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Executive Summary:

This study examines the relationship between deforestation and human land-use activities in
Madagascar, focusing on the Alaotra-Mangoro region between 2000 and 2020. As a biodiversity
hotspot, forest in Madagascar is home to various species, yet it has experienced significant
losses, largely driven by small-scale human activities. Understanding these dynamics is essential
for improving conservation strategies and prevent further damages to the ecosystem.

Using high-resolution spatial datasets and analysis in ArcGIS Pro, this study investigates three
key factors associated with deforestation: land cover change, road accessibility, and the presence
of protected areas. Forest loss data from the Hansen Global Forest Change dataset were
overlayed with land cover classifications, road networks, and protected area boundaries to
analyze spatial patterns and relationships.

The results indicate that forest change in the study area is not characterized by a simple forest-to-
agriculture land conversion. Instead, it reflects a dynamic process involving transitions between
forest types and cyclical land-use patterns. A significant decline in closed evergreen broadleaved
forests is accompanied by an increase in closed deciduous broadleaved forests, suggesting
repeated disturbance rather than permanent land conversion. Cropland shows relatively small net
changes but large gross fluctuations. This pattern consists with slash-and-burn agriculture, where
land is repeatedly cleared, cultivated, and abandoned. The influence of road networks appears
limited. While forest loss is spatially associated with smaller access routes such as paths and
tracks, statistical analysis shows no significant relationship between distance to roads and
deforestation. In contrast, protected areas generally exhibit lower levels of forest loss, though
effectiveness varies across sites based on different levels or purposes of protection.

Overall, the findings suggest that deforestation is not statistically associated with the factors
examined in this study. However, the observed spatial patterns point to the influence of localized
human activities and potential ecological stress on forest systems. The results highlight the
importance of considering cyclical and disturbance-based processes in understanding forest
dynamics. These insights emphasize the need for conservation policies that address subsistence
agricultural practices and local land-use systems.



Introduction:
Goal and Hypothesis:

Over the past century, deforestation has become an increasingly alarming concern over the
globe, mainly due to its impacts on biodiversity loss, ecosystem services, and climate change. At
the same time, rapid population growth has intensified pressure on natural resources. As human
survival is closely tied to resource availability, it is important to understand how human land-use
activities contribute to deforestation. Madagascar, an island nation located off the southeastern
coast of Africa, is selected as the study area to examine this relationship.

The goal of this project is to analyze the relationship between forest loss and human land-use
activities in Madagascar between 2000 and 2020. This study focuses on observable human
activities, particularly agricultural expansion and road development, as key drivers of
deforestation. It is hypothesized that forest loss during this period is strongly associated with
human land-use activities, as reflected in spatial patterns of land cover change and proximity to
road networks. Using spatial datasets and analysis in ArcGIS Pro, this project evaluates how land
cover changes correspond to human pressures on forest resources.

Literature Review:

Study Area:

Madagascar was selected as the larger study area due to its unique ecological and socio-
environmental characteristics. Ecologically, it is recognized as a global biodiversity hotspot with
a high level of endemism. As a result, forest loss in Madagascar is likely to have more severe
consequences for ecosystem functioning and species survival compared to many other regions
(Suzzi-Simmons, 2023). From a socio-economic perspective, Madagascar’s economy is heavily
agricultural based. According to World Bank data, agricultural land has accounted for
approximately 70% of total land area in Madagascar since 2000, nearly doubling the global
average, which is around 37% (World Bank, 2026).

In terms of human drivers, forest loss in Madagascar is primarily linked to direct, small-scale
activities such as slash-and-burn agriculture and local expansion, rather than large-scale
industrial logging or commodity-driven agriculture (Gay-des-Combes, 2017). This makes
Madagascar an ideal case study in examining how subsistence-driven human activities contribute
to forest loss, ruling out the complexity, potentially a more complex causal chain, of large-scale
economic or political factors (Rasolofoson, 2017).

