500 mm, most of which falls during the monsoon (June
to September) [25,26]. The landscape is dominated by a mosaic of
agricultural land, natural forests, and exotic tree plantations, with
Eucalyptus species (E. camaldulensis and E. globulus) forming
a significant component of the woody vegetation in many areas.
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Figure 1: Study Area Maps (Nepal — Bagmati — Sindhuli), (A) Nepal, (B) Bagmati, (C) Red outline indicating the boundary of

Sindhuli Districts

2.2. Data Sources

2.2.1. MODIS NDVI (2017 - 2023)

Vegetation Vigor was assessed using the MODIS MOD13Q1
product, which provides 16 day composite NDVI data at 250 m
spatial resolution. Annual NDVI composites for the period 2017-
2023 were generated by taking the maximum NDVI value within
each calendar year to minimize the influence of cloud cover
and atmospheric noise [27,28]. The annual composites were pre
processed externally and uploaded to Google Earth Engine (GEE)
as individual image assets.

All rasters were clipped to the Sindhuli district administrative
boundary.

2.2.2. STREM DEM (90 m)

Topographic variables were derived from the Shuttle Radar
Topography Mission (SRTM) 90 m digital elevation model (DEM)
provided by CGIAR CSI. The Slope and aspect were calculated
using the ee.terrain module in Google Earth Engine [29,30]. Aspect
was transformed into sine and cosine components (sin(aspect) and
cos(aspect)) to correctly handle its circular nature.

A solar radiation proxy was calculated as slope x sin(latitude). The
DEM was clipped to the Sindhuli district boundary and used to
calculate slope, aspect, and a solar radiation proxy.

2.2.3. Climate Covariates

*  CHIRPS v2.0 monthly rainfall data (0.05° resolution) were
aggregated to annual total precipitation.

* ERAS Land monthly mean temperature data (0.1° resolution)
were aggregated to annual mean temperature (2 m air
temperature).

* Both climate datasets were resampled to 250 m resolution
and clipped to the Sindhuli district boundary in Google Earth
Engine.

2.3. NDVI Processing and Trend Analysis

Each annual NDVI image was renamed to a single band (“NDVI”)
and clipped to the study area boundary [31]. A constant band
representing the corresponding year (2017 - 2023) was added
to each image to enable temporal regression [32]. Long term

vegetation change was quantified using pixel wise linear regression:
NDVI = a + b - Year where b represents the NDVI trend slope
(positive values indicate increasing vigor; negative values indicate
decline) [33]. The regression was implemented in Google Earth
Engine using the Reducer.linearFit() function, producing a trend
raster for the entire district. Additionally, a mean NDVI raster was
generated by averaging the seven annual composites (2017 - 2023)
to represent long-term vegetation vigor.

2.4. Topographic Variable Derivation

Slope and aspect were computed directly from the SRTM DEM
using the ee.Terrain.slope() and ee.Terrain.aspect() functions in
GEE [34]. Slope represents terrain steepness in degrees, while
aspect indicates the downhill direction of the slope (0 - 360°). A
simplified solar radiation proxy was calculated as:

Solar Proxy = Slope x sin(Latitude)

This proxy captures the combined effect of slope angle and solar
exposure, serving as an indicator of potential evaporative demand
[35]. A hillshade layer was also generated from slope and aspect
for cartographic visualization.

2.5. Spatial Sampling and Statistical Modelling

All variables (NDVI _mean, NDVI trend, slope, sin(aspect),

cos(aspect), solar_proxy, rainfall mean, temp mean) were stacked.

A total of 3,000 random sample points were extracted across

the district using the sample() function in GEE [36]. Each point

contained values for all variables and geographic coordinates. The

sample dataset was exported as a CSV file for statistical analysis

in R (version 4.3+).

Two ordinary least squares (OLS) linear regression models were

fitted in R:

*  Model 1: NDVI _mean ~ slope + sin(aspect) + cos(aspect) +
solar proxy + rainfall mean + temp mean.

*  Model 2: NDVI trend ~ slope + sin(aspect) + cos(aspect) +
solar proxy + rainfall mean + temp mean.

Spatial autocorrelation in model residuals was tested using
Moran’s I. Where significant, spatial error models were applied
[37,38]. Random Forest regression was used to assess variable
importance. Model performance was evaluated using R? values,
p-values, and residual diagnostics. In addition, a Random Forest
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regression model was implemented to assess variable importance
and nonlinear relationships.

2.6. Map Production and Visualisation

Publication-quality maps were produced in R using the ferra,
ggplot2, and ggspatial packages. The NDVI trend raster was
overlaid on a hillshade background with a diverging color palette
(blue = decline, red = improvement). All maps included a north
arrow, scale bar, district boundary, and appropriate legends [39,40].
Figures were exported at high resolution.

3. Result
3.1. Integrated Remote Sensing and Analytical Workflow
This figure presents the complete methodological pipeline used to

quantify vegetation vigor, NDVI trends, and topographic controls
in Sindhuli District [41]. The workflow integrates MODIS NDVI
time series processing (2017 - 2023), DEM derived topographic
variables (slope, aspect, solar radiation proxy), spatial sampling,
regression modeling, and change detection [42]. The diagram
visually links data acquisition, preprocessing, analysis, and
interpretation steps, demonstrating how raw satellite and terrain
data were transformed into the final spatial products. Similar to the
reference study, where “this integrated remote sensing approach...
was used to identify vegetation health status and vegetation health
changes over time,” this workflow figure enhances transparency
and reproducibility by summarizing the entire analytical framework
in a single visual [43].
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Figure 2: Overall Workflow of The Study. The Analysis Integrated MODIS NDVI Time Series (2017 - 2023) and SRTM DEM Data
Within Google Earth Engine, Followed by Statistical Modelling and Visualisation in R

3.2. Topographic Characteristics of Sindhuli Districts

Figure 3 displays four key topographic variables derived from
the SRTM 90 m DEM. Panel (A) shows slope, ranging from
nearly flat areas (0°, light yellow) to very steep slopes (>58°, dark
purple), with the steepest terrain concentrated in the northern and
western parts of the district [44]. Panel (B) illustrates aspect (0-
360°), revealing a complex mosaic of slope orientations across
the landscape. Panel (C) presents the solar radiation proxy, with

the highest values (yellow to red) occurring on north and west
facing slopes, indicating greater potential solar exposure and
evaporative demand. Panel (D) provides a hillshade visualisation
that gives a realistic three dimensional view of the rugged ridges
and deep valleys [45]. Collectively, these maps demonstrate the
strong topographic heterogeneity of Sindhuli district and provide
the physical basis for understanding spatial patterns of vegetation
vigor observed in later figures.
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Figure 3: Topographic Variables of Sindhuli District: Slope, Aspects, Solar Radiation Proxy, and Hill Shade. Four Panel Map Set
Showing (A) Slope in Degrees, (B) Aspect Orientation, (C) Solar Radiation Proxy Derived from Terrain Ruggedness and Orientation,
and (D) Hillshade Visualization. These Variables Represent the Key Terrain Factors Influencing Vegetation Vigor and NDVI Trends

Across the District

3.3. NDVI Trend Map (2017 - 2023)

Figure 4 shows the spatial distribution of NDVI trend (slope per
year) across the entire Sindhuli district. Green to yellow colours
represent positive trends (increasing vegetation vigor), while
purple to dark blue colours indicate negative trends (decline in
vigor) [46,47]. The map reveals clear spatial clustering of decline,
particularly on north- and west-facing slopes that correspond
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to high solar radiation proxy values. In contrast, south-facing
slopes show predominantly stable or slightly positive trends
[48]. Quantitatively, 28.4 % of the district experienced a negative
NDVI trend, while only 18.7 % showed improvement. This figure
provides the core evidence that vegetation decline is not random
but is strongly associated with topographic position, especially
higher solar exposure.
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Figure 4: NDVI trend (2017-2023) across Sindhuli District
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Spatial Distribution of Long-Term NDVI Trends Derived from
A Seven-Year MODIS Time Series. Positive Trends Indicate
Areas of Vegetation Recovery or Increasing Greenness, While
Negative Trends Highlight Zones of Persistent Decline. The Map
Reveals Strong Topographic Structuring of NDVI Trajectories,
With Declines Concentrated on Steep, High-Insolation Slopes and
Improvements in Shaded Valley Bottoms.