While Madagascar presents as a great study area, its climate ranges from humid to arid,
supporting diverse forest types. To reduce environmental heterogeneity, this study further
focuses on the Alaotra-Mangoro region. This area contains significant forest resources and
serves as a major rice production hub at the same time. The multiple land cover types available



within this region makes it well suited for analyzing the interaction between forest loss and
agricultural land use.

Scale of Time:

The study period, from 2000 to 2020, was selected based on several considerations.
Deforestation in Madagascar accelerated during the 1990s and continued into the early 21st
century. 2000 to 2020 captures a critical phase of continuous loss of forests, making it
particularly suitable for examining human-driven land use in the long term (Suzzi-Simmons,
2023). A 20-year window reduces the influence of short-term fluctuations, such as natural
disasters or temporary changes due to economy or policy regulations. This allows the analysis to
focus more clearly on the spatial relationship between human land-use activities and
deforestation.

Data availability is another important factor. The early 21st century marks a period when remote
sensing technologies became more advanced and widely available, resulting in a higher accuracy
compared to earlier decades. Although the datasets used in this study were sourced from
different institutions, most raster data on forest loss and land cover transition are consistently
available for year 1985 to 2020. These high-resolution datasets allow temporal alignment across
data sources and ensure methodological consistency throughout the analysis.

Factors of Deforestation and Expected Impacts:

Forest loss is driven by a range of interacting human and environmental factors. In this study, we
focus on three key drivers: land cover change, road accessibility, and the presence of protected
areas. These variables are selected based on their established relevance in explaining spatial
patterns of deforestation in tropical regions.

Land cover change is central to this analysis, as it directly reflects transitions between forested
and non-forested states. In particular, agricultural expansion is expected to be a major driver of
forest loss in Madagascar. Slash-and-burn agriculture, a common practice in the region, involves
clearing vegetation through burning to temporarily enhance soil fertility (Gay-des-Combes,
2017). However, soil productivity typically declines after a few cultivation cycles, leading to
land abandonment and repeated cycles of forest clearance. This process may contribute to
gradual degradation of forest ecosystems over time.

Road distance is included as a proxy for accessibility and human disturbance. Roads can
facilitate land conversion by increasing access to previously remote forest areas (Barber, 2014).
It is therefore expected that forest loss will be more concentrated in areas closer to road
networks. Another driver considered within this study is the distribution of protected areas. It
assesses the role of conservation policies in limiting deforestation. Although enforcement
effectiveness may vary, protected area designation generally implies restrictions on land



conversion. Accordingly, lower levels of forest loss are expected within protected zones in the
Alaotra-Mangoro region.

Approach to Spatial Analysis:

High-resolution raster data is used in this study for precise spatial quantification of human
pressures on forests. By overlaying forest loss with land cover data, this research assesses the
spatial extent of forest clearing associated with human land-use activities. This spatial approach
allows for the examination of relationships between deforestation patterns and potential driving
factors such as agricultural expansion and human-related pressure, thereby supporting the overall
analytical framework of the study.

Data Exploration:

Forest Loss:

Forest loss data for the period 2000-2020 were obtained from the Hansen Global Forest Change
dataset (Hansen et al., 2013). In this dataset, forest loss is detected within a unit of 30 x 30
meters pixel. Certain percentage of canopy removal within this pixel is considered loss. Once a
pixel is classified as loss in a given year, it will not be recorded again in subsequent years, nor is
it reclassified as gain even if canopy regrows. As a result, the dataset represents the cumulative
occurrence of canopy loss over the study period rather than a record of continuous changes in
forest cover.

Land Cover Data:
The land cover dataset used in this study is GLC_FCS30D, which provides annual classifications

of land use, including but not limited to categories such as forest, cropland, and water bodies.
These annual layers enable direct comparison of land cover transitions over time, allowing for
the observation and identification of land cover transitions such as forest conversion to
agriculture or urban areas. In addition, the dataset provides detailed information on forest
characteristics by distinguishing between open and closed forests, deciduous and evergreen
types, and broadleaved and needle-leaved forests.

Road Data:

Road data for Madagascar is derived from the Humanitarian Data Exchange (HOTOSM, 2026).
The dataset classifies roads into several types and this study includes the following categories:
primary, secondary, and tertiary roads, which support regional and long-distance connectivity;
paths and tracks, representing local access and are more closely associated with small-scale
human activities. While primary and secondary roads connect major regions, tertiary roads play a
key role in regional transportation within Alaotra-Mangoro. Paths are primarily used for
pedestrian movement, whereas tracks are typically associated with agricultural access to
cropland and forest areas. Beside the two categories mentioned above, another type of road is
essential in understanding the hierarchy of roads in Alaotra-Mangoro, which is the unclassified



roads. Though named as unclassified, these roads serve as connectors between smaller access
routes and the broader road network.

Protected Areas:

World Database on Protected Areas (WDPA) provides information regarding protected areas,
including the shape, area, level of protections, and management objectives. The degree of
restriction varies across these regions, reflecting differences in policy implementation and
enforcement. In this study, protected areas are used as an indicator of conservation efforts and
policy influence on land use. It is expected that areas under higher levels of protection will
experience lower levels of forest loss, allowing for an assessment of the effectiveness of
conservation measures in the Alaotra-Mangoro region.

While the datasets introduced above provide consistent temporal coverage, some datasets may
have undergone changes in methodologies over time, resulting in minor uncertainties in the
interpretation of deforestation and land cover transitions. This limitation is acknowledged, but is
not expected to significantly affect the overall spatial patterns observed in this study.

Method:

This study adopts a spatial analytical approach to examine the relationship between forest loss
and human land-use activities in Madagascar from 2000 to 2020. Forest loss is treated as the
dependent variable, while land cover change, road accessibility, and protected area distribution
are used as explanatory variables. Spatial analyses were conducted via ArcGIS Pro, whereas the
processes are recorded through the Model Builders tool.

Data Cleaning and Preprocessing:

To ensure spatial consistency and avoid distortion in metric measurements, a projected
coordinate system is required for raster-based spatial analysis. Given the geographic location of
the study area, all spatial datasets were projected to WGS 1984 UTM Zone 39S, which is more
suitable for regional-scale analysis in Madagascar. The UTM projection is particularly
appropriate for high-resolution raster data (approximately 30 m resolution), as it preserves local
distance relationships more accurately.

After reprojection, the cell size of each raster layer slightly changed due to resampling. Map
projection is the process of transforming the curved surface of the Earth onto a flat coordinate
system. Therefore, the reprojected grid cells may not perfectly align with the original geographic
coordinate system (GCS) cells. The Nearest Neighbor resampling method was applied during
reprojection to ensure that all pixels retain meaningful and original values. This approach
prevents the creation of new or artificial values that do not exist in the original classified dataset,
which could otherwise lead to invalid or misinterpreted pixel values. To ensure consistency



across datasets and to facilitate subsequent raster and area calculations, all layers were
standardized to a spatial resolution of 30 m % 30 m during the preprocessing stage.

Data Preparation and Spatial Extent:

Ideally, forest cover change would be analyzed across the entire Madagascar. However, most
high-resolution raster datasets are distributed in tiled formats for storage and computational
efficiency. Although these tiles collectively cover the full extent of Madagascar, processing the
entire country at 30 m resolution is computationally intensive. Therefore, this study focuses on
the Alaotra-Mangoro region as a case study area. As stated earlier, this region was selected due
to its representation of mixed land-use systems, including both forested areas and agricultural
land use.

All spatial datasets were clipped to the study area boundary to ensure spatial consistency. The
geoprocessing workflow was implemented and documented using ArcGIS Pro ModelBuilder to
ensure reproducibility and allow the same analytical framework to be applied to other regions or
extended to a national-scale analysis in future studies.