3.4. NDVI Change Between 2017 and 2023
Figure 5 presents a direct before and after comparison of vegetation
condition. Panel (A) shows NDVI values in 2017 (generally higher
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green tones across the district) [49,50]. Panel (B) shows NDVI
in 2023, where many areas appear less green. Panel (C) displays
the absolute NDVI difference (2023 minus 2017), confirming a
district wide mean decline of -0.04 units. Panel (D) is the hotspot
classification map, with red indicating decline, grey indicating
stable areas, and blue indicating increase [51,52]. Decline hotspots
are clearly concentrated in the northern and western portions of
Sindhuli, aligning closely with high solar radiation zones shown
in Figure 3. This figure validates the long term trend results and
highlights the magnitude and location of vegetation degradation
over the seven year period.
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Figure 5: NDVI Change and Hotspot Classification Between 2017 and 2023

Four-Panel Figure Showing (A) NDVIin 2017, (B) NDVIin 2023,
(C) NDVI difference (2023-2017), and (D) Hotspot Classification
Identifying Areas of Decline, Stability, And Improvement. The
Figure Highlights Spatial Clusters of Vegetation Degradation
on Exposed Slopes and Recovery on North-Facing and
Moisture-Retaining Terrain.

3.5. Topographic Controls on Vegetation Vigor and Trends

The variable importance panel quantifies the relative contribution
of each topographic predictor to explaining inter annual NDVI
trend variability. The Random Forest model assigns the highest
importance to slope, followed by solar radiation proxy, with aspect
exerting a comparatively weaker influence [53]. This hierarchy
indicates that terrain steepness and solar loading are the dominant
physical controls on vegetation vigor trajectories, consistent with
ecohydrological theory that steep, high insolation slopes experience
accelerated moisture loss and thermal stress [54,55]. The ranking
mirrors findings from similar dieback studies, where “the aspect
and amount of solar radiation had the strongest relationship with

the presence of unhealthy vegetation.” The scatterplots provide an
unadjusted visualization of the empirical relationships between
NDVI trend and each predictor.

NDVI trend exhibits a negative association with slope, reflecting
reduced soil moisture retention and increased erosion on steep
terrain. The relationship with aspect reveals lower NDVI trends
on south facing slopes, which receive higher solar exposure
in the Northern Hemisphere [56]. The solar proxy plot shows a
monotonic decline in NDVI trend at high solar exposure levels,
indicating that thermal and radiative stress suppress vegetation
recovery. These raw relationships provide the ecological intuition
that motivates the subsequent modelling [57]. The partial
dependence functions isolate the marginal effect of each predictor
on NDVI trend while holding all other variables constant. These
curves reveal nonlinear and threshold based responses that are not
visible in simple scatterplots [58,59]. NDVI trend declines sharply
beyond a critical solar exposure threshold, suggesting that extreme
insolation imposes physiological limits on vegetation resilience
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[60,61]. Slope exhibits a similar threshold response, with NDVI
trend decreasing rapidly on slopes exceeding ~30°.

Aspect shows a bimodal pattern, with north facing slopes
supporting more positive NDVI trajectories, likely due to cooler
microclimates and higher moisture availability [62]. These

marginal effects provide strong evidence that topography mediates
vegetation responses to climatic variability [63]. The diagnostic
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plots evaluate the statistical robustness of the regression model.
Residuals vs. fitted values show no major deviations from linearity;
Q-Q plots indicate approximate normality; scale location plots
suggest acceptable homoscedasticity; and leverage plots identify
a small number of influential observations that do not compromise
model stability [64,65]. These diagnostics confirm that the model
provides a statistically defensible representation of the NDVI
topography relationships.
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Figure 6: Synthesizes the Multivariate Relationships Between NDVI Trend and Terrain-Derived Predictors Using A Combination of
Machine-Learning Variable Importance Metrics, Bivariate Exploratory Plots, Partial Dependence Functions, And Regression Diagnostics.
Together, These Panels Provide A Mechanistic Understanding of How Slope, Aspects, And Solar Radiation Proxy Modulate Long Term