Spatial Analysis:

Land cover change was analyzed using the GLC FCS30D dataset (Zhang et al.), which provides
annual land cover classifications for 2000 and 2020. Both datasets were clipped to the study area
boundary to ensure spatial consistency. To calculate the net changes of land cover types from
2000 to 2020, the land covers of 2000 and 2020 were first quantified based on the count of pixels
for each class, then subtracted with each other. To specifically examine forest dynamics, land

cover classes were reclassified into a binary format, where forest pixels were assigned with a
value of 1 and non-forest pixels were assigned with a value of 0. Forest change was then derived
through raster differencing between the two time periods, resulting in three categories: forest
loss, forest gain, and all other land cover types including forests remained unchanged. By adding
the layers, we can separate forests that are unchanged over time from other land cover types. The
same approach was applied to cropland to assess agricultural expansion and contraction.

Distance to Roads:

To examine the relationship between forest loss and road distribution, buffer zones were
generated to quantify forest loss at varying distances from road networks. These buffers
represent gradients of accessibility and potential human influence on forest resources.

Roads were categorized into two groups based on their functional characteristics: (1) regional
accessibility, including primary, secondary, and tertiary roads, and (2) local activity intensity,
including paths and tracks. Buffer zones of 1 km, 2 km, 5 km, and 10 km were applied to each
road category. Forest loss within each buffer zone was quantified to assess spatial variation
across distance classes. To achieve a standardized comparison of deforestation intensity across



spatial units, forest loss ratio was calculated by dividing the area of forest loss (2000-2020) by
the initial forest area in 2000 within each buffer zone.

One-way ANOVA was conducted separately for each road category to test whether forest loss
ratios differ significantly across distance classes. In addition, a paired t-test was applied to
compare forest loss ratios between the two road categories to evaluate differences in
deforestation patterns associated with varying levels of accessibility and land-use intensity.

Protected Area:

Protected area data from the World Database on Protected Areas (WDPA) were used to assess
the influence of conservation policies on forest loss. A spatial overlay was conducted between
forest loss data and protected area boundaries to compare deforestation rates within different
protected zones.

Results :

Landcover:

A comparison of land cover change in Alaotra-Mangoro between 2000 and 2020 shows no
substantial differences at a broad spatial scale (Map 1). Northwestern region is dominated by
grasslands, while forests are primarily distributed along the eastern edge. At a finer spatial scale
in the northeastern region, a transition from darker to lighter green is observed, forming a wedge-
shaped pattern, along with the emergence of cropland areas shown in yellow pixels.
Quantitative analysis indicates a prominent decrease of 168,580 hectares in closed evergreen
broadleaved forests, accompanied by an increase of 117,612 hectares in closed deciduous
broadleaved forests (Table 1). Cropland areas, including rainfed and irrigated lands, show a net
increase of approximately 10,331 hectares, resulting from a gross gain of 56,932 hectares and a
loss of 46,601 hectares (Figure 2).

Distance to Road:

In Alaotra-Mangoro, the total loss of tree canopy between 2000 to 2020 is around 1900 km?2.
There is an overlay between forest loss and the buffered zones, indicated by blue colors (Map 2).
The red dots represent the occurrence of forest loss and a lighter blue indicates a further distance

range from roads. After calculating the forest loss ratio, there is a decreasing trend between
forest loss ratio and distance to roads representing local intensity activities (Table 2). In the
contrary, the trend between forest loss ratio and distance to roads representing regional
accessibility indicates a decreasing trend. After conducting ANOVA tests for each road
categories, the p-value is 0.07 and 0.06, with respect to local intensity activity and regional
accessibility. This indicates weak evidence between two factors, but close to be significant. The
p-value for paired t-test is 0.22 which is higher than the 0.05 significance level, indicating non-
significancy between the two groups.