Vegetation Vigor in Sindhuli’s Mid Hill Environment
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3.6. Variable Importance

Figure shows the relative importance of topographic and climatic
covariates for recent NDVI trends (2017-2023) based on Random
Forest regression. Solar radiation proxy was the most important
variable, followed closely by sin(aspect) and cos(aspect) [66-70].

Slope ranked fourth, while mean annual rainfall and mean annual
temperature had moderate but lower importance. This confirms
that solar exposure and correct aspect transformation are the
dominant drivers of vegetation trend in Sindhuli district.

Importance of Topographic and Climatic Covariates
for Recent NDVI Trends
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Figure 7: Importance of Topographic and Climate Covariates of Recent NDVI Trends

3.7. Relationships Between NDVI Trends and Covariates

Given trend presents scatterplots of recent NDVI trend against key
covariates. The relationship with solar radiation proxy (bottom
right panel) shows a weak positive trend, indicating that higher
solar exposure is associated with slightly more negative NDVI

trends. Slope (top left) and mean annual rainfall (top right) show
very weak relationships [71-73]. Mean annual temperature (bottom
left) exhibits a slight negative association with NDVI trend. These
plots highlight the complex and often nonlinear influence of
topography and climate on vegetation dynamics.
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3.8. Spatial Pattern of Recent NDVI Trends

Spatial pattern of recent NDVI Trends maps shows the spatial
distribution of recent NDVI trends (2017-2023) across Sindhuli
district. Green points indicate positive trends (increasing vigor),
while red points indicate negative trends (decline) [74-76]. The

map reveals clear spatial clustering of decline, particularly in the
northern and western parts of the district. Positive trends are more
scattered and tend to occur in areas with lower solar radiation
exposure. Overall, negative trends dominate, consistent with the
variable importance and scatterplot results.

Spatial pattern of recent NDVI trends (2017-2023)
Sindhuli District, Nepal

Recent NDWVI trend
[ ]

0.02
0.00
-0.02

l -0.04

Figure 9: Spatial Pattern of Recent NDVI Trends (2017-2023) Sindhuli Districts, Nepal

3.9. Overall Findings

Taken together, the integrated analysis and results indicate that
recent vegetation trend in Sindhuli districts are strongly controlled
by topography, especially solar radiation exposure and aspect.
Climate covariates (rainfall and temperature) play a secondary but
noticeable role [77-80]. These findings provide robust evidence
that north and west facing slopes with high solar exposure are most
vulnerable to vegetation decline, while south facing slopes show
greater stability. These spatial patterns are statistically supported
by both linear regression and Random Forest models, confirming
solar radiation proxy as the dominant topographic driver.
Additionally, exploratory relationships (Supplementary Figure S1)

and full regression diagnostics for both the NDVI trend and NDVI
mean models (Supplementary Figures S2-S3) are provided in the
Supplementary Material.

4. Discussion

4.1. Interpretation of NDVI Trends and Topographic Drivers
The results reveal clear topography driven patterns of vegetation
change in Sindhuli district. The NDVI trend map (Figure 4)
and change analysis (Figure 5) show that 28.4 % of the district
experienced a negative trend and an overall mean decline of
-0.04 NDVI units between 2017 and 2023 [81-83]. Decline
was consistently concentrated on north and west facing slopes
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with high solar radiation proxy values. The inclusion of climate
covariates strengthened the models: solar radiation proxy remained
the strongest predictor, followed by slope and annual rainfall [84-
86]. These findings indicate that increased solar exposure elevates
evaporative demand and winter drought stress, while higher
rainfall partially mitigates decline. In contrast, south facing slopes
exhibited greater stability or slight improvement.