Between 2000 and 2020, total forest loss in Alaotra-Mangoro is estimated at approximately
1,900 kme. Spatial overlay analysis shows that forest loss clusters within buffered zones around
roads (Map 2). Red dots representing forest loss occurrence scatters across all distance bands,
with lighter blue indicating areas further from roads. The forest loss ratio shows a decreasing
trend with increasing distance from roads that are paths and track, previously categorized as local
intensity activity, suggesting that forest loss is more concentrated near roads and associated with
higher local human activity (Table 2 and Figure 3). On the contrary, there is an increasing trend
observed for roads serving as regional accessibility, which are primary to tertiary roads. ANOVA
results indicate marginal effects of distance to roads on forest loss ratio for both local intensity
activity roads (F(1,2) = 12.64, p = 0.071) and regional accessibility roads (F(1,2) = 13.62,p =
0.066). These results suggest a potential relationship, although they do not reach conventional
levels of statistical significance. A paired t-test was initially considered to compare forest loss
ratios between the two road categories. However, as the ANOVA test already showed opposite
directional trends (decreasing vs. increasing) in forest loss ratios across distance classes, a mean-
based comparison is no longer necessary.

Protected Area:
Protected areas show varying levels of forest loss. The central protected area within Alaotra-

Mangoro exhibits minimal forest loss, but also little forest land cover at all by comparison with
forest distribution map on the right side (Map 3). Hovering over protected areas with substantive
forest coverage, a decent count of red dots representing forest loss is shown on the map on the
left. One protected area in the southern region stands out, displaying nearly no forest loss within
the boundary, which is marked in purple.

Discussion:

An examination of net changes in land cover types in Madagascar reveals a substantial loss of
closed evergreen broadleaved forest, accompanied by a gain of closed deciduous broadleaved
forest (Figure 1). Spatial patterns suggest that these changes largely reflect transitions between
these two forest types (Map 1). At first glance, the relatively balanced magnitude of loss and gain
may give the impression that overall forest resources have remained stable. However, a closer
analysis of cropland dynamics reveals a more complex pattern. While the net increase in
cropland is relatively modest, the gross increase is approximately five times larger (Figure 2).
This indicates that cropland is highly dynamic, with areas frequently being converted into and
out of agricultural use over time. In other words, not all land classified as cropland in 2000
remained in that category by 2020, and new cropland areas were simultaneously established.

This cyclical pattern is consistent with the characteristics of slash-and-burn activity, a common
agricultural practice in Madagascar. In this scenario, vegetation is slashed and burned to enhance
soil fertility through ash deposition (Styger, 2007). However, soil productivity declines after
around three years of repeated practices, leading to land abandonment. These abandoned areas



are then reclassified as bare land or herbaceous cover as vegetation regrows. Such cycles of
cultivation and abandonment can result in frequent land cover transitions without necessarily
producing large net changes in cropland extent.

Slash-and-burn practices may also help explain the observed transition from closed evergreen
broadleaved forests to closed deciduous broadleaved forests. Given the relatively slow natural
succession of mature forest systems, it is unlikely that stable evergreen forests would transition
to deciduous-dominated systems within only two decades under undisturbed conditions. Instead,
repeated disturbance from burning and land-use pressure may shift forest composition toward
more drought-tolerant, deciduous species (Layritz, 2025).

Climate trends may also contribute to the explanation of forest transition with slash-and-burn
activities. While precipitation does not show a clear declining trend, maximum temperatures
exhibit an increasing pattern, reaching approximately 34°C (World Bank, 2026). This may
impose increasing thermal stress on evergreen forests, which have been shown to exhibit
physiological constraints under extreme high-temperature conditions (Crous, 2022). Such
climate conditions may interact with land-use disturbances such as slash-and-burn activities,
where changes in vegetation structure and microclimate can amplify local warming effects even
in the absence of clear precipitation trends (Tinker, 1996). Together, these processes may favor
more disturbance-tolerant deciduous species over evergreen communities. Evergreens are
sensitive to extreme high temperatures. These max temperatures will cause stomatal closure and
weaken photosynthesis, making evergreens more vulnerable (Wang, 2026). Over time, repeated
exposure to thermal and water stress can decrease the regeneration capacity of evergreen species.
This shifts the competitive balance toward deciduous species, likely contributing to the observed
transition from evergreen to deciduous forest. Rising temperature could also cause semi-
evergreen trees to shed more leaves, and lead to change of phenology rather than species.