These spatial patterns are statistically supported by both linear
regression and Random Forest models, where solar radiation
proxy emerged as the strongest predictor of both mean NDVI
and NDVI trend. This indicates that increased solar exposure on
equator facing slopes likely elevates evaporative demand and
winter drought stress, reducing vegetation vigor over time [87-89].
Slope also played a significant secondary role, with steeper terrain
associated with more negative trends, probably due to greater
runoff and reduced soil moisture retention [90]. These findings
align with the well established principle that topography modulates
microclimate and water availability in mid hill environments.

4.2. Comparison with Previous Studies

The dominance of solar radiation and aspect as drivers of vegetation
decline closely mirrors the results of Fitzgerald et al. (2023), who
studied a vulnerable population of Eucalyptus macrorhyncha in
South Australia [91-93]. Using hyperspectral imagery and a digital
terrain model, they found that solar radiation and aspect explained
68 % of variation in unhealthy vegetation, with northwest facing
slopes being most affected. The present study reaches a similar
conclusion using freely available MODIS NDVI and SRTM data
at the district scale [94-96]. National scale NDVI studies in Nepal
have reported mixed greening and browning trends , but they rarely
examined topographic controls at the district level. The current
analysis fills this gap by providing spatially explicit evidence
that topographic position, rather than broad climatic trends alone,
strongly shapes vegetation dynamics in the mid hills.

4.3. Implications for Eucolyptus Plantation Management and
Local Livelihoods

Sindhuli district contains extensive FEucalyptus plantations (E.
camaldulensis and E. globulus), which are important sources of
fuelwood, poles, and income for rural communities. The observed
negative NDVI trends on high solar radiation slopes suggest
declining productivity in many plantation areas. The inclusion of
rainfall as a covariate shows that drier years exacerbate decline,
highlighting the vulnerability of plantations during dry winters
[97-100]. A district wide NDVI decline of -0.04 units over
seven years may translate to measurable reductions in biomass
and fuelwood yield. These findings have practical management
implications. Future plantation site selection should prioritise
south and southeast facing slopes with lower solar radiation
proxy values to improve survival and growth rates [101-103].
Existing plantations on high risk north and west facing slopes may
benefit from targeted interventions such as thinning, mulching, or
enrichment with native species to reduce water stress. Such site
specific planning could enhance the long term economic viability
of Eucalyptus plantations and support rural livelihoods while

reducing pressure on natural forests.

4.4. Limitations of the Study

This study has several limitations. First, the use of 250 m MODIS
NDVI data provides excellent temporal consistency but limits
spatial detail. The study is constrained by the spatial resolution
of MODIS NDVI, the use of annual composites, and the absence
of climate, soil, and anthropogenic covariates[104-106]. At this
resolution, pixels often contain a mixture of Eucalyptus, other
forests, agriculture, and bare land, preventing species specific
analysis. Second, although climate covariates (CHIRPS rainfall
and ERAS temperature) were included, soil properties and
management practices were not. Third, no field validation was
possible due to logistical constraints. Although the statistical
models showed acceptable diagnostics, ground truth data would
strengthen confidence in the NDVI trend interpretations.

Fourth, the solar radiation proxy is a simplified index; more
sophisticated solar radiation models could refine the results.
Fifth, the analysis did not incorporate management factors such
as planting density, species mixture, or soil properties, which may
explain some residual variation [107,108]. Finally, Topographic
predictors derived from a 30 m DEM may not fully capture micro
terrain effects, and forest mask inaccuracies may influence spatial
delineation of NDVI trends. Regression diagnostics indicate minor
deviations from model assumptions, and the lack of field validation
limits ecological interpretation. Despite these limitations, the
integrated remote sensing approach provides a robust district-scale
assessment of vegetation dynamics and topographic controls.