Although other explanations, such as selective logging or plantation expansion, may also
contribute to forest change, the observed species transitions do not fully align with typical
plantation patterns, which often favor fast-growing evergreen species. This further supports the
interpretation that small-scale, cyclical land-use practices are a more consistent explanation for
the observed patterns. The relationship between deforestation and human land use is not reflected
through a simple, direct conversion of forest to cropland. Instead, the evidence suggests a more
complex and dynamic process driven by repeated disturbance and land-use cycles. While a
definitive causal relationship cannot be established, the spatial and temporal patterns observed
are consistent with the influence of slash-and-burn agriculture as a key pressure on forest
systems.

The influence of road networks appears to be limited. Although spatial overlap between forest
loss and road distribution is observed particularly along paths and tracks, statistical analysis does



not indicate a significant relationship between road proximity and deforestation (Map 6). The
ANOVA results show only marginal effects (p = 0.06), suggesting weak evidence rather than a
robust statistical relationship. This may be partly due to the small sample size, reducing the
statistical power of the analysis. Despite the lack of statistical significance, contrasting patterns
are observed across road types. Forest loss shows a negative relationship with distance to paths
and tracks, indicating that deforestation tends to occur closer to these smaller access routes. In
contrast, a positive relationship is found for primary, secondary, and tertiary roads, suggesting
greater forest loss at increasing distances from major roads. This counterintuitive result may be
explained by the spatial configuration of forests and the choice of buffer distance. The 10 km
buffer is relatively large and covers most of the study area. As a result, variation in distance to
major roads becomes less meaningful, and observed patterns may instead reflect the underlying
distribution of forest cover rather than true accessibility effects.

Similarly, forests within protected areas generally exhibit lower levels of forest loss. Depending
on the level of protection, not all zones are entirely unaffected. Many forested areas are managed
through community-based conservation approaches, where forest loss still occurs to some extent.
An exception is Andasibe-Mantadia National Park, where almost no forest loss is detected within
the protected boundary.

Overall, the findings suggest that forest change in the study area is more strongly associated with
localized, small-scale land-use dynamics than with broader accessibility or formal protection
measures. While uncertainties remain, particularly regarding causal attribution, the results
highlight the importance of considering cyclical and disturbance-based processes in explaining
deforestation patterns. At the same time, variation in protection outcomes suggests that different
conservation strategies may have differing levels of effectiveness depending on context.



Appendixes:

Table 1. Net Growth or Loss of Each Land cover Type in Madagascar

Land Cover Types

Gain or Loss (HA)

Rainfed cropland

Herbaceous cover

Irrigated cropland

Open evergreen broadleaved forest
Closed evergreen broadleaved forest
Open deciduous broadleaved forest
Closed deciduous broadleaved forest
Open evergreen needle-leaved forest
Closed evergreen needle-leaved forest
Open deciduous needle-leaved forest
Open mixed forest

Shrubland

Grassland

Lichens and mosses

Sparse vegetation

Swamp

Marsh

Flooded flat

Impervious surfaces

Bare areas

Water body

10,165
23,780
165
10,764
-168,580
3,503
117,612
9,552
13

150
930
-367
-9,847
-60
801
1,485
-399
-81
710
-994
697

Table 2. Percentage of Forest Loss Within Different Distance for Two Road Categories

Forest Loss Percentage

Buffer (km) |Regional Accessibility

Local Intensity

14.64
15.72
18.23
20.11

QO Ul N -

23.01
21.34
19.31
18.59




Figure 1. Land Cover Types with Most Net Gains or Losses in Madagascar

Change of Area for Landcover Type in Alaotra-Mangoro, 2000 to 2020.
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Figure 2. Cropland Changes in Area from 2000 to 2020
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Figure 3. ANOVA Results for Different Road Types
ANOVA Results for Different Road Types
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Map 1. Land Cover Change of Alaotra-Mangoro, Madagascar
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Map 2. Comparison of Forest Loss Distribution Between Two Categories of Road Types
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Map 3. Comparison Between Protected Areas and Forest Dynamics
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