4.5. Broader Significance for Sustainable Land Management
in Nepal’s Mid Hills

Despite these limitations, the study provides the first district scale
topographic analysis of vegetation vigor trends in Nepal’s mid
hills. The open source GEE, QGIS and R workflow developed
here is reproducible and can be readily applied to other districts
facing similar challenges. The findings highlight the need to
integrate topographic considerations into plantation planning and
forest management policies. In the context of increasing climate
variability, such approaches will be essential for building resilient
landscapes and supporting sustainable rural development in the
Himalayan mid hills.

5. Conclusion

This study provides the first district scale assessment of long
term vegetation vigor and decline in Sindhuli district, Nepal,
using MODIS NDVI time series (2017-2023) integrated with
SRTM derived topographic variables and climate covariates. The
results clearly demonstrate that topography exerts strong control
on vegetation dynamics in the mid hills. Negative NDVI trends
affected 28.4 % of the district, with decline hotspots concentrated
on north and west facing slopes that experience high solar radiation
exposure. In contrast, south facing slopes showed greater stability
or slight improvement. Statistical modelling confirmed that the
solar radiation proxy was the dominant driver of both mean NDVI
and NDVI trend, followed by slope.
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These findings highlight that solar exposure and terrain steepness
are primary factors influencing vegetation stress and decline in
this topographically complex landscape. The observed vegetation
decline has direct implications for the management of Fucalyptus
plantations, which form a significant part of Sindhuli’s rural
landscape and economy. To improve long term productivity and
resilience, future plantation establishment should prioritise south
and southeast facing slopes with lower solar radiation proxy values.
Existing plantations on high risk north and west facing slopes may
require targeted interventions such as reduced planting density,
mulching, or gradual conversion to mixed native exotic systems.
District level forest offices and community forestry groups should
incorporate topographic suitability maps into plantation planning.

At the national level, these results support the integration of
remote sensing based topographic analysis into Nepal’s forest
management and climate adaptation policies, helping to safeguard
rural livelihoods and reduce pressure on natural forests. Future
studies should extend this approach to other mid hill districts
and incorporate higher resolution Sentinel-2 data once improved
cloud masking techniques are applied. Field validation of NDVI
trends and species specific mapping (particularly E. globulus

NDVI Mean vs Solar Radiation Proxy

0.8

0.6

Mean NDVI

0.4

0.2 o ° e

and E. camaldulensis) would strengthen the findings. Additional
environmental and management variables such as soil properties,
plantation age, and local land use practices should be included
to explain residual variation. Finally, linking NDVI based vigor
trends to quantitative estimates of biomass productivity and
economic losses would provide stronger evidence for policy and
investment decisions in sustainable plantation forestry.

In summary, this research demonstrates that topography driven
vegetation decline is an important but often overlooked factor
in Nepal’s mid hills. The open source workflow developed here
offers a practical and scalable tool for monitoring and managing
vegetation resources under changing climatic conditions.

Supplementary Material

Supplementary Figure S1 Between Mean NDVI and Solar
Radiation Proxy

Scatterplot illustrating the bivariate relationship between mean
NDVI and the solar radiation proxy. Each point represents a
sampled pixel, and the fitted regression line with confidence interval
highlights the slight positive association between vegetation vigor
and solar exposure.

20 30
Solar Proxy

Figure 10: NDVI Mean vs Solar Radiation Proxy

Supplementary Figure S2. Diagnostic Plots for the NDVI
Trend Regression Model

Four diagnostic panels evaluating model assumptions: (A) residuals
vs. fitted values, (B) Q-Q residuals, (C) scale location plot, and

(D) residuals vs. leverage with Cook’s distance contours. These
diagnostics confirm acceptable normality, variance structure, and
influence patterns for the NDVI trend model.
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Figure 11: Diagnostic Plots for the NDVI Trend Regression Model

Supplementary Figure S3. Diagnostic Plots for the NDVI Mean the NDVI mean model. The diagnostics indicate that the model
Regression Model: Diagnostic plots assessing linearity, residual is statistically robust and suitable for interpreting the relationship
distribution, homoscedasticity, and influential observations for between mean NDVI and topographic predictors.
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Figure 12: Diagnostic Plots for the NDVI Mean Regression Model
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